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Abstract
Interindividual variability is yet to be fully characterized, and
for this, optimum patient stratification and companion diagnostics are still lacking. Especially when complex disease
phenotypes and/or polygenic diseases are considered, patient monitoring and disease management become rather
challenging, while acquired resistance to therapy and/or
toxicity events are among the unmet needs in the clinic. No
doubt, biomarkers are of great importance to disease management and tailor-made theranostics. Microfluidics has
gathered great attention lately, mostly due to its low-invasive nature compared to tissue biopsies. Low invasiveness
becomes greatly advantageous for microfluidics practices as
the latter mirror cell biology revolutionizing cancer diagnostics and management. Recent advances in microfluidics hold
the promise of robust clinical diagnostics after they have
demonstrated effective exosome separation. We feel that
microfluidics-based exosome isolation techniques, if costeffective, could be implemented in the clinic and/or resource-scarce settings. This article (a) discusses exosomes,
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(b) comments on the first microfluidic advances in the field
of cancer theranostics, (c) presents such advances in exosomes as complementary to liquid biopsies with an emphasis on circulating tumor cells, and (d) proposes a road map
for future developments.
© 2017 S. Karger AG, Basel

Introduction

Tailor-made diagnostics employs molecular biomarkers to characterize and map the pathological condition of
an individual, and hence, they can be divided into several
subgroups on the basis of the application of interest;
screening, early diagnosis, prognosis, prediction, monitoring, and companion diagnostics [1]. Such biomarkers
have been utilized in cancer and have been proven to have
sufficient clinical evidence to be incorporated in the European Society of Medical Oncology (ESMO; http://www.
esmo.org/) guidelines [2], specifically for primary breast
cancer [3], advanced breast cancer [4], metastatic nonsmall-cell-lung cancer [5], prostate cancer [6], and early
colorectal cancer [7]. Predictive biomarkers and companion diagnostics have both contributed to the emergence
of the field of precision medicine, which has revolutionTheodora Katsila
Department of Pharmacy, School of Health Sciences
University Campus, Rion, University of Patras
GR–265 04 Patras (Greece)
E-Mail thkatsila @ upatras.gr

ized patient care in the last decade. The discovery of interindividual genomic alterations has allowed the clinician to have a better picture of interindividual cancer signature and thus, make informed decisions about effective
treatment strategies.
Current analytical limitations, however, start with the
nature of the sample. The invasive nature of these diagnostic procedures, which often require tissue samples,
has always been an unappealing characteristic, especially
in cases like brain and lung cancers, where biopsies are
painful and sometimes life-threatening, while in others
like pancreatic cancer the sample material is not always
sufficient to confirm a diagnosis [8–10]. Furthermore, intra-tumor heterogeneity, both genetic and phenotypic,
remains a challenge in obtaining a comprehensive cancer
profile. Biopsies from single tissue samples can lead to the
mischaracterization of tumors as a whole, given their notorious fingerprint-like variability [11].
Indeed, a traditional tissue biopsy could miss genomic
variants just few centimeters away, possibly with a detrimental effect on a person’s chances of survival. Moreover,
given the molecular instability of the tumor, information
derived from these samples is static and susceptible to inaccurate prognostic value as the cancer progresses [12].
Pathogenic variants occurring after treatment are not detected without another biopsy, sometimes long after the
tumor has acquired resistance to that treatment. Metastasized tumors are particularly difficult to assess with tissue biopsies, because usually only one tumor is biopsied
and analyzed, leaving tumors in other sites uncharacterized, thus missing the complete genomic cancer profile
[13]. Consequently, multiregional and repeated tumor
biopsies to assess tumor heterogeneity are not always
practical or feasible due to the associated risks and complications as well as patient comorbidity, costs, spatial
heterogeneity within the tumor, lack of safe access to the
lesion, and sampling bias [14, 15]. Therefore, there is an
urgent need for noninvasive diagnostic tools, which could
be used for early diagnosis, estimation of the risk for developing metastasis (prognostic information), assessing
tumor heterogeneity so as to personalize treatment, tracking the patient’s response to treatment and detecting the
development of resistance mechanisms to the treatment
(predictive information) [10].
Recent advances in microfluidics hold the promise of
robust clinical diagnostics after they have demonstrated
effective exosome separation. We feel that microfluidicsbased exosome isolation techniques, if cost-effective,
could be implemented in the clinic and/or resourcescarce settings. This article (a) discusses exosomes, (b)

Exosomes are circulating vesicles in the blood stream.
In 1981, Trams et al. [16] used the term “exosomes” to
describe membrane-enclosed structures of variable size
budding from cell membrane. Six years later, Johnstone
et al. [17] used this very same term to define small vesicles
(50–100 nm) of endosomal origin, which fuse with cell
membrane and then, are secreted. It is suggested that
these vesicles, along with microvesicles, have important
functional roles in the intercellular communication and
signaling, and this new knowledge led to a burst of interest in the field [18, 19]. However, as was expected, without
proper nomenclature, the scientific community was faced
with a challenge in distinguishing microvesicles, exosomes, and extracellular vesicles (EVs), with these terms
often used interchangeably by mistake. These structures
vary in size, biogenesis and secretion routes and are collected with different methods [20]. In 2011, the emerging
immense interest in EVs led to the establishment of the
International Society for Extracellular Vesicles. It was
then suggested that in the face of new advancements in
the field, investigators should be encouraged to use the
term “extracellular vesicles” as a generic term for the heterogeneous population of all secreted vesicles, with exosomes and microvesicles being two distinct subclasses,
varying in size and biogenesis. Currently, the gold standard technique for defining and separating exosomes and
microvesicles is differential centrifugation. Notwithstanding, it has many technical caveats and raises concerns as to whether this is the proper way to reliably discriminate between them [21].
Multivesicular bodies (MVB) that contain intraluminal vesicles fuse and result in exosome biogenesis. Exosomes, thus, are small EVs with a diameter in the range
of 40–100 nm. They contain a complex protein composition (tetraspanins, heat shock proteins, transcription
factors, MVB synthesis proteins, MVB-associated proteins, membrane transporters, and fusion proteins), nucleic acids (mRNA, miRNA and other small noncoding

Exosomes: A Cancer Theranostics Road
Map

Public Health Genomics 2017;20:116–125
DOI: 10.1159/000478253

comments on the first microfluidic advances in the field
of cancer theranostics, (c) presents such advances in exosomes as complementary to liquid biopsies with an emphasis on circulating tumor cells (CTCs), and (d) proposes a road map for future developments. Microfluidics,
as we will discuss, holds the promise of turning current
limitations and challenges into opportunities in the field
of cancer theranostics (Fig. 1).
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Fig. 1. Moving from molecular theranostics to a new age of microfluidics. Current theranostics aims for tailored-

made diagnostics and therapeutics, yet interindividual variability still hampers optimum disease management.
Microfluidics (and, in particular, liquid biopsies and exosomes) are envisaged as the new age of theranostics delineating genotype-to-phenotype associations.

RNA molecules), and lipids, and all these components
are encapsulated in a lipid bilayer. Depending on their
cell origin, the exosomal cargo is functional and highly
variable [18, 22]. On the other hand, plasma membrane
budding or shedding leads to the formation of microvesicles with a diameter of 100–1,000 nm. Microvesicles are
rather similar to exosomes as they encapsulate their own
distinct cargo of lipids, proteins, and nucleic acids [23].
Vesiclepedia, EVpedia, and ExoCarta catalog the protein, lipid, and RNA content of both exosomes and microvesicles towards their characterization and identification [24–26]. Exosomes can be isolated from most
body fluids (such as amniotic fluid, semen, ascites fluid,
blood, urine, saliva, breast milk, cerebrospinal fluid, and
bile), which makes them promising biomarker candidates.
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Microfluidic Exosome Analysis in Cancer Research

Upon the direct membrane transfer of their cargo, EVs
and exosomes, in particular, are fundamental cell signaling mediators [18]. It has been shown that miRNA can be
functionally transferred to recipient cells, after its fusion
with their cell membrane [19]. It is hypothesized that under cellular stress conditions, such as signaling dysregulation (a hallmark of cancer), normal vesicular trafficking
is altered, and the normal protein, lipid and nucleic acid
contents of exosomes are affected. In normal conditions,
exosomes serve as vehicles to remove unwanted material
from the cells and to transfer signaling messages to other
neighboring or long-distance cells [17, 27]. In this way,
any deviation from normal conditions changes the composition of exosomes and offers a window inside the alPanagiotara/Markou/Lianidou/Patrinos/
Katsila

Table 1. Molecules associated with exosomes from different body fluids that are altered in different types of cancer

Cancer type

Body fluid Markers

Ref.

Melanoma
Prostate
Prostate
Breast, ovarian
Lung

plasma
serum
plasma
ascites
plasma

[35]
[86]
[45]
[87]
[88]

Glioblastoma
Colorectal

serum
serum

Colorectal
Acute myeloid leukemia

plasma
plasma

CD63, caveolin-1
EGFR
PSMA, CD9
CD24, EpCAM, miR-200a, miR-200c, miR-205
EpCAM, miR-17-3p, miR-21, miR-106a, miR-146, miR-155,
miR-191, miR-192, miR-203, miR-205, miR-210, miR-212,
miR-214
Sn RNU6-1, miR-320, miR-574-3p
Let-7a, miR-1229, miR-1246, miR-150, miR-21, miR-223,
miR-23a
–
TGF-β1

[89]
[90]
[36]
[91]

tered function of the cells and the stresses they are responding to [28]. Cancer cell-derived EVs contain oncogenic molecules that are potentially functional and create
a cancer-friendly environment that aids its initiation,
progression, and metastasis [1, 29–32].
Today, exosomes are important indicators of the molecular mechanisms involving the communication of
cancer cells within the tumor microenvironment, and use
of that knowledge can serve as a tool of diagnostic, prognostic, and predictive value (Table 1). There are many
reviews on this topic that have effectively summed up all
the molecules associated with EVs isolated from various
body fluids, which have shown promising results and are
altered in many diseases, both in a preclinical and/or clinical setting [1, 33, 34]. Namely, these biomarkers include
miRNA markers and proteins, and they have been involved in lung, ovarian, breast, prostate, and bladder cancer, but also autoimmune diseases, liver diseases, Parkinson disease, and more. It has been proposed that not only
specific molecular markers, but also exosome levels can
represent tumor progression, similarly to CTCs [35, 36].
A representative example of a traditional cancer biomarker which can be improved with the use of exosomes
is that of prostate-specific antigen (PSA). Serum PSA
quantification has been used for 2 decades for early detection of prostate cancer; however, this diagnostic approach
is controversial, due to its inability to distinguish between
PSA’s malignant and benign tumor origin, thus resulting
in false-positive results [37]. PSA detection and quantification in exosomes is characterized by higher specificity,
when compared to blood PSA measurements, and findings suggest that both approaches can be used in conjunction [38, 39].

A major challenge in the field of microfluidics refers to
the isolation, analysis, and characterization of exosomes
and the standardization of the methodologies used. Exosomes are usually separated from other EVs by differential centrifugation, which is based on their variable size,
solubility, and buoyant density. Additional purification
can be achieved by immunoabsorption, followed by imaging and biochemical techniques to further characterize
them [40]. Nevertheless, ultracentrifugation that is most
often used in basic research for EV isolation seems not
that suitable in clinical practice, because it is characterized by low throughput and purity and depends on the
operator, while high purity exosomes are particularly important for downstream analyses [1, 22]. Several other
isolation methods have also been developed, such as immunocapture, size exclusion chromatography, and commercially available precipitation agents, yet ultracentrifugation dominates basic research strategies [15, 21, 41].
Following the successful isolation and identification of
exosomes, downstream analytical assays can be implemented, such as the quantification of their protein content or analysis of their miRNA profile. Exosome miRNA
is intact in blood samples, because the lipid bilayer protects it from circulating RNases, offering a major advantage compared to circulating tumor DNA, which requires
rapid handling procedures. Tumour-specific proteins
can also be detected in isolated exosomes, even though
they are not as easily manageable, owing to their highly
heterogeneous nature and the difficulty to collect and
handle them, when compared to miRNA [42].
Notably, there are several methodologies with which
exosome levels can be measured directly without former
isolation: protein arrays [43], nano-plasmonic-based
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technologies [44], and flow cytometry [22, 40]. Although
all are more or less equally effective towards exosome
quantification, clinical implementation requires cost-effectiveness, precision, accuracy, and reproducibility. Capello et al. [34] commented that exosome measurement
alone is not enough for distinguishing between cancer
types and painting the complete landscape of cancer in
the body, and for this, complementary methodologies
should be designed and applied instead. Others argue that
exosome detection seems sufficient for early diagnosis
and follow-up. No doubt, lively discussions on the matter
can be only advantageous for the field and best practices
to be employed.

Microfluidic Exosome Analysis in the Clinic

We feel that clinical implementation requirements are
highly demanding, and for this, techniques, protocols, and
workflows that are highly reproducible, sensitive, specific,
user- and cost-friendly need to be standardized for isolation and downstream analyses [1]. Although standard operating procedures need to be optimized, exosomes offer
many advantages over traditional tissue biopsies that are
currently implemented in cancer diagnostics. Firstly, they
can be detected in the serum as they detach from the endothelium into the circulation, and they can provide clinicians with a noninvasive biopsy. Secondly, since they contain molecular information about the parental cell, they
represent a picture of that cell, aiding us in the detection
of traditional and novel biomarkers of cancer. The latter
is particularly important, because exosomes act as a “lifeboat” for these molecules, which are surrounded by the
lipid bilayer and protected from the extracellular proteinases and nucleases, thus allowing their detection at lower
concentrations, compared to traditional blood biopsies.
Furthermore, exosome content analysis is specific for the
cell in question, because they contain the molecular signature of the parental cell, be it healthy or cancerous. With
the development of new techniques for the isolation of
each type of exosome [45], we will be able to pinpoint their
origin and fully develop their potential for personalized
and cutting-edge diagnostics.
Evidently, the most important challenge in translating
exosomes to suitable clinical biomarkers is the lack of consensus regarding the standards of sample collection, processing and analysis [46]. It seems that the technical variations in the isolation and downstream analysis of exosomes have prevented the direct collection, handling, and
comparison of data. As is expected, this is causing delay in
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the search for efficient new biomarkers, so standardization protocols are required urgently. Specifically, ultracentrifugation, the current gold standard technique in the
isolation of exosomes, is not easily applicable in a clinical
laboratory, because it requires long processing time, it is
low-throughput, irreproducible, and often results in the
isolation of low-purity exosomes [1, 15, 22]. Furthermore,
protein detection even in purified exosomes is very challenging, due to their variable nature [42].
Moreover, another issue that needs to be discussed is
the confusing nomenclature that pesters the field. Lack of
precision in the nomenclature is mostly attributed to the
lack of detail in procedures followed by researchers [33].
The terms “exosomes” and “microvesicles” are often used
interchangeably, because most studies have not clearly
defined the origins of EVs under study, which has led to
the current confusion in the literature [47]. However, researchers are not to blame to a certain extent, because the
physiological functions of exosomes and microvesicles
are still largely unknown, and so it seems that differences
in their characteristics and properties that are currently
available are not enough to distinguish them.
Even when these scientific and technical challenges are
effectively overcome, exosomes as a diagnostic tool
should reach an evidence level sufficient for biomarker
validation. Currently, there are many published biomarkers in the literature that seem to be of therapeutic value;
nevertheless, few of them are introduced into the clinic
and are utilized in the decision-making process, especially when it comes to predictive biomarkers and companion diagnostics. Most of the time this is due to analytical,
technical and regulatory limitations, as well as insufficient clinical validity and utility and reimbursement issues [2, 48].
To handle these issues, we have to accurately set the
standards for ideal biomarkers. First, there needs to be
sufficient scientific, preclinical, and clinical evidence that
supports the medical professional in deciding which will
directly improve their patients’ health. The results of the
test should be actionable, and the patient’s state of health
needs to be at the forefront of every diagnostic or therapeutic intervention that is performed. The Reporting
Recommendations for Tumour Marker Prognostic Studies (REMARK) checklist was developed as a guide with
the items that investigators need to report in their prognostic studies in order to avoid deficiencies that often
plague the literature [49]. Secondly, analytical techniques
must be sensitive, specific for the biomarker under question, replicable, cost-effective, quick, and user-friendly
for the clinical laboratory staff.
Panagiotara/Markou/Lianidou/Patrinos/
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Cost-effectiveness is a key aspect of the evaluation of
any diagnostic or therapeutic procedure as it guides national health-care systems and private health-care providers towards the adoption and reimbursement of new
technologies. For this reason, clinical validated biomarkers paired with low-cost technologies are the gold standard in personalized diagnostics. As mentioned above,
there are several techniques which are used to analyze
exosomes, so this calls for a wide consensus on the most
appropriate low-cost one that can be used in a clinical setting together with a standardized protocol to be followed.
For clinical utility to be promptly proven, diagnostic innovation developers need to be provided with more incentives and sponsoring opportunities. These will help
drive research and the initiation of clinical studies so as
to prove the tests’ diagnostic value [31, 32]. In cases where
clinical utility is successfully demonstrated, the next step
is to further increase the value of the test to make it more
appealing for health-care providers. Consequently,
Schneider et al. [2] proposed the use of panels that will
include a number of validated biomarkers for screening
patients for multiple diseases, assessing risk factors, diagnosing them, and informing them on treatment options.
Finally, legislation and regulatory frameworks that are in
accordance with new clinical advances are required to introduce them effectively to health-care systems [50]. An
interesting fact that is open for discussion is that even
though in some countries new medicines are introduced
into practice from the day of approval, companion diagnostics have to be approved by different, more complicated regulatory procedures that often deter investigators
from pursuing the validity of the test in clinical trials [51].
As with any innovative clinical tool, medical professionals need to be properly educated for the efficient application of this new knowledge. For this reason, the collaboration of oncologists, pathologists, biologists, and geneticists is crucial to train each other and coordinate all
the analytical phases of exosomes (same for liquid biopsies) from the moment they are approved by the respective regulatory organizations. In fact, the new diagnostic
advances seem to give rise to the new specialty of molecular pathology. The “molecular pathobiologist” is expected
to keep a “molecular file” for every patient, containing the
results from both tissue and liquid biopsies, from which
they will be able to derive the molecular profile of the disease of that patient [52]. This new specialty, although still
in its infancy, is anticipated to bridge the gap between
basic research and clinical implementation and to pave
the way for more accessible personalized health care.

Exosomes: A Cancer Theranostics Road
Map

A Complementary Role for Liquid Biopsies
(and, in Particular, CTCs)

Recent advances in microfluidics have resulted in new
exosome manipulation techniques, such as immune-affinity-based exosomal trapping, sieving (e.g., nanoporous
membranes), and exosomal trapping on porous structures (e.g., nanowire-on-micropillars). All are highly convenient when product purity, reagent volumes, and isolation time are considered [53], yet sieving allows whole
blood analysis devoid of any previous treatment [54].
Such advances seem to relate and be complementary
to liquid biopsies, especially if CTCs are to be considered.
Liquid biopsies were first introduced after the discovery
that tumor cells enter and circulate in the bloodstream,
after their detachment from primary tumors [55]. The
term was originally used to describe CTCs, yet currently
it is also used for circulating tumor DNA and exosomes.
A liquid biopsy can be obtained from most body fluids
(blood, serum, plasma, urine, cerebrospinal fluid, ascites,
and pleural effusion), and sampling is followed by genomic or proteomic analysis with methodologies that are
highly dependent on the biomarker in question. Their appealing characteristic is the possibility to rapidly detect
pathogenic variants associated with resistance mechanisms to therapy which could potentially allow clinicians
to modify their therapeutic approaches accordingly before patient relapse. Liquid biopsies have come to fill the
gaps of traditional tissue biopsies, as we believe that coupled to imaging analyses they can be used both for diagnosis and disease management. In a very recent review,
Bardelli and Pantel [56] have evaluated the suitability of
blood-based molecular profiles for early detection and
monitoring of minimal residual disease. Moreover, Hofman and Popper [52] have included a simplified yet thorough review of the advantages and disadvantages of both
tissue and liquid biopsies and explain their complementarity in the clinic. Especially in patients with metastatic
cancer, histological or cytological examination may decrease in prevalence for patient monitoring, since in these
cases repetitive sampling is required and is more easily
performed with blood samples.
After they detach from primary tumors, CTCs migrate
to secondary sites via lymph and blood. Only a small fraction of CTCs will manage to develop into metastasis.
CTCs can offer disease mapping in real time and thus,
represent a major liquid biopsy player. CTCs are extremely rare, and their count in blood is suggested to reflect the
tumor burden, the progression of disease, and the overall
survival of the patient [57–59]. To monitor and prevent
Public Health Genomics 2017;20:116–125
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the metastatic cascade, CTCs should be detected and characterized early, while sequential CTC measurements allow
for efficacy assessment when systemic therapies are considered [60]. CTCs can give important prognostic and
predictive value in various solid cancers [61–63], even if
they are very heterogeneous within the same patient [64].
CTCs have been implemented for prognosis in various
clinical trials for breast [65], colon [66], and prostate cancers [67], and their presence is correlated with decreased
progression-free survival and overall survival. The US
Food and Drug Administration (FDA; www.fda.gov) has
licensed the CellSearch® technology (Menarini Diagnostics, Italy) for metastatic cancer (breast, prostate, and
colorectal cancers). This technology uses antibodies
against the Epithelial Cell Adhesion Molecule (EpCAM)
for the isolation and enumeration of peripheral blood
CTCs. Notably, in order to obtain nucleic acid samples of
high quality and quantity, strict procedures are required,
making companion diagnostics and targeted treatment
based solely on them difficult [68]. It is getting clear nowadays that wrongful clinical assumptions and consequences might arise upon CTC enumeration devoid of molecular characterization [69]. Indeed, the molecular analysis of
CTCs is anticipated to (a) reveal new therapeutic targets,
(b) delineate cancer cell signaling, and (c) explore cancer
cell dissemination. Such molecular characterization of
CTCs has focused on the gene expression [70–72], DNA
methylation [73, 74], as well as DNA mutation levels [75,
76]. Currently, there are many large-scale translational
studies in progress, which will generate critical data and
drive CTC analysis and implementation in the clinic, empowering tailor-made therapeutic strategies [77].

Microfluidics for the CTC Isolation in Cancer
Research

Various technologies and microfluidic devices are
now available for CTC isolation [78]. Such devices are
characterized by high capture efficiency and high purity
of isolated CTCs; their main disadvantage up to now has
been the long time needed to run each sample and the low
capacity in terms of the peripheral blood volume that they
can process in a meaningful time for downstream molecular diagnostic applications.
“CTC-Chip” has been the very first specific microfluidic device for CTC isolation. Described in 2007, “CTCChip” consisted of a silicon chamber, etched with 78,000
anti-EpCAM antibody-coated microposts [79]. However, using this first device a lot of false positive results were
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detected, as it was verified by the high levels of “CTCs”
measured in healthy individuals. The latest development
of the same group is the “CTC-iChip,” which is a platform
that allows for label-dependent or label-independent
CTC isolation. Recently, CTC-iChip has been evaluated
in an expanded set of both epithelial and nonepithelial
cancers (lung, pancreas, prostate, melanoma, and breast
cancer). Findings support RNA-based single-cell molecular characterization and clinically standardized morphological and immunohistochemical analyses of high
quality [80]. The Parsortix (Angle, PLC), based on microfluidics, is a CE-marked in vitro diagnostic device [81].
This benchtop microfluidic device uses single use disposable cassettes containing a stepped structure the width of
which gradually decreases until a critical gap (its narrowest point). Such a critical gap ensures CTC selective enrichment, as CTCs are often larger in size and more rigid
than blood cells [82, 83].

Conclusions and Future Perspectives

Microfluidics may empower the isolation, differentiation, and enrichment of particles of extremely similar size
and shape via high surface to volume ratios and highly
precise fluid control. Today, advances in microfluidics
lead to effective exosome separation, complementing liquid biopsies towards new-age theranostics. Detection and
characterization are essential to the capture-to-diagnosis
path, and thus, current efforts focus on the development
of detection techniques [44, 84, 85]. Some methodologies
even suggest the preparation-free detection of exosomal
RNA from raw cell culture media, allowing for promising
biofluid applications [85]. Notwithstanding, reliable and
robust evidence concerning the clinical utility, validity,
and economic value of microfluidics is of paramount importance before they are implemented in the clinic. For
this, a strong collaboration should be envisaged among
microfluidic engineers and biologists, clinicians, economists, and policy makers to bridge the gaps and embrace
the full technology potential.
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