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Photonic Technologies for Liquid Biopsies: Recent Advances

and Open Research Challenges

Francesco Dell’Olio,* Judith Su, Thomas Huser, Virginie Sottile,

Luis Enrique Cortés-Herndndez, and Catherine Alix-Panabiéres

The recent development of sophisticated techniques capable of detecting
extremely low concentrations of circulating tumor biomarkers in accessible
body fluids, such as blood or urine, could contribute to a paradigm shift in
cancer diagnosis and treatment. By applying such techniques, clinicians can
carry out liquid biopsies, providing information on tumor presence, evolution,
and response to therapy. The implementation of biosensing platforms for liquid
biopsies is particularly complex because this application domain demands
high selectivity/specificity and challenging limit-of-detection (LoD) values. The
interest in photonics as an enabling technology for liquid biopsies is growing
owing to the well-known advantages of photonic biosensors over competing
technologies in terms of compactness, immunity to external disturbance, and
ultrahigh spatial resolution. Some encouraging experimental results in the field
of photonic devices and systems for liquid biopsy have already been achieved
by using fluorescent labels and label-free techniques and by exploiting
super-resolution microscopy, surface plasmon resonance, surface-enhanced
Raman scattering, and whispering gallery mode resonators. The current state-
of-the-art is critically reviewed here, starting from the requirements imposed
by the detection of the most common circulating biomarkers. Open research
challenges are considered together with competing technologies, and the
most promising paths of improvement are discussed for future applications.

More recently, this term has been broad-
ened to include the analysis of circulating
tumor-derived factors, in particular, cell-
free tumor DNA (ctDNA), as well as
extracellular vesicles (EVs), cell-free mi-
croRNAs (cfmiRNAs), mRNA, long non-
coding RNA, small RNA, circulating cell-
free proteins, and lately, tumor-educated
platelets (TEPs).2] Liquid biopsy is a
minimally invasive procedure based on
sampling blood, cerebrospinal fluid,
urine, sputum, ascites, and theoretically
any other body fluid. It is progressively
becoming a viable alternative for real-
time cancer follow-up in patients and for
the assessment of biomarkers that are
usually tested only in tissue biopsies.
The analysis of tissue biopsies is
currently the gold standard for tumor
characterization and treatment decisions.
However, there are many limitations to
consider: i) tissue biopsies are invasive,
ii) some tumor sites are difficult to access
with a syringe (e.g., lung or brain), iii) se-

1. Introduction

The term “liquid biopsy” was coined for the first time in 2010
and was introduced referring to a new diagnostic concept related
to comprehensive and real-time tumor information collection by
analyzing circulating tumor cells (CTCs) in the bloodstream.!!]

quential tissue biopsies in individual pa-

tients for real-time monitoring of therapy
response are difficult or even impossible in clinical practice, iv)
a single biopsy at tumor diagnosis can miss minor but rele-
vant tumor clones due to intrapatient tumor heterogeneity, and
v) the procedure can be time-consuming.’! Conversely, liquid
biopsy offers significant advantages, including i) it is a noninva-
sive procedure, ii) it is easily repeatable, iii) a quick turn-around of
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results can be provided, iv) the procedure is feasible in all patients
regardless of the location of the primary tumor or distant metas-
tases, v) the procedure offers a way to detect aggressive clones
disseminating from different sites (primary tumors and/or
metastatic sites), vi) it is compatible with real-time monitoring
of disease progression and drug response, and vii) it provides
the ability to identify resistance mechanisms to different drugs
over the course of treatment. However, liquid biopsy should not
be seen as a substitute for histopathological diagnoses, due to
the clinical importance of other morphological features that are
impossible to assess without tissue. Nevertheless, the analysis of
liquid biopsy in cancer represents the natural extension of the
metastatic cascade. Indeed, liquid and tissue biopsies are comple-
mentary and of primary importance for the analysis of the whole
cancer progression. Thus, by using both approaches, it is possi-
ble to get a holistic evaluation of cancer, which can be used as
part of an innovative cancer management strategy.’!

Liquid biopsies are bioanalytical procedures whose devel-
opment and validation require multidisciplinary contributions
from a range of experts with a wide range of backgrounds, i.e.,
physicians, biologists, biochemists, biophysicists, and engi-
neers. The workflow for each liquid biopsy analysis consists of a
sequence of several steps that depend on the specific biomarker
under study. The process starts with the body fluid collection
phase; then, the sample is properly processed (e.g., by fixation,
immunofluorescent staining, magnetic bead isolation, and ul-
tracentrifugation) following standardized operating procedures
to make it suitable for the successive key steps, that is, quan-
titative biomarker detection and, eventually, further molecular
characterization.

Several well-established bioanalytical techniques with relevant
instrumentation readily available on the market, such as im-
munocytochemical analyses and nucleic acid-based technologies,
are currently used to perform detection and characterization
steps for liquid biopsies. These methods and instruments often
use photonics. In particular, the physical phenomenon of flu-
orescence excitation or imaging and microscopy systems with
different configurations are bulky, time-consuming, expensive,
and require highly skilled operators to obtain reliable results.
Aiming at developing point-of-care tools for liquid biopsy with
short response times (on the order of minutes), microphoton-
ics, nanophotonics, and nanoplasmonics are emerging as key
enabling technologies due to the typical advantages of photonic
biosensing technology, i.e., compactness, high-resolution, low
cost, immunity to noise and external disturbance, and compati-
bility with CMOS electronics technology. In addition to the scien-
tific interest toward photonic micro/nanotechnologies, the field
of photonics for liquid biopsy is also exploring the use of new
fluorescence-based nanoscopy techniques to enhance the perfor-
mance of conventional imaging systems. These can typically aid
in the investigation of the spatial distribution of receptors on the
cell surface, their quantitation, and the characterization of their
interactions with ligands.

In this paper, recent advances in the field of photonic tech-
nologies for liquid biopsy are reviewed with a specific empha-
sis on current and future applications in oncology and ensuing
requirements. The photonic technologies presented here, which
typically have a medium (from 3 to 5) technology readiness level
(TRL), will be compared both to well-established technologies,
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including those that have already reached the commercialization
stage, and to emerging technologies that are not photonics-based.

2. Circulating Tumor Biomarkers

As mentioned above, liquid biopsies include not only CTCs, but
also new promising circulating biomarkers released by tumor
cells. This section describes their biogenesis, biology, and prean-
alytical and bioanalytical steps to detect them in the bloodstream
of cancer patients. Some selected high-TRL methodologies and
technologies already on the market for implementing these steps
are mentioned, and their biological and bioanalytical aspects are
highlighted. Finally, the clinical perspectives of liquid biopsies
are discussed. All these aspects are summarized in Figure 1.

2.1. Circulating Tumor Cells

Research on CTCs is a very active field; more than 25 574 pub-
lications were listed under the keywords “circulating tumor cell”
in PubMed by June 2020 (on average, 40 new publications were
added each week in 2020). CTCs represent the ideal biosource
for solid cancer characterization and monitoring as they i) are re-
leased actively by primary tumor and/or metastatic sites and ii)
can be characterized at different levels (genome, proteome, tran-
scriptome, and secretome). CTCs are rare in the bloodstream;
however, recent high-technology methods allow the enrichment,
detection, isolation, and characterization of single CTCs.[!?]
During the last decade, significant progress has been made
in the development of different technologies to study CTCs as
well as in the discovery and validation of new CTC markers. To
identify the right CTC markers, the biology of CTCs and normal
immune cells needs to be considered. The “ideal” CTC marker
would be expressed on all CTCs but not on the surrounding
leukocytes and would never be downregulated during dissem-
ination. As CTCs are rare (1-5/7.5 mL of blood), they are first
concentrated (several log units) before being detected.
Enrichment methods rely on biological properties (e.g., sur-
face protein expression) and physical properties (e.g., size, den-
sity, electric charge, and deformability). The first strategy based
on biology could be divided into two subgroups of technologies:
positive selection where CTCs are captured directly based on
the expression of surface markers, e.g., epithelial cell adhesion
molecules, (EpCAM) or negative selection when normal sur-
rounding blood cells are depleted based on the expression of
known surface markers, e.g., cluster of differentiation 45, CD45.
Among the current positive selection systems, the CellSearch
system is the only technology cleared by the US Food and Drug
Administration (FDA) available on the market. By being robust
and reproducible, this technology has shown the clinical validity
and utility of CTCs in metastatic breast cancer diagnosis.[*>]
Interestingly, capturing CTCs that are negative or with a very
low expression of EpCAM have stimulated the use of antibodies
directed against various other epithelial cell surface antigens
(e.g., epidermal growth factor receptor (EGFR) epithelial mucin
1 or against tissue-specific antigen (e.g., prostate-specific antigen
(PSA); human epidermal growth factor receptor 2, HER2) and
against mesenchymal or stem-cell antigens (e.g., snail; aldehyde
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dehydrogenase 1).[°] The second strategy is based on the physical
properties of CTCs: most of them generally exhibit a larger
morphology and are stiffer than leukocytes; thus, they can be
concentrated by using technologies based on their size and
deformability, e.g., filtration membranes and microfluidic chips.

After the enrichment step, the sample is rarely pure with just
CTCs remaining; leukocytes are still present, and CTCs need to
be specifically identified at the single-cell level. For this purpose,
immunological technologies are the most frequently used meth-
ods for CTC detection using a combination of membrane and/or
intracytoplasmic antiepithelial, antimesenchymal, and antitis-
sue specific markers or antitumor-associated antibodies. Nucleic
acid-based methods can represent alternatives to immunologi-
cal assays, but their low specificity could lead to false positive
results.’] Another CTC identification approach focuses on de-
tecting proteins secreted, released, or shed from viable cancer
cells cultured for 24-48 h. This unique functional assay is called
epithelial immunospot (EPISPOT).l”} A completely new micro-
droplet technology to detect viable CTCs at the single-cell level
called EPIDROP is currently being optimized.[? The limit of CTC
detection depends entirely on the methodology and technology
used for sample preparation, enrichment, and enumeration. For
example, the CellSearch system can detect only 1 CTC per 7.5 mL
of blood, and specific cutoffs have been defined to provide clini-
cally relevant data in localized and metastatic cancer patients.

In the final step, CTCs can be characterized at different levels:
genome, epigenome, transcriptome, proteome, secretome, and
function.®! Indeed, by analyzing the genome of CTCs, specific
mutations can be identified to drive therapy.!?] For instance,
detecting the spliced variant 7 of the androgen receptor in pro-
static CTCs can predict resistance to endocrine therapy.*'% The
expression of the protein death ligand 1, an immune checkpoint
regulator and therapeutic target, could be detected on CTCs
and may help drive immunotherapy.'!l Finally, the functional
analysis of CTCs is of utmost importance for understanding
the biology of the metastatic cascade. Thus, the in vitro or in
vivo expansion of CTCs could identify the metastasis-competent
CTCs that are the most aggressive subset of CTCs at the origin
of the metastatic relapses in cancer patients.[>12]

2.2. Circulating Tumor DNA

CtDNA is DNA found in the bloodstream (or any biological fluid)
and is released mainly by dying cancer cells.[>1314] CtDNA re-
search is quite recent compared to that of CTCs, with around
5485 publications listed under the keywords “circulating tumor
DNA” in PubMed by June 2020. As most circulating cell-free
DNA (cfDNA) comes from normal cells under physiological
conditions, ctDNA represents only a small fraction (<0.01%)
of cfDNA. This biological material is highly fragmented DNA,
mainly derived from apoptotic cells, predominantly from apop-
totic leukocytes.

During the early stages of cancer in patients without dis-
tant metastases, the concentration of ctDNA is very low, and
many groups have used different strategies to detect ctDNA
in plasma samples from cancer patients. In that case, the
analysis of the primary tumor is needed to identify a single
tumor-specific mutation or a panel of mutations before detecting
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ctDNA in the bloodstream. First, targeted DNA sequencing
techniques such as digital polymerase chain reaction (dPCR),
bead-emulsion—amplification-magnetics (BEAMing) technol-
ogy, the safe-sequencing system (Safe-SeqS), cancer personalized
profiling by deep sequencing (CAPP-Seq), and tagged-amplicon
deep sequencing (TAmSeq) need to be mentioned. These
methods are more sensitive than nontargeted sequencing ap-
proaches, with ctDNA detection limits of <0.01%; however,
they first require the characterization of the primary tumor.
Second, nontargeted next-generation sequencing (NGS) is used
for genome-wide analysis of copy number aberrations, point
mutations, and/or other genetic aberrations by whole-genome
sequencing (WGS) or whole-exome sequencing (WES). The
advantage of this approach is the detection of mutations in
minor clones present in the primary lesion or metastatic sites
that can then be selected during adjuvant therapy or during
the natural postoperative progression of the disease. However,
a real problem of genome-wide ctDNA analyses compared to
targeted approaches is the need for higher concentrations of
ctDNA and lower overall assay sensitivity (above 1-5%), which
limits their utility in patients without metastatic disease before
disease relapse.?l Four years ago, two new methods were pro-
posed: a mass spectrometry-based approach (UltraSEEK) and
an assay combining surface-enhanced Raman spectroscopy and
PCR.I'>1¢] Being fairly new technologies, they still require further
validation; however, they have the potential to achieve analyses
with low amounts of DNA, while maintaining high sensitivity
and specificity. Finally, epigenetics has an important role in
cancer. Thus, researchers put considerable effort on the analysis
of ctDNA methylation; it can be assessed by methylation-specific
PCR, which requires large amounts of ctDNA.[317]

2.3. Extracellular Vesicles

EVs include exosomes, microvesicles, microparticles, onco-
somes, apoptotic bodies, lipoprotein particles, and any other
nonviral vesicle secreted or shed from cells. Exosomes, which are
membrane vesicles of endocytic origin (30-150 nm diameter)
and with a density between 1.15 and 1.19 g mL™" are the most
studied EVs.'32% Exosome research shows that around 5398
publications were listed under the keywords “tumor exosomes”
in PubMed by June 2020. They are involved in many different
physiological and pathological processes such as intercellular
communication, proliferation, cell migration, cancer metastasis,
and immunomodulatory activities. Exosomes secreted from a
malignant cell often reflect the molecular composition of the
cell of origin.[!l This aspect was described in early studies in
the field, and Johnstone et al. already in 1987 identified that
exosomes from reticulocytes have a similar phospholipid com-
position than the cells of origin.[?2! The loading of molecules
into the exosomes is a selective process that is not yet completely
clarified.[?*] Exosomes are stable carriers of enriched genetic
material and proteins from their cells of origin, thereby holding
great promise as biomarker for identifying early stage tumors.
This analyte is systematically detectable in the blood, urine,
saliva, and other biological fluids of patients with different
cancer types. Interestingly, the release of exosomes from tumor
cells is an active process with concentrations >10° vesicles mL~!
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in blood. So far, it is challenging to differentiate tumoral from
nontumoral exosomes (or EVs) in blood; however, it has been
shown that cancer patients yield higher numbers of EVs and
their enumeration or characterization could theoretically predict
the progression of the disease.[*] Still, the clinical evaluation
of EVs or exosomes in a patient aims to improve the minimally
invasive detection of biomarkers, which could be possible even
when the purity of the isolation methods is not perfect. Anyway,
current methods should be seen more as enrichment methods
with a bias for specific subtypes of EVs, and with different levels
of purity and yields. Additionally, different EVs might have
different clinical meanings and applications.!?52¢]

The gold standard method for EV isolation is ultracentrifu-
gation, which consists of multiple centrifugation steps (of
>100 000 g) of samples containing EVs.[””] Density gradient
ultracentrifugation (isopycnic and rate-zonal centrifugation)
uses a density gradient inside the ultracentrifugation tube to trap
specific EVs according to their density (e.g., exosomes).[?”] Under
these conditions, EVs can be enriched with the highest purity, but
with a low yield; however, the procedure is time-consuming and
requires the use of ultracentrifugation equipment. Alternative
procedures are based on size (size exclusion chromatography)
and ultrafiltration, or immunomagnetic beads against EV surface
markers (e.g., tetraspanins).>?$2°! For instance, size exclusion
chromatography is based on columns of Sepharose with specific
porosity, that in case of EVs, can theoretically separate vesicles
and particles of the size of exosomes. Even though this method
is simple, isolated EVs are usually diluted and it is difficult
to operate for large volumes. Alternatively, immunomagnetic
beads-based methods can offer a better approach to select sub-
populations of EVs and can be used as commercial kit easily; how-
ever, the lack of understanding of EVs heterogeneity hampers the
utility of this approach. Moreover, surface markers of exosomes
are shared among different vesicles, which makes it technically
difficult to isolate this kind of vesicles using a single marker.>"’
These methods are promising as a higher EV yield can be ob-
tained, and most of them could be easily introduced into clinical
departments as there is no need for specialized equipment.
Nevertheless, these methods often have high heterogeneous
yields of EVs.’] More recently, microfluidic microchips and
acoustic waves have also been proposed to isolate pure EVs.[3!]

Exosomes have been shown to correlate with tumor pro-
gression, immune response suppression, angiogenesis, and
metastasis.’?l The nucleic acid cargo of EVs and exosomes
can be used to detect biomarkers with demonstrated clinical
utility, such as the mutations of EGFR; the isolation of EVs
with this purpose can theoretically improve the enrichment
of these nucleic acids and provide better quality than those
used for circulating-free DNA or RNA.*}] Exosomes show
specific miRNA related with their biological function, which
could offer new biomarkers in cancer, for instance: miR-100,
miR21, mir155, miR1246, just to mention some examples.[337]
Moreover, nucleic acids might be protected from degradation
and being in the exosomes increases their quality and “half-life”
in blood. Still, due to the lack of standardization in methods,
it is difficult to establish if current methods for circulating-free
DNA or RNA are in fact detecting the nucleic acids inside EVs or
vice versa. Furthermore, some authors have shown that nucleic
acids, specially DNA, might not be part of the exosomal cargo,
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or that other vesicles such as large EVs (oncosomes) bodies hold
most of the DNA.I"38] As more robust methods appear, these
issues will be clarified in a near future. Finally, the potential of
exosomes is huge, not only for their use as biomarkers, but also
because these EVs can be used as carry-on particles to deliver
therapeutic molecules to specific tissues and sites.

2.4. Cell-Free RNAs

While DNA content is mostly identical in different cells of an
organism, transcriptional profiles can vary dramatically across
cell types, space, and time. Therefore, changes in the transcrip-
tome offer an opportunity to associate cellular phenotypes to
underlying molecular mechanisms and potential genotypic
changes. Consequently, RNA is an excellent candidate. Indeed,
RNA detection presents higher sensitivity and specificity com-
pared with protein biomarkers and its analysis is less expensive.
Moreover, compared with DNA, RNA biomarkers provide better
dynamic insights into cell regulation and states. With the advent
of RNA-Seq, transcriptomics has arguably become a mature
omics approach in the functional genomics toolset.[*]

2.4.1. Noncoding RNAs

There are a large variety of noncoding RNA species that could
be used as cancer biomarkers in liquid biopsies. Among them,
the most studied are microRNAs, but recently the attention of re-
searchers has also been directed toward Piwi-interacting RNAs,
circular RNAs, and other small noncoding RNAs.[**! Another
class of RNA species, the long noncoding RNAs, is larger than
microRNAs and represents a very versatile and promising group
of molecules which, apart from their use as biomarkers, also have
a possible therapeutic role.

Cell-Free miRNA: miRNA research shows around 670 publi-
cations listed under the keywords “cell-free miRNA” in PubMed
by June 2020. miRNAs are fragments of single-stranded noncod-
ing RNA (ncRNA) of 19-25 nucleotides, derived from hairpin
precursor molecules that comprise 70-120 nucleotides. Expres-
sion patterns of miRNAs are unique to individual tissues and
differ between cancer and normal tissues.[*”] They act predom-
inantly as translational repressors by binding to complementary
sequences in the 3'untranslated region of their target mRNAs.
However, there is growing evidence indicating that miRNAs can
also serve as activators of gene expression by targeting gene reg-
ulatory sequences. Many miRNAs have been reported to be dys-
regulated and involved in several types of cancers, which makes
sense when considering their general action as either oncogenes
or tumor suppressors. Most cfmiRNAs bind with AGO2 (protein
of the Argonaute family), whereas a minority of specific cfmiR-
NAs are predominantly associated with vesicles.[*!] In contrast to
long molecules of RNA species (i.e., mRNA), circulating miRNAs
are highly stable: they are resistant to degradation at room tem-
perature for up to 4 days and in deleterious conditions such as
boiling, are stable after multiple freeze-thaw cycles, and insensi-
tive to high or low pH.[*?]

The detection methods for c¢fmiRNAs are essentially the
same as that for cellular miRNAs: northern blotting, in situ
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hybridization, reverse transcriptase-PCR (RT-PCR), microarray,
and deep sequencing. However, the extremely low initial amount
of starting material in the liquid biopsy needs to be considered;
thus, preanalysis factors need to be considered (e.g., sample
preparation and RNA extraction methods). The three major
techniques for detecting cfmiRNA are i) quantitative RT-PCR
(the gold standard to quantify cfmiRNAs and cellular miRNAs,
the stem-loop primer method, and the polyA-tailed PCR); ii)
microarrays (high-throughput format for genome-wide com-
prehensive profiling of all miRNAs in various types of samples
including body fluids); iii) deep sequencing (miRNA-seq, pro-
filing all expressed miRNAs). Concerning the clinical relevance
of cfmiRNA, numerous studies have reported cfmiRNAs as
diagnostic and prognostic markers for different cancer types.
Moreover, their signatures are reported to be related to tumor
development, disease progression, and metastases.[2*]

More recently, it has been shown that, besides miRNA, other
ncRNAs, such as ultraconserved genes, could expand the spec-
trum of ncRNA biomarkers (long ncRNAs, circular RNAs, small
RNA).[4]

SnRNAs and SnoRNAs: Small nuclear (snRNA) and small
nucleolar (snoRNA) RNAs are components of the small ncR-
NAs transcriptome. Both are 60- to 300-nucleotide long and tran-
scribed from intronic sequences of coding genes.[?]

snRNAs are located in the cell nucleus and are fundamental
in RNA-RNA remodeling, in spliceosome assembly, being impli-
cated in the translation process.[*’] Alterations in snRNA struc-
ture have been reported, and their functional consequences could
be implied in the oncogenic process.[**] The best-known snRNA
released into body fluids is U2: it has been detected in serum or
plasma of lung, colorectal, pancreatic, and ovarian cancers.?’]

snoRNAs are hosted in introns of coding and noncoding tran-
scripts and are implicated in the posttranscriptional modification
of IRNA.[21 Tn 2019, two snoRNAs (snoRA74A and snoRA25) de-
tected in serum exosomes resulted as good biomarkers, able to
distinguish pancreatic cancer patients from controls.[*]

LncRNAs: LncRNAs constitute a heterogeneous group of
noncoding transcripts of >200 nucleotides that may be dis-
tributed in various cellular compartments. They can be intragenic
(intronic or antisense) or intergenic.!”*) The biological functions
of IncRNAs are various: from coordinating gene regulation at
DNA/RNA level to regulation of protein biogenesis and function.
They play an important role in carcinogenesis and metastasis,
and they seem to be key players in cancer biology, considering
them as potential cancer diagnostic and prognostic factors.[2348]

2.4.2. mRNAs

Aberrant mRNA expression levels are associated with dysreg-
ulation in cancer. Comprehensive profiling of gene expression
patterns across many tissues and cancers have yielded molecu-
lar classifications of cancer (sub)types.|*’] Furthermore, unbiased
sequencing of transcripts has enabled detection of cancer- and
patient-specific somatic mutations and fusions/rearrangements,
spearheading the discovery of novel mRNA biomarkers.>%l Shen
et al. reported that plasma mRNA as liquid biopsy predicts
chemo-sensitivity in advanced gastric cancer patients.[!! More re-
cently, Chang et al. observed that transcriptomic analysis in liquid
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biopsy identifies circulating PCTAIRE-1 mRNA as a biomarker in
nonsmall cell lung cancer (NSCLC).[?]

2.5. Circulating Cell-Free Proteins

Proteomic analyses have opened a new avenue for cancer
biomarker discovery and several multi-marker tests are currently
available on the market.*>* This subsection summarizes some
examples of cell-free proteins used in blood- or urine-based tests,
also called tumor markers, already commercially available or in
development.

2.5.1. Breast Cancer—Blood Test

Although multiple serum-based tumor markers have been de-
scribed for breast cancer, such as CA 15-3, BR 27.29 (CA27.29),
carcinoembryonic antigen (CEA), tissue polypeptide antigen,
tissue polypeptide specific antigen, and HER-2 (the extracellular
domain); still the most widely used are CA 15-3 and CEA.I]
CA 15-3 is one of the first circulating prognostic factors for
breast cancer. Preoperative concentrations thus might be com-
bined with existing prognostic factors for predicting outcome
in patients with newly diagnosed breast cancer. At present, the
most important clinical application of CA 15-3 is in monitoring
therapy in patients with metastatic breast cancer that is not
assessable by existing clinical or radiological procedures.>*!

2.5.2. Prostate Cancer—Blood Test

The PSA is a protein produced by both normal and cancer cells;
in the prostate gland PSA is mostly found in semen, but a small
amount can also be found in the serum. No biomarker has af-
fected the clinical management of cancer more than PSA.I* The
risk of having prostate cancer goes up as the PSA level goes up,
however this maker is not cancer-specific. The usual cut-off is
4ngmL~" or higher when a man might need further testing. PSA
has also been proposed as an early detection screening marker.
For this purpose, an ultrasensitive immunoassay has been de-
veloped: The single molecule assay (SIMOA, Quanterix Corp).
This assay has shown, in an in vivo model, to archive signifi-
cantly higher sensitivity for the detection of PSA than the stan-
dard ELISA assays. However, further validation of this method is
still needed.l”!

The prostate health index (PHI) is a blood-based test that pro-
vides a probability of prostate cancer (PCa) by combining three
tests (PSA, free PSA, and p2PSA) into a single score.®] The
higher specificity of PHI means a greater probability of identi-
fying those patients who actually need a biopsy, allowing for a
substantial decrease in the current number of prostate biopsies
being ordered and reported as negative for cancer. According to a
metaanalysis of eight studies, comprising 2969 men, PHI is su-
perior to measuring free PSA alone for prostate cancer detection
at first biopsy in men with total PSA values of 2-10 ng mL=1.1"]

The 4KScore is a blood test for assessing the risk of aggressive
prostate cancer. This multi-marker blood test combines the re-
sults of total PSA, free PSA, intact PSA, and human kallikrein 2
(hK2) for assessment of significant (Gleason>7) prostate cancer
before biopsy.[*!
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2.5.3. Immunotherapy—Blood Test

The major limitations of immune checkpoint inhibitors (such
as pembrolizumab) are i) high cost, ii) limited success rate and
potential severe toxicity due to immune-related adverse events.
Predictive biomarkers that can predict the likelihood of a cancer
patient responding favorably to therapy or developing toxicity are
urgently needed to overcome these limitations.[®!) The authors
reported that highly multiplexed assays for measuring thousands
of serum proteins simultaneously may have utility in identifying
these biomarkers.

2.5.4. Melanoma—Blood Test

Rucevic performed proteomic profiling of patient plasma sam-
ples to build a predictor of immunotherapy response and uncover
biological insights underlying primary resistance.l®” The authors
worked on an initial cohort comprising 55 metastatic melanoma
patients receiving anti-PD1 (Pembrolizumab or Nivolumab) and
subsequently on 116 patients as a validation cohort. They could
report a panel of proteins as biomarkers that can predict re-
sponses to the immunotherapy and elucidate resistance to cancer
immunotherapy in patients with metastatic melanoma.(®?!

2.5.5. Nonsmall-Cell Lung Cancer—Blood Test

Sheng et al. reported that heat shock protein 27 (HSP27) is re-
lated to tumorigenesis.[%}] Moreover, they showed that increased
HSP27 expression correlated with shorter survival of NSCLC pa-
tients (p < 0.001), suggesting that HSP27 may serve as a potential
biomarker for diagnosis and prognosis of NSCLC.

2.5.6. Thyroid Cancer—Blood Test

The improvement in the accuracy of targeted proteomic assays
such as the multiple reaction monitoring (MRM), has opened the
opportunity to detect thyroglobulin in serum of patients with thy-
roid cancer. MRM is used instead of immune-assays, due to the
high abundance of auto-antibodies in this set of patients, which
affects the detection rate, giving up to 25% of false negative re-
sults; the MRM method is not affected by this issue. Moreover,
although thyroglobulin is found at extremely low level, MRM still
provides high sensitivity to detect the protein.[64¢]

2.5.7. Bladder Cancer—Urine Test

The Aura Tek FDP TestTM is a urine-based test that measures fib-
rin degradation products (FDPs) for the detection of bladder can-
cer recurrence.*® The test is intended to be used on voided urine
specimens in conjunction with cytologic analysis and increases
overall sensitivity for all grades of tumor while maintaining the
high specificity of conventional cytology.

ImmunoCyt/uCyt+ is an immunocytochemical urine-based
test developed by Fradet and Lockhard in 1997.I%1 It detects
three markers that are commonly found on malignant exfoliated
urothelial cells: cytoplasmic mucins and high-molecular-weight
form of glycosylated CEA for urothelial carcinoma diagnosis.(®!
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2.5.8. Limitations of Circulating Cell-Free Proteins as Tumor Markers

Even though proteomic and immunoassays offer an opportunity
to multiplex the detection of different protein markers, other
methods based on nucleic acids are technically less challenging
and in many cases are more affordable. So far, the economic cost
might be the major limitation, as these methods might require
high affinity antibodies (i.e., ELISA or MRM) and/or specialized
equipment that is not easily accessible by all clinical laboratories.
Moreover, protein markers might be very unspecific and lack sen-
sitivity to detect cancer when they are not used in the correct
clinical context, which could lead to confusing results and sub-
sequently unnecessary interventions. It might even increase the
health-associated cost and risk to the patients.

Despite some remaining challenges, proteomic-based re-
search shows clinical promise to introduce even more proteins
in the liquid biopsy. In addition, the improved sensitivity, speci-
ficity, and the clinical success of multi-marker assays have driven
the shift from a single- to multi-marker view. It could be easily
achieved based on the scalability of both target proteomic and
immunoassay methods.

2.6. Tumor-Educated Platelets

The new area of TEPs research shows only 50 publications listed
under the keywords “tumor-educated platelets” in PubMed by
June 2020.

Platelets are anucleated cell fragments that originate from
megakaryocytes. They are key players in hemostasis, throm-
bosis, immunity, inflammation, and metastasis.[>%*7¢ Gasic
et al. showed that tumors can induce platelet aggregation and
correlated this with metastases in a mouse model. The authors
suggested that activated and aggregated platelets interact with tu-
mor cells and increase tumor cell extravasation to the metastatic
niche.l””! Although platelets are easy to purify, it is crucial to pre-
vent their activation during experiments because it highly affects
their molecular and morphological characteristics; consequently,
strong mechanical or biochemical forces should be avoided.[78-5]
Blood should be gently collected using a 1.2 mm intravenous
cannula and TEPs can be isolated up to 48 h after blood sam-
pling, allowing the isolation of high-quality RNA for molecular
tests.[8183] By performing messenger RNA (mRNA) sequencing
of TEPs, Best et al. could distinguish 228 patients with localized
and metastatic tumors from 55 healthy individuals with 96%
accuracy. In addition, based on TEP mutational status, they
could obtain key information to predict the tumor type. Thus,
TEPs are shown to be involved as central players in systemic and
local responses to tumor growth.®*] In conclusion, even blood
platelets could also provide a valuable platform for pan-cancer,
multiclass cancer, and companion diagnostics, possibly enabling
clinical advances in blood-based liquid biopsies.!®]

2.7. Clinical Perspectives of Liquid Biopsies
Cancer research is increasingly focusing on early detection and

is using precision medicine for the stratification of patients,
prediction of treatment efficacy, identification of metastatic
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relapse, mechanisms of drug resistance, and therapeutic targets.
Real-time liquid biopsy will play a crucial role in these processes
(Figure 1). It is important to mention that CTCs, ctDNAs, EVs,
cell-free RNAs, circulating cell-free proteins, and TEPs are com-
plementary circulating biomarkers and may be combined based
on the cancer type, as in some multianalyte tests under develop-
ment (e.g., Freemone that considers three classes of biomarkers,
cfDNA, cfRNA, and protein from blood, and CancerSEEK detect-
ing solid tumors by combining ctDNA and protein biomarkers),
and be introduced in clinical practice in the near future.8%87]
An algorithm should be developed to combine all these data to
obtain a more precise tumor profile.®® In particular, machine
learning algorithms for big data processing are currently used
in the context of liquid biopsies because they have the unique
feature of reducing large numbers of measurements into lower-
dimensional outputs.®?! For example, an automated machine
learning platform to analyze liquid biopsy data has been recently
reported.®®l Tt was specifically designed for liquid biopsy data
and has the very interesting capability to continuously improve
itself as the quantity of the processed liquid biopsy data increases.

Very recently, the feasibility of blood testing combined with
a full-body diagnostic positron emission tomography-computed
tomography has been reported to screen for cancer and guide
intervention.®!]

Liquid biopsy analysis has provided new insights into the bi-
ology of metastasis, with important implications for the clini-
cal management of cancer patients. Numerous clinical studies
and metaanalyses including large cohorts of patients have shown
that the number of CTCs is an important indicator of the risk
of progression or death in patients with metastatic and local-
ized solid cancer (e.g., breast, prostate, and colon).[®”] Moreover,
longitudinal ctDNA analyses have provided interesting insights
into the dynamics of tumor evolution.[®* The clinical relevance
of EVs as a single biomarker has not yet been established. How-
ever, EVs can provide important information for cancer progno-
sis and diagnosis, mostly in combination with other circulating
biomarkers, such as CTCs.®¥ Finally, TEPs may be used as a min-
imally invasive biomarker for cancer detection and progression
monitoring.[338%]

An interesting example of ctDNA-based liquid biopsy is the
Cobas EGFR Mutation Test v2. It is a real-time PCR test that iden-
tifies 42 mutations in exons 18, 19, 20, and 21 of the EGFR gene,
including the T790M resistant mutation, by analyzing ctDNA
from plasma samples of nonsmall cell lung cancer patients. It
is designed to enable testing of both tissue and plasma spec-
imen with a single kit and has a specificity and sensitivity of
99.8% and 65.7%, respectively.[®] It has been approved by the
FDA and the European Medicines Agency with the specific rec-
ommendation that plasma cfDNA analysis should be performed
first to avoid unnecessary invasive biopsies of the lung (with sub-
sequent tumor biopsy analysis if no EGFR mutation is detected
in cfDNA).[%¢]

It is important to highlight that CTC measurements have
shown their clinical validity for many years; however, they have
not yet been included in the clinical guidelines because their
clinical utility is still under investigation.l* Thus, interventional
studies on treatment stratification based on the analysis of CTCs
(enumeration and/or characterization) and ctDNA are urgently
needed to implement liquid biopsy into personalized medicine
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with reimbursement for cancer patients.!”’! The validation of lig-

uid biopsy assays and their introduction into clinical practice is an
important task that will be the main focus of the new European
Liquid Biopsy Society (ELBS) comprising more than 60 institu-
tions from academia and industry.[%]

3. Imaging Platforms Based on High-Speed and
High-Resolution Fluorescence Microscopy

Imaging cytometry at high speed and high spatial resolution has
become a recent topic of rapidly growing interest in the field of
liquid biopsy. While commercially available flow cytometers can
currently operate at up to 40 different color channels and obtain
information from millions of cells in a matter of seconds, the
resulting multi-dimensional data sets are still difficult to analyze
and require considerable human interaction and experience.
This type of single cell analysis can also be performed in vivo
in animal models, for example, by multi-photon excited fluores-
cence microscopy, permitting the identification and visualization
of leukocytes for instance, or even that of circulating stem cells
and their interaction with local tissues.[**71%] While being widely
used in diagnostics and research, pure flow measurements
cannot typically take advantage of additional morphological
parameters of interest, such as the distribution of organelles,
vesicles, or even receptors throughout the cell and their dynamic
behavior, all of which require fast imaging of cells with subwave-
length spatial resolution. Recently, a number of highly advanced
optical microscopy techniques have emerged that can, however,
provide this information. Quantitative phase microscopy is one
of the fastest and most sample-friendly imaging techniques,
which, especially when combined with instant multiplane imag-
ing, provides high-resolution 3D morphological maps of single
living cells.["*1%] Another exciting development is the ultrafast
imaging of cells in flow using a process called serial time-
encoded amplified microscopy (STEAM) and its more recent
variants.[191%] This method takes advantage of the broad spec-
tral bandwidth and the high repetition rate of modern ultrashort
lasers, in particular fiber lasers. While this technique enables the
extremely fast morphological characterization of cells, there is,
however, also a need for higher specificity and sensitivity, which
until now has mostly required fluorescent labels.

Many super-resolving fluorescence microscopies, which
achieve a spatial resolution well beyond the optical diffraction
limit, can now address this need. Historically, this trend started
with our ability to detect single fluorescent molecules and,
with another, more physical technique, taking advantage of
shaping the illumination and detection point spread functions
of optical microscopes.['-111] Indeed, the detection of a single
fluorescent molecule by an optical imaging system with the
highest possible optical resolution that high-end objective lenses
can provide, still limits the resulting image of a molecule to
a spot size with physical dimensions of approximately half
the wavelength, that is, typically 250 nm in diameter. This
resulting “spot” is typically referred to as the point spread
function of the optical system. Single fluorescent molecules
can be distinguished only if they are separated by more than
approximately the width of the point spread function, unless
other parameters, such as different fluorescent colors, are used
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Figure 2. Schematic descriptions of several advanced forms of high-resolution microscopy. A) PALM/STORM microscopy: fluorophores are excited by
a laser beam hitting the cover glass surface near or beyond (shown here) the angle of total internal reflection. The resulting spots in the fluorescence
image can be attributed to single fluorescent molecules that are localized with ~#10 nm accuracy. B) SOFI: fluctuating signals from molecules are pixel-
wise correlated and cross-correlated, resulting in a higher-resolution image. C) STED: a tightly focused excitation beam is superposed with a shaped
de-excitation beam, resulting in higher resolution images by raster-scanning of the beams. D) SIM: an interference pattern is rotated and shifted across
the sample. Analysis in Fourier space allows for 2x higher image resolution by advanced mathematical reconstruction algorithms. E) Bessel-beam
microscopy: a highly focused, elongated excitation beam is swept across the sample, resulting in an extremely thin light sheet. Fluorescence is collected
by a second microscopy objective lens held at 90° with respect to the beam. F) Lattice-light sheet microscopy: multiple elongated beams interfere with

each other resulting in a lattice-like excitation pattern.

to determine their location independently from each other.[1?2]
Indeed, once a spot has been identified as the image of a single
molecule, its location, that is, the centroid of the resulting
spot, can be determined with very high precision.[''*] Thus, the
ability to actively influence (switch) the fluorescence behavior
of single molecules by using photoactivatable localization mi-
croscopy (PALM), or by analyzing their stochastic intermittent
fluorescence emission with stochastic optical reconstruction
microscopy, (STORM), can be used to determine if a single
molecule has indeed been identified, and could thus enable the
detection of cancer biomarkers in patient biopsy material.(}1411]
By collecting typically thousands of images, where the location
of single molecules is determined down to 20 nm, images with
a spatial resolution on the scale of a few 10 s of nanometers can
then be constructed, as shown in Figure 2A.1113114] Similarly, at
higher labeling densities, the analysis of the temporal emission
behavior of fluorescent molecules can be utilized to obtain
images with increased spatial resolution in a process named
super-resolution optical fluctuation imaging (Figure 2B).['1¢]
Parallel to this development, engineering the illumination point
spread function, for example, by overlaying a diffraction-limited
excitation spot with a high-power donut-shaped de-excitation
spot by depleting the excited state of fluorescent molecules
in a process named stimulated emission depletion (STED),
laser-scanning fluorescence microscopy images can readily be
obtained at a spatial resolution that can be tuned based on the
efficiency of the depletion process, with ~80 nm spatial resolu-
tion being the most typical choice (Figure 2C).""!] By exploiting
the engineering of the illumination point spread function to the
scale of the entire field of view, that is, by inducing interference
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patterns onto the sample (in a process most widely known as
structured illumination microscopy, SIM), fluorescence images
with approximately twice the spatial resolution can be obtained
in three dimensions, as shown in Figure 2D.['"711] A particular
problem of most of these methods is, however, their depen-
dence on high illumination powers, which has detrimental
effects on the biological samples under investigation. While
SIM, with its typically more modest resolution improvement,
has been demonstrated to work well for high-speed imaging
of fluorescently labeled cells, a number of derivatives of these
techniques have also recently been developed. Among them
are Bessel beam light sheet and lattice light sheet microscopy,
see Figure 2EF, which provide illumination modes similar to
SIM, but can penetrate deeper into the sample, and which can
readily be combined with single-molecule localization methods
to provide highest-resolution 3D images.[120-122]

Super-resolution-based approaches thus offer notable resolu-
tion, with low sample requirements and fast analytical protocols
that are particularly appealing for the study of small targets, such
as single biomarkers and extracellular vesicles, extracted from
cancer cell cultures or liquid biopsies for analysis.['2*124] Hence,
many of the techniques mentioned above have already been suc-
cessfully applied to liquid biopsy.

Super-resolution microscopy was recently used to detect, local-
ize, and quantify the expression of CD13 in cancer cells through
3D molecular imaging (3DMI).!®] This technique, based on
the use of a fluorescently tagged anti-CD13 antibody and the 3D
reconstruction of SIM images, enabled the fine quantification of
the cancer biomarker on the membrane of single leukemic cells.
This approach confirmed cell-to-cell variability in the level of
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surface expression, which correlated with cell sensitivity to a
specific inhibitor molecule applied in vitro. This 3DMI study un-
derlines the potential benefits of a precision medicine approach,
whereby a fine analysis of specific molecular features on patient
cells may inform the potential outcome of a given therapeutic ap-
proach. Similarly, dSTORM single-molecule detection revealed
the presence of ultralow expression levels of surface oncoanti-
gens that remained undetected in myeloma cells using standard
cytometric methods.['?) dSTORM was successfully used to
screen patient cells, and elucidated the correlation between the
presence of these ultralow markers and cancer sensitivity to
immunotherapeutic intervention, suggesting a wider applica-
bility for additional cancer types. The growing range of RNA
signatures associated to specific cancer types, such as breast and
cervical or glioblastoma for instance, provides a set of possible
targets in the form of microRNAs and IncRNAs amenable to
affinity-based tagging for fluorescence imaging.['¥-1%°] Further-
more, a recently described protein-based detection approach
applicable to accelerate single-molecule super-resolution imag-
ing of nucleic acids could facilitate the use of this technology to
the survey of specific cancer RNA biomarkers in patient sam-
ples for therapeutic management.['**) Dual molecule imaging
performed with PALM/STORM has also been applied to refine
the characterization of cell-derived exosomes, and to provide
phenotypic information, such as the co-expression of CD63 and
HER2 on the surface of breast cancer-derived exosomes.[!?*]
Intracellular distribution and trafficking of these cancer-derived
vesicular components could likewise be monitored postinter-
nalization into normal cells, highlighting the cross-talk between
cancer-derived exosomes and other cell populations.

STED microscopy was used to determine the redistribution of
the viral envelope glycoprotein in single virus particles of HIV-1
following viral maturation.['3%132] This achievement should
eventually enable the dynamic visualization of the maturation
process and its importance during virus transmission from in-
fected to uninfected T cells. Using STED and SIM, Eggeling and
co-workers were able to visualize the spatial organization and
importance of actin in the formation of immunological synapses
in resting and activated T cells. By employing high spatial
resolution and high speed, low phototoxic imaging modalities of
SIM and lattice light sheet microscopy, they were recently able
to follow the rearrangement of this cytoskeletal protein in living
T cells.['*3134] Although single molecule localization microscopy
methods require substantially longer image accumulation
times to acquire the number of images needed to reconstruct
high-resolution maps of protein distributions by exploiting total
internal reflection illumination combined with SOFI, Luke$ et al.
were able to determine the distribution of CD4 glycoprotein
mutants on the nanoscale in the plasma membrane of T cells.[**]
Similarly, to avoid any contact with substrates, which, even when
coated with polymers that block adherent cells, can adversely
affect T cells, Diekmann et al. developed a combination of optical
tweezers and single molecule localization microscopy./'3¢137]
Here, single cells are first captured by highly focused laser beams
in the near-infrared (1064 nm). The laser beams are reflected by
a spatial light modulator placed in the Fourier plane of the setup,
which allows the researchers to dynamically create and control
optical traps in a process called holographic optical tweezers.
By holding onto single cells and capturing =30 000 individual
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Figure 3. Localization microscopy in combination with holographic opti-
cal tweezers (HOT). A) Schematics of a combined localization microscopy
and HOT setup, where a spatial light modulator (SLM) is used to cre-
ate multiple optical traps with a near-infrared (IR) laser beam to immobi-
lize nonadherent cells, such as T cells. Excitation of fluorescently labeled
samples is achieved, e.g., by STORM:-like excitation with a visible (VIS)
laser beam. B) White-light transmitted (upper image) and STORM image
(lower image) of single trapped T cells infected with the human immun-
odeficiency virus (HIV-1), which is labeled by immunofluorescence.

images of fluorescent molecules in these cells, Diekmann et al.
reconstructed images with 100 nm spatial resolution utilizing a
deconvolution approach that compensated for residual sample
motion within the optical traps. Figure 3A schematically shows
how a single cell captured by holographic optical tweezers is
visualized by STORM, and Figure 3B shows an example of the
outcome of such an experiment with an optically trapped T cell.
Another exciting development along similar lines is the approach
using planar waveguide chips as substrates through which single
fluorescent molecules are excited.['*®] Once such chips can be
manufactured in high volume, they will enable an inexpensive
and widely accessible implementation of super-resolution mi-
croscopy on existing microscope setups, which could facilitate
the analysis of circulating tumor cells in clinical environments.
The separation of excitation and detection optics also supports
a much broader choice of detection objective lenses, thereby in-
creasing the field of view at the expense of slightly reduced spatial
resolution. In the field of high-speed volumetric imaging of liv-
ing cells at high spatial resolution, lattice light sheet microscopy
of white blood cells is particularly noteworthy.3°! This method
enabled Cai et al. to dynamically follow the formation of an im-
munological synapse between a T cell and an antigen-presenting
cell and to determine that microvilli, i.e., protrusions on the
surface of T cells, are actively involved in the antigen recognition
process and change their dynamics upon recognition.

This short survey serves to provide an initial outline of pos-
sibilities opened up by super-resolution optical microscopies.
Another exciting and currently very promising area of research
along these lines is the recent combination of spatially structured
illumination methods and single-molecule localization. By ex-
ploiting well-characterized illumination patterns, such as the in-
side of a donut spot or sinusoidal patterns of structured illumina-
tion microscopes, even higher-resolution images can be acquired
with minimal photon doses. This was very impressively and
convincingly demonstrated by Balzarotti et al. using the donut
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pattern, and recently extended to SIM-like patterns indepen-
dently by four research groups.['*-**] These methods offer excit-
ing prospects for true molecular-level 3D resolution in cells.['*]

Currently, employing advanced optical microscopy techniques
to conduct liquid biopsy is still cumbersome at multiple levels,
starting with the special requirements placed on sample prepa-
ration. In the majority of cases, sample preparation typically re-
quires the fixation of cells obtained either from cell cultures or
from patients because both the staining techniques as well as
the image acquisition process are not yet compatible with live
cell imaging. Background autofluorescence, light scattering, the
quality of the fluorescent labels, and the quality of the labeling
process itself all play crucial roles in the ultimate success of ob-
taining high-quality super-resolved images from single cells. An-
other problem particularly relevant to liquid biopsy is the fact that
blood-borne cells do not spontaneously adhere to substrates, or,
if they do, they can become activated or change behavior in other
ways compared to that available when imaging them in their
native environment. Acquiring high-quality images from these
samples also requires highly skilled operators to understand the
optical system as well as the biological relevance of the samples,
and the same is true for the analysis of the resulting data. While
the automation of some of these processes is emerging, for exam-
ple by developing “smart microscopes” that can autonomously
obtain raw data over long periods of time, or by utilizing deep
learning procedures for image reconstruction and analysis, the
full integration of these methods into a single system is still a
challenge.[146]

4. Sensing Platforms Based on Plasmon
Resonance and Surface-Enhanced Raman
Scattering

Plasmonics is widely used in the field of molecular biology and
biomedicine to study several aspects of biospecific interactions
without using fluorescent labels. Its enabling role in the field of
liquid biopsies is discussed in this section with a focus on the re-
cent advances based on surface plasmon resonance (SPR), local-
ized surface plasmon resonance (LSPR), and surface-enhanced
Raman scattering (SERS).

4.1. Surface Plasmon Resonance

SPR is the resonant coupling between surface plasmons, that
is, collective oscillations in the electron density at the surface of
a metal, and monochromatic polarized light.['*”] This coupling
usually takes place at a metal/dielectric planar interface when
the wave vectors of TM-polarized light and surface plasmons are
matched through the Kretschmann setup, where a focused light
beam is directed toward a glass prism, on which a thin metal layer
is deposited, and is reflected by the metal/dielectric interface.*®]

SPR, which is one of the most mature label-free analytical tech-
niques, is widely used in life sciences to study biochemical phe-
nomena involving a functionalization biolayer immobilized on
the metal layer and target biomolecules or their assemblies dis-
persed in a solution, and occurs at nanometer distance, typically
150-200 nm, from the dielectric/metal interface.l'*! The interac-
tion between the functionalization layer and the analyte induces
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a change in the thickness and/or refractive index of the biolayer
on the metal film and, in turn, of the resonance condition char-
acterizing the SPR. Because the intensity of light reflected by the
metal layer is minimal when the resonance condition is fulfilled,
the analyte concentration can be estimated by monitoring the
resonance angle through a properly arranged photodiode array.

Gold is by far the preferred metal in the field of SPR sen-
sors for life sciences because its functionalization via thiol chem-
istry is quite easy, it is relatively inert, and allows SPR excitation
through visible or near-infrared light, whose sources are typically
low cost.[15]

The SPR-based sensing concept can be expanded to imple-
ment an SPR imaging (SPRi) platform, where the metal layer
is properly functionalized by robotic spotters depositing nano-
liter droplets of ligand solutions on the surface according to a 2D
predefined pattern of hundreds of spots with a diameter of 200-
500 pm.151132] Light incident on the thin metal film is reflected
with different intensities by the spots according to the biochemi-
cal reactions taking place there. By using a charge-coupled device
camera to detect the reflected light, hundreds of biochemical re-
actions can be simultaneously analyzed, according to a very effi-
cient multiplexed approach.

SPR instruments have been on the market since 1990, when
the first Biacore instrument was commercially released, and
there have been many experiments in their use in the context
of liquid biopsies in the last few years, mainly to detect exosomes
and miRNAs.[153]

Exosomes, owing to their diameter ranging from 30 to 100 nm,
are well-suited for SPR-based detection, which can only be used
for nanometer-sized biomolecules or their assemblies because of
their sensitivity to biochemical reactions occurring at a distance
of up to a few hundred nanometers from the metal layer.

Rupert et al. reported one of the first attempts to quantitatively
detect cancer-derived exosomes using an SPR instrument on
the market (Biacore 2000 with an excitation wavelength equal to
760 nm).[1>* The target biomolecule assemblies studied were hu-
man mast cell-secreted exosomes carrying the tetraspanin mem-
brane protein CD63. By using a quite standard functionalization
strategy, based on anti-CD63 antibodies, exosome concentration
is estimated by a quantification method that, as for many exo-
some SPR biosensors, relies on diffusion-limited binding kinet-
ics on the sensor surface. The developed method has a relatively
low accuracy in the order of + 50%. This is due to two key as-
pects: i) CD63-positive exosomes represent a subpopulation with
a diffusion coefficient and size significantly different from the
mean diffusion coefficient and size of the whole population of
EVs and ii) CD63-positive exosomes are deformed after binding
to the surface. To improve the accuracy of their method, the same
authors proposed and experimentally studied the use of an SPR
instrument on the market (SPR Navi 220A) including two excita-
tion light sources at 670 and 785 nm instead of a standard SPR
instrument.[*>] With this approach, an improvement of the accu-
racy down to + 10% is reported because the particle size on the
surface is estimated by the ratio of the instrument responses at
the two operating wavelengths.

By using a custom wavelength-modulated SPR platform, a
time-consuming analytical method for profiling clinically rel-
evant exosomes has been demonstrated.'>*! The platform in-
cludes, in addition to a standard prism, a halogen polychromatic
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light source (wavelength range: 360-2400 nm) that excites the
SPR and a spectrometer for resonance condition monitoring. It
allows, in combination with a properly engineered sandwich as-
say, the estimation of the proportion of tumor-derived exosomes
within the bulk exosome population. The same SPR platform
in which the gold layer is functionalized by biotinylated anti-
HER2 antibodies has been used to detect BT474 breast cancer
cell-derived exosomes in complex biological samples with a LoD
of 8280 exosomes per puL.[1%7]

Reiner et al. reported an interesting advancement of
SPR biosensors intended for the analysis of EVs, including
exosomes.['®¥) The sensor system, which is a wavelength-
modulated grating-coupled SPR platform, is shown in Figure 4A.
It includes a top-illuminated chip where a relief sinusoidal grat-
ing (modulation depth of ~60 nm and pitch = 430 nm) is man-
ufactured on the surface of the gold film, a broadband halogen
light source for SPR excitation, and a spectrometer for analyzing
the light beam reflected by the gold layer. The assay concept is
based on the use of streptavidin-coated magnetic nanoparticles
(NPs) with a diameter of 220 nm that bind to EVs via lipid-
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binding proteins. This allows an increase in the concentration of
the target EVs at the sensor surface by applying a magnetic field
gradient generated by a permanent magnet at a distance of 5 mm
from the sensor surface. The experimental results demonstrate
that the grating-coupled SPR device can detect EVs secreted by
mesenchymal stem cells at concentrations down to 0.76 pg mL1.

To further enhance the LoD of SPR biosensors detecting
cancer-derived exosomes, NP-assisted signal amplification has
recently been used with an SPR aptasensor, that is, a sensor based
on oligonucleotides, also called “chemical antibodies,” to bind
specific markers on the surface of target exosomes.['*"! In this
study, functionalized gold NPs (AuNPs) were engineered to de-
tectand quantify EV components. The first aptamer-coated AuNP
was used to detect a specific EV membrane marker. Then, the
aptamer-coated AuNP was coupled with a second AuNP with
nucleotide-based affinity to the first aptamer-AuNP. With this ap-
proach, an LoD improvement of 20% is obtained. In this system,
the detection of MCF-7 (breast cancer cell line)-derived exosomes
were brought down to 5000 mLcells~! mL~! through a selective
and reproducible process lasting ~2.5 h.
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Through its multiplexing capability, SPRi, combined with an-
tibody microarray technology, allows direct exosome quantifica-
tion in tumor cell culture medium, without purification.!'®®! The
system demonstrating this achievement is based on a SPRi in-
strument on the market (PlexArray HT) where a laser-generated
collimated light at 660 nm is directed toward the coupling prism
at a fixed angle position, reflected by the SPR active gold surface,
and detected by the charge-coupled device (CCD) camera (see
Figure 4B). Exosome quantification is obtained by printing and
immobilizing antibodies specific to exosome transmembrane
proteins on the gold-coated glass sensor chip. In this way, after
sample injection into the flow cell, exosomes can be captured
by antibodies on the chip. Capture events induce an increase in
the average thickness of the biolayer on the gold surface and a
change in the refractive index of the same layer. Consequently,
in each sensing site (spot) where capture takes place, a change in
the reflection intensity is detected by the CCD camera. The same
SPRi-based sensing concept has been recently used to develop
a biosensing assay for the highly sensitive and multiplex charac-
terization of exosomes from nonsmall cell lung cancer, with an
LoD of 10 000 exosomes per pL.['%! This LoD value was achieved
by enhancing the assay using antibody-functionalized AuNPs.

In addition to tumor-derived exosomes, SPR and SPRi plat-
forms have demonstrated very good performance in the field
of circulating miRNA cancer biomarker detection, with an LoD
down to 10 x 107® M. The first interesting results of miRNA
detection by SPR phenomenon were reported in 2006, when
an NP-amplified SPRi approach for miRNA detection with an
LoD of 10 x 107" M was discussed.'®?] After this pioneering
paper, several strategies have been developed for sensitivity
enhancement in SPR biosensors aimed at circulating miRNA
detection. The most used assays are those based on Au or Ag
NPs for SPR enhancement, hybridization chain reaction, and
DNA-RNA-antibody.[1>71%] Xue et al. reported an innovative SPR
sensing platform based on antimonene for label-free detection
of miRNA-21 and miRNA-155, which are usually overexpressed
in several hematological and solid tumors.['%] The antimonene-
modified SPR chips used in this platform are shown in Figure 4C.
Antimonene nanosheets, having a 2D nanostructure, are as-
sembled on a gold chip surface by a layer-by-layer technique,
and gold nanorods that are bioconjugated with single-stranded
DNA probes are absorbed on the nanosheets to amplify the SPR
signal. After the chip preparation, complementary and noncom-
plementary miRNA molecules dispersed in phosphate-buffered
saline (PBS) solution were injected onto the sensing surface,
and the SPR signal was recorded using a commercially available
time-resolved SPR spectrometer. The interaction between the tar-
get miRNA and the gold nanorod single-stranded DNA complex
induces the release of the complex from antimonene, with a con-
sequent significant decrease in the SPR angle. The record LoD
equal to 10 x 107® M achieved on the platform is attributed by
the authors to a combination of two effects: i) a strong interaction
between antimonene and single-stranded DNA/double-stranded
DNA in terms of the work function change of antimonene due
to the interaction with nucleobases and base pairs and ii) the
above-mentioned SPR signal amplification due to nanorods.

In addition to the most investigated applications of SPR
technology in the field of liquid biopsies, that is, exosomes and
miRNA quantitative detection, some papers suggest that SPR and
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SPRi can also be used to detect single nucleotide polymorphisms,
analyze ctDNA methylation, and measure the concentration of
protein biomarkers. In particular, NP-enhanced SPRi in combi-
nation with DNA microarray technology have been used for point
mutation identification in a gene (BRCA1) that is associated with
breast cancer, with an LoD equal to 1 x 1072 m.['%7] More recently,
Carrascosa et al. reported a label-free and real-time biosensing
strategy to detect DNA methylation in a breast cancer cell line
(MCEF-7).I'%8] Several nanoparticle-enhanced SPR methods have
also been reported for the detection of various proteins cancer
biomarkers, including the ErbB2 receptor tyrosine kinase 2 in
human serum and raw cancer lysates (LoD = 180 pg mL™1).[1¢]

4.2. Localized Surface Plasmon Resonance

LSPR is excited when a light beam interacts with metal NPs
or metallic nanostructures with dimensions comparable to or
smaller than the wavelength of the excitation radiation. Nonprop-
agating oscillations of free electrons in the conduction band of
the metal are generated owing to the interaction.

LSPR usually occurs on the surface of NPs suspended in
solution or deposited onto a solid support, or in chip-scale
nanofabricated metallic structures, for example, periodic arrays
of nanoholes or nanopillars.

Each LSPR phenomenon is associated with a specific plasmon
resonance frequency depending on the physical/geometrical fea-
tures of the NP/nanostructure and suffers from a shift due to any
change in the immediate dielectric environment in close prox-
imity to the NP/nanostructure (optimal sensing distance in the
order of a few tens of nanometers).

In LSPR-based biosensing platforms, NPs/nanostructures are
functionalized with antibodies, nucleic acid strands, and other
types of ligands before quantitative detection, which is carried
out by evaluating the shift (typically a red shift) in the plasmon
resonance frequency caused by the selective capture of the target
circulating biomarker by the ligand molecules.

In the context of liquid biopsies, the most interesting LSPR-
based platforms that researchers have used for experiments
are those based on nanohole/nanopillar arrays intended for the
quantitative detection of nanoEVs and those using properly func-
tionalized AuNPs for the sensitive detection of miRNA and
ctDNA.

4.2.1. Nanohole/Nanopillar Arrays

One of the most promising LSPR-based approaches for exosome
detection is based on the nanoplasmonic exosome (nPLEX)
chip, where a 2D periodic lattice (periodicity = 450 nm) of
nanoholes with a diameter of 200 nm is patterned in a gold film
with a thickness of 200 nm using focused ion-beam milling
(Figure 5).'7% The chip includes 36 sensing units, each con-
sisting of a lattice of 44 X 32 nanoholes. The sample flowed
toward the sensing units through 12 microfluidic channels,
each encompassing three measurement sites. By measuring
optical transmission through an array that is top-illuminated and
label-free, a high-throughput quantitative analysis of exosomes
derived from ovarian cancer cells (average diameter of 100 nm)
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Figure 5. nPLEX chip for label-free exosomes detection with details on exosomes biogenesis involving multivesicular body, MVB a), electromagnetic
field distribution close to the nanoholes b), nanoholes array imaged by scanning electron microscopy c), measurement setup d), spectral shift due to
functionalization and interaction with exosomes, surface-adsorbed exosomes e). Reproduced with permission.l'7%) Copyright 2014, Springer Nature.

was demonstrated with an LoD of 3000 exosomes (670 x 10718
M). The optical interrogation of the sensing unit array is based
on a spectral shift of the transmission spectrum or an intensity
change measured at the plasmon resonance frequency. It can
be carried out either by a standard microscope-based setup
including a spectrometer to analyze light transmitted through
nPLEX or a portable setup, which includes a laser source at
638 nm, collimating lens, and a square pattern diffuser for the
chip illumination, and a CMOS imager measuring the intensity
of light transmitted through the chip. The chip functionalization
strategy consists of a polyethylene glycol precoating step with a
1:3 mixture of long and short polymer chains minimizing non-
specific exosome binding and grafting monoclonal antibodies
against cancer protein targets, for example, EpCAM, CD24, and
CD41, onto the long polyethylene glycol precoating chains for
specific exosome capture. In this way, the authors demonstrate
the parallel detection of 12 potential exosomal markers in less
than 30 min. In addition, the reported experiments suggest that
secondary labeling further enhances the spectral shift in the
transmission spectrum, allowing for exosome detection. The
enhancement was 20% with spherical Au NPs (diameter, 10 nm)
and 300% with star-shaped Au NPs (diameter, 50 nm).
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Several sensing platforms that are conceptually similar to
the nPLEX platform intended for the quantitative detection of
cancer-derived exosomes released by different cancer cell lines
have been reported in the literature.['7*172] Zhu et al. reported a
more complex LSPR-based periodic nanostructure for exosome
detection consisting of a quasi-3D plasmonic photonic crystal,
which was designed to confine and enhance the electromagnetic
field through hybrid coupling of plasmonic and photonic crystal
modes.[173]

A sensing system that is not aimed at characterizing the size
and concentration of exosomes but is designed for single exo-
some detection has been recently reported in the literature.!'”4]
The LSPR imaging platform is based on quartz chips with a
diameter of 25.4 mm and includes 20 x 20 arrays of quartz
nanopillars (total height ~490 nm, diameter ~90 nm, pitch 500
or 600 nm) with 80 nm gold caps on the top. The quantitative
detection of exosomes secreted by breast adenocarcinoma cells
(MCF?7) has been carried out by functionalizing the nanosensors
with anti-CD63 antibodies, loading the chips into a microfluidic
assembly, and placing it on an inverted microscope. The CMOS
camera included in the system is capable of imaging 16 chips
and consequently 6400 nanopillars.
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4.2.2. Gold NPs

A central limitation for the translational application of SPR
technologies to liquid biopsy in cancer resides in the low con-
centration of circulating oncogenic biomarkers. Hence, the
development of ancillary techniques to enhance sensitivity can
deliver significant progress toward clinical feasibility.['”>] In par-
ticular, AuNPs have been successfully combined with synthetic
oligonucleotides used as probes to achieve signal amplification
through different experimental strategies.

One such approach developed to enhance the LSPR sig-
nal using AuNPs involves semiconductor quantum dots (QDs)
for a photoinduction-based fluorimetric assay to detect target
miRNAs.['7%] The detection comes from the binding of the tar-
get miRNA with a corresponding synthetic DNA probe, which
causes aggregation of the QDs and affects the colorimetric
change occurring from the photoinduced AuNP dissolution pro-
cess at 560 nm. This method, benefiting from a low reagent cost
and an estimated LoD of 4.4 X 107! m, has been successfully
used for the detection of miR-155 present in MCF7 breast cancer
cell lysates, although in this model, the concentration could be
expected to be significantly above that present in the circulation
in cancer patients.

Another strategy to potentiate LSPR detection of low abun-
dancy miRNAs has recently proposed the use of a duplex-specific
nuclease (DSN)-mediated step to amplify the initial signal.'”’] In
this approach, the presence of target miRNA in solution is de-
tected by its hybridization to synthetic DNA probes immobilized
onto a gold substrate. The formation of the probe-target hybrid
triggers its specific cleavage by the DSN enzyme, releasing the
probe in solution as well as the miRNA target itself, which is
then available for de novo hybridization to release from another
immobilized probe molecule, resulting in specific accumulation
of target-specific probes in solution. These miRNA-specific DNA
probes released by the DSN-based selection were then quanti-
fied using a DNA sandwich-based process, following hybridiza-
tion chain reaction onto a DNA-functionalized detection chip
and adsorption of tannic acid-capped AuNPs acting as nanotags.
The key features of this technique are the high specificity of its
DSN-mediated step, directly affected by potential base-pair mis-
matches, and its sensitivity with a calculated LoD of 2.45 x 10712
M. This technique has demonstrated its efficacy for the detection
of cancer-associated miRNA-10b, both in vitro, and in plasma and
urine samples isolated from a xenograft mouse model.

Wei et al. reported an alternative signal amplification step
for enhanced LSPR detection of specific miRNAs, involving the
exponential amplification reaction (EXPAR) of the initial probe
recognition event.['78] In this case, initial hybridization of the tar-
get miRNA to a complementary probe decorating AuNPs enables
the EXPAR amplification step, producing target-specific DNA in-
termediates that accumulate in suspension. These DNA interme-
diates, once recognized and bound by a second type of nucleotide-
decorated AuNPs, are able to recruit further AuNPs based on
the formation of triplex DNA hybrids, thus mediating particle
aggregation, which produces a colorimetric read-out. This assay
applied to detect miRNA-21 was reported to achieve miRNA
selectivity and offer an LoD of 0.23 x 10~'> m. In addition, it ben-
efits from a streamlined “in tube” process and is relatively rapid
(~30min), suggesting the potential for point-of-care applications.
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4.3. Surface-Enhanced Raman Scattering

Raman spectroscopy enables the identification of chemical bonds
and structures in a sample by irradiating it with a laser beam
and collecting the inelastic scattered photons with a detector. In
this way, the spectroscopy technique enables the identification of
molecules through their molecular fingerprints observed in Ra-
man spectra and, consequently, biological sample characteriza-
tion with minimal or no preprocessing activity.

Raman scattering signals are intrinsically weak, but they can
be significantly enhanced by factors beyond 10'® when molecules
are adsorbed on a roughened metal surface due to two comple-
mentary mechanisms, i.e., electromagnetic enhancement and
chemical enhancement. By combining Raman spectroscopy and
signal amplification mediated by plasmonic nanostructures,
SERS spectroscopy is becoming a powerful analytical tool in
the field of cell and molecular biology owing to its detection
sensitivity down to the single-molecule level and multiplexing
capability.

In the life science applications of SERS, two detection strate-
gies are commonly used: one is label-free, and one is based on
the indirect use of so-called SERS tags, that is, metal NPs with
adsorbed Raman probe molecules (Raman reporters) on the sur-
face that are functionalized by antibodies or other ligands.

Both label-free and indirect SERS detection have been exten-
sively studied in the context of liquid biopsies for analyzing sam-
ples where CTCs, exosomes, ctDNA, cell-free RNAs, and protein
cancer biomarkers are dispersed.

Quantitative detection of CTCs with an LoD down to 1 cell
mL~! has been achieved with and without an enrichment step
before SERS spectroscopy using several approaches, including a
combination of targeted SERS NPs with magnetic enrichment,
and Au nanostars-based SERS tags.['7°-1#7] Multiplexed detection
of CTCs has also demonstrated a very accurate discrimination of
CTCs by using up to four recognition ligands.[18818%]

One of the most promising recent results in the field of
SERS-based analysis of CTCs is the possibility of characterizing
the phenotypic evolution of the cells during pharmacological
treatment.' In particular, the SERS-based technique based
on antibody-conjugated and Raman reporter-coated AuNPs with
a diameter of 60 nm, is able to characterize the phenotypic
changes of CTCs from stage-IV melanoma patients receiving
immunological or molecular targeted therapies. The working
principle of the technique includes a preliminary step for
removing red blood cells and leukocytes by density gradient
centrifugation and CD45 depletion, respectively. Then, the
remaining cells are incubated with the four different antibody-
conjugated SERS labels, and then simultaneously detected
by Raman spectroscopy using a portable Raman microscope
available on the market, using an integration time of 1 s and a
laser power of 70 mW at 785 nm. The method has three key ad-
vantages over some of the well-established technologies, e.g., the
CellSearch system. It is i) extremely sensitive (10 cells in 10 mL
of blood), ii) highly multiplexed (it involves the simultaneous
monitoring of several surface protein expression profiles), and
iii) simple (because it does not require the initial enrichment of
CTCs).

Complex SERS-based analysis systems for CTC capture, en-
richment, detection with LoD down to 1 cell mL™!, and release
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CD63 antibody-functionalized magnetic beads for molecular phenotype profiling of CD63-positive EVs. Reproduced with permission.['®7! Copyright 2020,

American Chemical Society.

have been reported in the literature.['2192] They exploited either
a combination of metal and superparamagnetic NPs or SERS-
active magnetic NPs.

As established by some recently published findings, SERS
tags can be successfully applied to the detection of tumor-derived
exosomes and their sensitive phenotypic profiling.['*1%7] In par-
ticular, rapid and multiplexed phenotypic profiling of exosomes
secreted by a human pancreatic carcinoma cell line (Panc-1
cells), has been proved to form a sandwich immunoassay by
using both specific detection antibody-coated SERS nanotags
and capture antibody (CD63)-conjugated magnetic beads.['?’] As
shown in Figure 6, SERS nanotags are AuNPs to which small
organic molecules serving as Raman reporter molecules are
covalently bound. Antibodies for the selective recognition of the
three selected biomarkers, thatis Glypican-1, EpCAM, and CD44
variant isoform 6 (CD44V6), are conjugated on the NP surface.
The AuNPs were dispersed in the medium where the exosomes
were suspended and, after the first incubation step, a second
incubation step with the functionalized magnetic beads takes
place. Molecular phenotype profiling was performed by SERS
detection after magnetic separation. A commercially available
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portable Raman microscope excites the samples by a laser beam
at 785 nm with a power of 15 mW to acquire the Raman spectra
(integration time = 10 s). The LoD of the method is a few million
exosomes per mL.

Several approaches for label-free SERS detection of exosomes
have been developed.®1%] These techniques use statistical
methods to identify tumor-specific spectral signatures with good
accuracy values. For example, an accuracy of 90% in differentiat-
ing exosomes originating from pancreatic cancer and exosomes
from normal pancreatic epithelial cell lines has been reported by
Carmicheal et al., who carried out SERS measurements using a
commercial confocal Raman microscope with 785 nm diode laser
excitation (laser power = 10 mW).1203]

Some promising results on ctDNA detection by SERS have
been recently reported. In particular, femtomolar and sub-
femtomolar LoD values have been demonstrated for ctDNA
detection by enzymatic amplification combined with SERS
tags.[200201] By combining SERS and PCR, an assay detecting
three clinically important melanoma DNA mutations in ctDNA
has been recently developed with a sensitivity and accuracy sim-
ilar to that of droplet digital PCR (ddPCR).[1]
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Only a few experiments on label-free SERS detection of
cfmiRNA have been reported in the literature, while most
SERS-based approaches for miRNA detection exploit SERS
tags!202-2051 The record LoD of 0.85 x 107 M has been obtained
by a complex core-satellite nanostructure including a plasmonic
Au nanodumbbel as the core and Au NPs as satellites.[?) The
nanostructures assembly is triggered by the target miRNA
(miRNA-1246) and switches on the SERS signal, according to a
“off-to-on” SERS strategy.

SERS-based ultrasensitive and multiplexed detection of
cancer-related proteins is the topic of a well-established research
effort for at least one decade. This effort aims at demonstrating
detection techniques having a better LoD and higher multi-
plexing capabilities with respect to ELISA assays. Different
mechanisms have been experimented, including those exploit-
ing formation of a sandwich structure generating a SERS signal
or dissociation of core-satellite assemblies inducing SERS
signal turn “off.” Li et al. reported an interesting example of im-
munosensor having a very good LoD value (7 fg mL™') that has
been experimented in the context of protein cancer biomarker
detection.?”] The sensor was successfully used for detection
of the vascular endothelial growth factor in the human blood
plasma from clinical breast cancer patient samples.

5. Miniaturized Platforms Based on Optical
Resonators

There are three main optical microresonator systems that can be
used for liquid biopsies: i) whispering gallery mode (WGM) opti-
cal resonators, ii) photonic crystal resonators, and iii) Fabry—Perot
interferometers. These three technologies are platform systems,
meaning that although they can be used for liquid biopsies, they
can also be tailored for other sensing applications.

WGM optical resonators are ultrasensitive, rapid, and label-
free biochemical sensors. Owing to their small size (down to
micron scale), they can be incorporated into miniaturized and
economical sensing platforms. WGM resonators have been
used to sense a wide variety of biological analytes, including
single macromolecules, viruses, exosomes, ribosomes, 8-mer
oligonucleotides, and atomic ions.[?°*-212] Unlike other label-free
sensing systems such as SPR, which can take hours to days to
take measurements, micro/nano optical resonators can perform
sensing in <30 s.[21324] These resonators derive their sensitivity
and quick response time from the resonant recirculation of light.
Light is evanescently coupled into WGM resonators using an
optical fiber, waveguide, or prism and then “trapped” inside the
resonator via total internal reflection.[298211215-216] Thig ig anal-
ogous to how light travels through an optical fiber, but one that
has been bent into a ring. As such, light continuously circulates
within the device. The input light source is typically a tunable
laser, although light-emitting diodes have been used as well.[!]

At particular wavelengths, known as resonance wavelengths,
constructive interference occurs upon each roundtrip, causing a
buildup of light within the resonator. The resonance condition is
given by 2zr ng = mA4, where r is the distance from the center
of revolution, n g is the effective refractive index of the propagat-
ing mode, 4 is the resonance wavelength, and m is the azimuthal
mode number of light propagating within the resonator. As the
mode (electric field distribution) is concentrated near the outer
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edge of the resonator, the radial coordinate is typically chosen as
the radius of the outer circumference of the resonator. Optical
resonators used for biosensing are usually fairly large (=100 pm
in diameter), so the azimuthal mode number for visible light is
typically m ~ 10? or greater. These large mode numbers corre-
spond to higher quality factors (Q) as there is less bending loss
compared to smaller devices operating at a smaller mode num-
ber. The Q-factor can be defined as A/AA, where A4 is the full
width at half maximum of the resonance. The Q-factor is one
figure of merit for these sensors. Higher Q-factors correspond
to longer photon storage lifetimes, which in turn correspond to
lower limits of detection and higher resolution in analyte con-
centration measurements because smaller spectral shifts can be
resolved. The effective refractive index of the particular mode can
be obtained through finite element simulations or, analytically, in
the case of a simple microsphere or cylinder.

As analyte particles bind to the surface of an optical resonator,
they induce a resonance frequency change. This change in reso-
nance frequency is due to an increase in the optical path length,
which is a product of the refractive index of the medium and
the geometric path length of the light. Although light primarily
circulates within the resonator, part of the light evanesces out-
side the resonator (%100 nm) and can interact with the analyte
molecules. As such, WGM sensors are very sensitive refractive
index sensors. The resonance frequency change of the optical
microcavity upon analyte binding is monitored by tracking
dips in the transmission of the optical fiber or waveguide that
occurs at the resonance wavelength. These dips occur because, at
resonance, light coupling out from the resonator and back into
the fiber/waveguide destructively interferes with any light that
comes directly down the fiber/waveguide from the source laser.
Alternatively, one can explain this dip as power being primarily
coupled into the resonator as opposed to simply transmitting
the optical fiber. A tunable wavelength laser was used to locate
the resonance. For biosensing experiments, the wavelength of
the laser is usually chosen to be in the visible range, where
absorption of light by water is minimized.[?!8]

The sensitivity of WGM optical resonators can be further in-
creased by coupling them to plasmonic particles such as gold
nanorods or trimers.[?"] This occurs because the evanescent field
of an optical microcavity resonator can excite localized LSPR of
a plasmonic particle, thus generating an enhanced electric field,
which can be used as a sensing hotspot. Although LSPR exci-
tation can boost sensitivity for single-particle detection, these
hybrid WGM systems have significantly less capture area than
a bare device, making capture events less likely. In addition,
plasmonic particles such as nanorods need to be aligned to the
polarization of the cavity for maximum sensitivity. As they are
currently randomly placed on these sensors, this makes their
throughput very low. Their signal amplification is also often
inconsistent due to fabrication nonuniformities and differing
nanoparticle alignment.

The most common WGM sensor geometries used for biosens-
ing experiments are microtoroids, microspheres, microrings,
and microcylinders (optofluidic ring resonators).[208:211.220.221]
Each of these geometries has particular advantages and disadvan-
tages with regard to biochemical sensing. These resonators are
fabricated from low-loss dielectric materials. Microrings, which
are closed looped silicon waveguides on a chip, have the poorest
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LoD of a few nanomolars. Picomolar LoDs can be obtained with
ring resonators if a sandwich assay is used.”’®! The advantage
of microring resonators, however, is that due to their planar
geometry, they are easily multiplexed, meaning that they can
be fabricated in an array format enabling simultaneous experi-
ments. Although microtoroid resonators have a ring shape, they
are different and more sensitive than silicon photonic microring
resonators.[229222] This is because microtoroid resonators have a
pedestal, and thus the sensing region is lifted off from the sub-
strate, preventing light from scattering off and leaking into the
substrate. In addition, this geometry permits a carbon dioxide
laser reflow step, which results in an extremely smooth surface.
As a result, light can be confined in the microtoroid for longer
periods of time, resulting in a significantly higher Q-factor and
more sensitive biochemical sensing than a microring. Micro-
toroids have a sparser mode spectrum than microspheres, which
simplifies tracking of a particular mode of light inside the toroid.
Because they are completely fabricated on a chip, microtoroids
have multiplexing potential. Microspheres are formed by melting
the tip of an optical fiber. One main advantage of microspheres
is that they are easily fabricated and do not require cleanroom
facilities. Similar to microtoroids, microspheres also have ultra-
high (>107) Q-factors. Although microspheres have been used
for single-particle detection experiments, to our knowledge, they
have not yet been used for liquid biopsies, although they poten-
tially could be. As they are formed by melting the tip of an optical
fiber, they are not easily multiplexable or mass producible. The
degree of multiplexing that is available or possible from novel
technologies is considered an important feature. Optofluidic
ring resonators (OFRRs) are thin-walled glass capillaries.[??3]
Resonances are excited between the inner and outer diameters of
the cylinder through which the analyte flows. The advantage of
OFRR is that it has inherent fluidic integration. Because light is
coupled to the outside of the OFRR using a tapered optical fiber
and the analyte flows inside the OFRR, noise due to mechanical
fluctuations of the taper during fluid flow can be reduced com-
pared to other WGM geometries. For geometries such as toroids,
alternative robust light coupling schemes have recently been
proposed, such as using a nanoantenna positioned close to its
surface.[??]

Because WGM optical resonators are micron-scale, they
have the potential to be very compact and economical sensing
systems. A complete biosensor on a chip involves not only the
resonator but also an integrated light source and detector. One
possible way to integrate the light source is to exploit silicon
photoluminescence. Enhanced photoluminescence has been
demonstrated in amorphous silicon ring resonators, which can
serve as a potential on-chip light source.[??]

One WGM optical resonator system that has been used for lig-
uid biopsy is the frequency locked optical whispering evanescent
resonator (FLOWER). FLOWER is a sensing system that uses an
optical microcavity, autobalanced detection, frequency-locking
feedback loop, and data processing techniques to improve
signal-to-noise ratio (SNR). FLOWER has been used to sense a
wide variety of biological analytes, including single interleukin-2
molecules at an SNR of 5 as well as single ribosomes, and hu-
man chorionic gonadotropin in urine at a concentration of 1 x
1071 m.[208255] A schematic of a FLOWER is shown in Figure 7.
As opposed to traditional microcavity sensing systems, which
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continuously scan the wavelength of a tunable laser to track
the resonance frequency, FLOWER locks the laser wavelength
to the cavity resonance. As the particles bind and perturb the
resonance frequency, a feedback controller maintains the lock.
This enables smaller and more transient events to be detected,
which may have been missed in a conventional system with
large and slow wavelength scans. An advantage of FLOWER over
other single-molecule detection systems such as single-molecule
array (SIMOA) is that FLOWER can provide kinetic as well as
detection information.[?%¢]

As an example of potential application in the field of liquid
biopsy, FLOWER has been used to sense single tumor-derived
exosomes in serum from mice.!%1 Exosomes are challenging
to detect; however, as they are mainly filled with water, making
the index of refraction contrast very low between them and
the background medium. FLOWER was used to sense single
exosomes shed from human Burkitt’s lymphoma cells. These
cells were implanted into mice and blood was drawn from the
tail vein every week for five weeks, after which the tumor had
grown so large that the mouse was euthanized. FLOWER was
used to track the progression of the tumor over time by sensing
exosomes in the blood. Samples from later weeks generated a
larger signal increase (resonance wavelength shift) than those
from earlier weeks (Figure 8). This signal increase over time was
not observed in mice with no tumor. For these experiments, light
from a tunable laser was evanescently coupled into a microtoroid
optical resonator using a tapered optical fiber.[208223]

Antibodies were used to capture exosomes on the surface of
the toroid. The sensing region of the microtoroid is made of
silica, and so can be readily functionalized with capture agents
such as DNA, aptamers, and/or antibodies for specificity. For
these exosome experiments, the microtoroid was functionalized
with antibodies for human CD81, a protein that is enriched
in exosome membranes.[??] One advantage of FLOWER over
traditional detection systems is that only a small volume (~1-
100 pL) of the sample is needed. This allows repeated blood
draws from a single mouse without requiring the mouse to be
sacrificed. It is important to note that in these experiments,
tumor exosomes could be differentiated from exosomes shed by
normal cells because a xenograft model was used (human tumor
cells were placed inside a mouse).[?2] However, unique exosome
surface markers that can recognize healthy from cancerous
patients have been discovered through mass spectrometry; thus,
in principle, FLOWER could be used in conjunction with those
specific surface markers for liquid biopsy assays.[2%"]

Because FLOWER can sense single exosomes, the magnitude
of the resonance wavelength shift upon exosome binding can
be checked with theory and used to confirm an exosome bind-
ing event. Another advantage of being able to measure single
particle binding events is that these signals are observed as
a sudden rise in the resonance wavelength that can be easily
distinguished from thermal drift, which occurs slowly over a
much longer time scale. The resonance wavelength shift upon
particle binding is described by perturbation theory and is given
by the Bethe-Schwinger cavity perturbation formula(?*"]
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Figure 7. Overview of FLOWER. a) Artistic rendering of exosomes binding to a microtoroid optical resonator. For sensing experiments, light is evanes-
cently coupled into the microtoroid using an optical fiber. b) Block diagram of FLOWER. Light is sent from a tunable wavelength laser to both the
microtoroid and an autobalanced photoreceiver. The output of the receiver is multiplied by a dither signal to generate an error signal to determine
whether the laser frequency matches the cavity resonance frequency c) Schematic of the flow cell which is used. The sample cell is open on three sides
and fluid is flowed through it. d) As exosomes bind to the surface of the toroid, the resonance frequency of the toroid shifts. This is monitored via active
tracking of the resonance via FLOWER. Reproduced with permission.[2%8] Copyright 2015, American Chemical Society.
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Figure 8. Exosome binding curves. Blood was taken from the tail vein of a mouse with implanted human tumor cells. Serum samples were flowed
over the toroid. The resonance frequency of the microtoroid shifts in response to exosome binding. Samples from later weeks generate a larger shift,
presumably due to a greater exosome concentration. The red dashed lines represent an exponential fit to the data. Reproduced with permission.[208]
Copyright 2015, American Chemical Society.
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where ¢, is the permittivity of free space; ¢, is the permittivity of
the background medium (for biosensing experiments, water); E,
is the electric field at the binding site for an unperturbed WGM;
" represents the conjugate-transpose; |Ey|2 _is the maximum in-
tensity within the toroid; V,,, is the mode volume of the resonant
mode, which can be obtained through finite element simulation;
€, is the dielectric constant of the resonator (usually silica); and

a (w) is the polarizability tensor of the particle. For isotropic NPs

such as spheres or cubes, « (w) can be treated as scalar.[3!) From
Equation (1), one can see that the wavelength shift upon particle
binding is proportional to the polarizability of the particle. Gen-
erally, larger molecules are more polarizable and thus resultin a
larger frequency shift.

Microring resonators have also been used for a variety of
biological applications. Although they do not achieve the at-
tomolar concentration single-macromolecule sensitivity of
microtoroid optical resonators, microring resonators possess
some fabrication advantages.[?%2321 With microring sensors,
both the waveguide and the microring are fabricated on the
chip. This enables multiplexing and the ability to subtract the
signal from a reference resonator to account for thermal drift.
Microring resonators have been used to sense miRNAs with
an LoD of 10 x 107!2 m.233] The possibility of using an array
of properly designed microring resonators to sense a set of five
serum proteins capable of predicting lung cancer with quite
good accuracy has been also envisaged.[?**]

The final WGM resonator systems mentioned here are OFRRs.
OFRRs have been used to sense DNA methylation.'”?] DNA
methylation can increase the likelihood of genetic mutation, thus
making it an important early cancer diagnostic biomarker.[?*!
In addition OFRR’s have been used to sense the breast cancer
biomarker HER2 at a concentration of 13 ng mL~! in 30 min.[?3¢]

The second class of optical resonators used for liquid biop-
sies is photonic crystal resonators. Photonic crystals are periodic
dielectric nanostructures that enable reflection at specific wave-
length ranges called band gaps. These wavelengths of peak re-
flection can shift upon changes in the refractive index caused by
analyte binding.[?’”] Recently, a technology known as photonic
resonator absorption microscopy (PRAM) was used to sense
circulating exosomal miRNA.[2*8] miRNA-375, and —1290 have
been shown to correlate with prostate cancer progression. In
PRAM, AuNPs are bound to a photonic crystal, thus creating
a hybrid AuNPs-photonic crystal system reminiscent of hybrid-
WGM biosensing systems.[?!!] The resonance of the gold parti-
cle is matched to the photonic crystal resonance wavelength. This
enables enhanced excitation of the AuNP and a decrease in the
reflected light from the photonic crystal. A miRNA-specific DNA
sequence is bound to the surface of the AuNP to enable specific
binding. When miRNA binds to the DNA probes on the AuNPs,
this causes a change in the resonance reflection wavelength. This
reflection peak wavelength shift can be tracked for each bound
AuNP, thus creating the potential for multiplexing. This is one
advantage of PRAM over hybrid WGM microsphere sensing sys-
tems. PRAM was shown to have an LoD of ~#100 x 1078 m for
miRNA-375 and a detection time of under 2 h.

Another photonic crystal biosensor was made from a grating
coated with a high-refractive-index TiO, film.?3° This sensor was
able to sense exosomes with an LoD of 2.18 x 10° exosomes per
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mlL. Other types of photonic crystals, such as hollow core fibers,
can potentially be used as robust and inexpensive liquid biopsy
sensors that can be placed inside the body.

Fabry—Perot interferometers, or etalons, are another example
of an optical resonator that can be used for liquid biopsy. A
Fabry—Perot resonator is composed of two partially reflective
mirrors between which light bounces back and forth. While most
of the light is reflected, a small fraction of the light is transmitted
through the mirrors, and the transmission spectrum can be
measured using a spectrometer. Changes in the spectrum occur
in response to refractive index changes as a result of the injected
analyte within the cavity.[2*"] As a Fabry—Perot biosensor is based
on the superposition of waves, and is similar in principle to
microcavity optical resonator biosensors. Although Fabry—Perot
biosensors typically have lower Q-factors than WGM resonators,
they can be integrated with microfluidics or placed on the tip
of or within an optical fiber or needle, making them robust
sensors with the potential for in vivo implantation.[?!] In addi-
tion, Fabry—Perot sensors are significantly less complicated to
fabricate than photonic crystal cavities. The resolution of a Fabry—
Perot interferometer is often determined by the resolution of the
spectrometer used to measure the interference fringe shifts.

Many different ways of fabricating Fabry-Perot biosensors
have been described. In one method, porous silicon was elec-
trochemically etched to form microstructures that can generate
Fabry—Perot interference fringes.?*!l This porous silicon interfer-
ometric sensor was used to sense femtomolar concentrations of
DNA. A single cell Fabry—Perot biosensor with a Q of around 330
was made by having two single-mode fibers face each other. The
end face of each fiber had a gold reflective coating.[**?] Individual
cells were held in between the fiber end faces by a micropipette
attached to a syringe pump. This configuration was able to sense
the presence and absence of Madin Darby canine kidney cells.
In addition, it was able to determine the size and refractive in-
dex of the cell to within + 4% and + 0.2%, respectively. Because
cancerous cells have a higher refractive index (n = 1.37-1.4) than
healthy cells (n = 1.35), this method could potentially be applied
to sense CTCs.2*3] Beyond the exosomes, miRNAs, and proteins
mentioned in this section, other cancer biomarkers that have the
potential to be sensed with optical resonators include mRNAs
and long noncoding RNAs.[2#

Among the techniques mentioned in Section 5, only micror-
ings have been commercialized. In the United States, there is
a Clinical Laboratory Improvement Amendment (CLIA) waiver
that enables laboratories to diagnose and treat patients without a
very long approval process. This process can enable other tech-
nologies such as the ones mentioned in this section to be used
for clinical purposes.[?*]

6. Overview of Complementary and Competing
Technologies

Most of the methodologies and benchtop instruments currently
used in both clinical diagnostics and research activity in the
field of liquid biopsies use photonics, and in particular, the
physical phenomenon of fluorescence and imaging systems, in
combination with other enabling technologies. The CellSearch
system and Cobas EGFR Mutation Test v2 are two examples
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of multi-step methodologies on the market that exploit sev-
eral technological approaches, including fluorescence. The
CellSearch system, which is intended for the enumeration of
CTCs of epithelial origin in whole blood, uses a combination
of immunomagnetic and fluorescence imaging, integrating a
fluorescent microscope scanner.[?*?] The Cobas EGFR Mutation
Test v2, which is a real-time PCR test for ctDNA-based liquid
biopsy, makes use of fluorescent dyes to detect target DNA.[2¥7]
Most of the third-generation long-range DNA sequencing and
mapping technologies such as those commercialized by Illumina
and Pacific Biosciences (PacBio), which are widely used in the
context of liquid biopsies also enabling promising tests such as
Galleri by Grail that is intended for multi-cancer detection and
localization using methylation signatures in cell-free DNA, uses
fluorescence for detection.[?*3-2%] For example, the PacBio SMRT
technology sequences DNA using sequencing-by-synthesis, and
optically monitors fluorescently tagged nucleotides as they are
incorporated into individual template molecules.?51252] Even
one of the most used platforms for detecting point mutations
in ctDNA, the ddPCR implemented in the commercial QX 200
system, utilizes fluorescence measurements to determine which
droplets contain a nucleic acid target..[?>3]

Aiming at miniaturizing the bioanalytical tools for lig-
uid biopsy, microfluidics has demonstrated promising poten-
tial, especially for the separation of CTCs from whole blood,
ctDNA/miRNA extraction, and exosome isolation.[*2>°] An ex-
ample of a microfluidic platform for liquid biopsies is the CTC-
iChip.[2%9] This is an improvement over a previous system known
as a micropost-CTC chip.[?*!] CTCs are bound to the surface of
micropillars/posts, which are functionalized with EpCAM anti-
bodies. The flow characteristics of the micropost CTC chip are
optimized to maximize the contact time between a CTC and a
micropost. In one formulation, herringbone grooves are used to
create vortices that can further drive CTCs to a micropost.**?] The
CTC-iChip combines an inertial focusing microfluidic CTC cap-
ture platform with magnetic bead-based cell sorting technology.
This eliminates the need for antibody-functionalized microposts,
which previously prevented captured cells from being analyzed
in subsequent assays. In the first step, red blood cells, platelets,
free magnetic beads, and plasma are removed by hydrodynamic-
based size sorting. In the second step, white blood cells and CTCs
are ordered in a row along a streamline via inertial focusing. This
facilitates the third stage, when white blood cells are tagged with
magnetic beads in order to magnetically deflect them away. This
leaves a solution of pure CTCs which can further be analyzed
with other technologies that are often fluorescence-based. The
CTC-iChip was tested using breast, prostate, lung, pancreas, and
colorectal cancer cells.[?*] It has an assay time of 6-7 h and can
sort 107 cells s™!. The CTC-iChip capture efficiency, which scales
with EpCAM expression, was reported to be 77.8% + 7.8% for a
mesenchymal breast cancer line and 98.6 + 4.3% for SBK3 hu-
man breast cancer cells, which had more EpCAM expression.

Although there are a few interesting exceptions, most of the
microfluidics chips intended for liquid biopsies still require exter-
nal and complex instrumentation in applications outside a con-
trolled laboratories.!?**] As demonstrated by several lab-on-chip
microsystems reported in the literature, microfluidics and micro
and nanophotonics/plasmonics are highly compatible technolo-
gies that could be smartly integrated to implement photonic (or
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optofluidic) lab-on-chip microsystems that integrate biomarker
quantitative detection.[26]

Nanomechanical assays typically exploiting the deflection of
a cantilever to detect target biomarkers are emerging as a pow-
erful tool in the field of analytical biochemistry. Etayash et al.
reported an interesting example of a nanomechanical assay for
exosome detection.!?¢] The sensing platform is based on a can-
tilever array simultaneously detecting multiple exosomal surface-
antigens. The achieved LoD is 200 exosomes per mL, and the
cantilever deflection is measured by a photonic setup including
a laser source and position-sensitive detector.

A notable class of assays for liquid biopsies that do not use
photonics are those relying on electrochemical approaches, such
as several electrochemical platforms for exosomes, miRNA, and
protein detection reported in the last few years. An LoD <10° ex-
osomes was achieved by a magneto-electrochemical assay carried
out in an eight-channel integrated platform (iMEX) including
eight potentiostats (each having three electrodes: reference,
counter, and working), an 8-to-1 multiplexer, an analog-to-digital
converter, a digital-to-analog converter, and a microcontroller
unit (Figure 9).12¢7] A significant LoD improvement down to 100
exosomes per mL has been obtained by a more complex assay
using quantum dots as signal amplifiers.[2%]

Electrochemical detection of miRNA through voltammetric,
amperometric, and impedimetric methods is usually based on
hybridization between the target miRNA and the receptor probe
that is bound on the electrode surface.[?6*27% Electrocatalytic
amplification was used to enhance the LoD, achieving values
down to 80 x 107" m.[?7!l Electrochemical detection of cancer
biomarker proteins is currently a promising research area,
with the best achieved LoD values of the order of a few fg
mL~!, and widely experimentally demonstrated multiplexing
capability.[272]

7. Conclusion

Bioanalytical technologies for cell and molecule analysis are im-
proving, particularly for the analysis of mutations at the DNA
level. Consequently, more data on the clinical utility of circulat-
ing cancer biomarkers are available. Liquid biopsies are becom-
ing a part of routine clinical diagnostics, introducing important
changes in the treatment of cancer patients.

In turn, clinical and translational medicine interest in liquid
biopsies is stimulating an increase in research efforts on enabling
technologies that are typically very complex, as they involve a plu-
rality of biochemical and physical phenomena. In addition, lig-
uid biopsies typically generate big data sets whose processing is
still challenging, despite recent progresses in the field of machine
learning algorithms for data analytics.

Research activity on liquid biopsy technologies currently has
two major targets: i) performance improvement of bioanalytical
assays in terms of LoD, throughput, multiplexing capability,
duration, selectivity, and specificity and ii) miniaturization of
bioanalytical systems and cost/complexity reduction, in order
to develop liquid biopsies that are realistically feasible at the
point-of-care level.

Owing to the achievements critically discussed in this paper,
we believe that nanoscopy, nanoplasmonics, and integrated
micro and nanophotonics can play a pivotal role in the field of
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Figure 9. iMEX platform with a schematic illustration of its components A), a diagram of the readout circuit B), and a rendering of the packaged device

C). Reproduced with permission.[267] Copyright 2016, American Chemical Society.

Table 1. Promising emerging photonic technologies intended for liquid biopsies.

Circulating biomarkers

Emerging photonic CTCs ctDNA Cancer-derived exosomes Cell-free RNA Cell-free proteins TEPs
technologies
High-speed Qualitative/quantitative Super-resolution imaging Super-
high-resolution analysis of subcellular and extraction of resolution
fluorescence structures having phenotypic imaging
microscopy nanometer size. information.[124]
SPR/iSPR Detection (also w/o Detection of miRNA Detection with LoD of
purification) with LoD with LoD of 1x 107 the order of 100 pg
ranging from 5000 to m.[166] mL~1.0169]
10 0000 exosomes
per pLL157159,161]
LSPR Single exosome Detection of miRNA
detection.[174] with LoD of ~0.2 X
10-15 m.1178]
SERS i) Detection with a LoD i) Detection with Detection of miRNA Detection with LoD of

WGM/PhC optical
resonators

Most promising
complementary/
competing
technology

down to 1 cell

mL-11179-187]

ii) Characterization of
phenotypic evolution
during the pharmacologic

treatment.!1%0]

Detection by microfluidic
chips in combination with
other fluorescence-based
technologies.

LoD < 1Xx

10-15 .1200,201]
i) Mutation

identification (in

combination with

PCR).1"6]

Single exosome
detection.[20%]

Detection by quantum-dots
based electrochemical
assay with LoD of
100 exosomes mL.[268]

with LoD < 0.1 x
10-15 .1206]

Detection of miRNA
with LoD of 10 x
10712 w.[233]

Electrochemical
detection of miRNA
with LoD of 80 x
10-15 wm.[271]

the order of
1-10 fg mL~1.1207)

Detection with LoD of
the order of
1-10 ng mL~1.[236]
Electrochemical
detection with LoD
of the order of a few

fg mL-1272]

advanced liquid biopsy technologies, if they will fully demon-
strate their potential to be superior over the well-established
methodologies in terms of instrument complexity, cost, and size.
Currently, sample preprocessing is a critical task in all liquid
biopsies and market success of the above-mentioned emerging
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technologies may be strongly correlated to their capability to
reduce the critical aspects associated to that task.

The most promising emerging photonic technologies in-
tended for liquid biopsies are mapped in Table 1, alongside some
complementary/competitive technologies. These technologies
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are typically at medium-low TRL (<5), while high-TRL instru-
ments and techniques have already been discussed in Section 2
and summarized in Figure 1.

The spatial resolution of nanoscopy techniques, currently in
the order of a few tens of nanometers, is quickly improving.
With the approaches at the state-of-the-art, CTCs, tumor-derived
exosomes, and TEPs can be imaged, and their internal biolog-
ical structures can be dynamically studied together with their
interaction mechanisms with the outer environment. Fluores-
cence microscopy, which is a key tool for the vast majority of
instruments currently utilized for liquid biopsies, is likely to
retain this crucial role and decisively contribute to the definitive
understanding of metastatic development biology.

A few studies suggest that nanoscopy performance can be
improved by using optical tweezers to trap the biological target
under analysis. Free-space and chip-scale optical trapping com-
bined with super-resolution fluorescence microscopy could be
particularly useful in the context of liquid biopsies to enable trap-
ping and analysis of micrometric and sub-micrometric biologic
structures.

SERS-based platforms in combination with microfluidics
have the potential to become a miniaturized alternative to
the bulk instruments currently used for CTC enumeration/
characterization, ctDNA targeted detection with sub-femtomolar
LoD, and protein biomarkers sensing.

Nanoplasmonics and microphotonics have both demonstrated
their potential to detect cancer-derived exosomes with a resolu-
tion down to the single exosome, and new translational studies
are needed to assess both the clinical utility of exosome quanti-
tative detection and the possibility of using these technologies in
clinical practice.

The degree of multiplexing potentially achievable by the
emerging technologies for liquid biopsies is a key feature that
could considerably impact on their application in medical di-
agnostics. SPRi, SERS, and microring resonator technologies
have already demonstrated interesting multiplexing capability
and seem the most promising from this point of view.

Quantitative detection of a target cfmiRNA molecule can be
implemented by several photonic technologies at the micro and
nanoscale. The best LoD value to our knowledge (<0.1 x 1071
M) has been achieved by SERS; however, SERS application in
the context of cfmiRNA detection now needs further validation
studies.

Highly multiplexed sensing of properly selected protein
biomarker panels may be very useful in the context of liquid
biopsies and several emerging photonic technologies, mainly
WGM resonators and nanoplasmonic structures, are being ex-
perimented in this field.

TEPs-based liquid biopsies represent a quite unexplored re-
search field, especially from the technological point of view. If the
clinical utility of this class of liquid biopsies can be fully demon-
strated, several technological research advances could start soon.

From the medical point of view, there is no doubt on the role of
liquid biopsies as a new way to get information on the molecular
alteration of tumor tissue. From the technological point of view,
no fully automated all-in-one instrument exists to carry out the
multi-step procedures starting from a sample drown from the pa-
tient to provide datasets to support the clinical decision process.
In addition, the instruments currently utilized are bulky, expen-
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sive, and need skilled personnel. Therefore, the most urgent tech-
nological challenges are i) TRL increase for the most promising
emerging technologies for liquid biopsies through appropriate
translational studies, ii) improvement in automation and integra-
tion for bioanalytic instruments intended for liquid biopsy, and
iii) application of the artificial intelligence paradigm to facilitate
a smart fusion of data from tissue biopsy, liquid biopsy, and med-
ical imaging. The most fascinating long-term achievement is the
integration of microfluidics and micro/nanophotonics for the de-
velopment of lab-on-chip microsystems moving liquid biopsies
from the highly sophisticated bioanalytical laboratory toward the
general practitioner’s surgery and ultimately the patient’s home.
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