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Abstract | Over the past decade, the development of ‘simple’ blood tests that
enable cancer screening, diagnosis or monitoring and facilitate the design of
personalized therapies without the need for invasive tumour biopsy sampling has
been a core ambition in cancer research. Data emerging from ongoing biomarker
development efforts indicate that multiple markers, used individually or as part of
amultimodal panel, are required to enhance the sensitivity and specificity of assays
for early stage cancer detection. The discovery of cancer-associated molecular
alterations that are reflected in blood at multiple dimensions (genome, epigenome,
transcriptome, proteome and metabolome) and integration of the resultant
multi-omics data have the potential to uncover novel biomarkers as well as to
further elucidate the underlying molecular pathways. Herein, we review key
advances in multi-omics liquid biopsy approaches and introduce the ‘nano-omics’
paradigm: the development and utilization of nanotechnology tools for the
enrichment and subsequent omics analysis of the blood-circulating cancerome.

Despite exciting advances in treatment
strategies, cancer remains the cause of one in
six deaths globally'. The lack of early cancer
detection tools is one of the main reasons
for this high mortality. Tests that enable the
detection of tumour signatures in the blood
at an early disease stage offer enormous,
untapped potential for patients with cancer
to receive effective treatment before the
tumour burden becomes incurable. Hence,
liquid biopsy techniques are being developed
apace, not only to enable non-invasive
tumour profiling but also to detect the onset
of cancer in asymptomatic individuals’.

On the basis of a rationale similar to
that underlying the use of combinations
of therapeutic modalities to treat cancer
(for example, surgery, radiotherapy and
chemotherapy), the synergy of multiple
blood-circulating analytes as ‘cancer
fingerprints’ has led to a paradigm shift
in early cancer detection. Liquid biopsy
samples contain a repertoire of proteins,
nucleic acids, circulating tumour cells
(CTCs) and extracellular vesicles (EVs) that
are shed into the blood circulation from

multiple tumour sites and collectively reflect
the spatial and temporal heterogeneity

of the tumour biology. Although much
remains to be learned about the dynamics

of secreted and circulating tumour materials,
serial liquid biopsies offer the possibility to
longitudinally capture systemic biomolecular
alterations as they develop dynamically
during the evolutionary trajectory of tumour
progression.

Examining multidimensional molecular
alterations (genomic, epigenomic,
proteomic and others) in a variety of blood
constituents and integrating the resultant
multi-omics datasets holds the potential
not only to elucidate cancer-specific
molecular mechanisms and thus potential
therapeutic targets, but also to uncover novel
combinations of biomarkers for early cancer
detection (FIG. 1). To date, integrated analyses
of the cancerome have been limited in scope
by the extremely low concentrations of
liquid biopsy analytes, especially in patients
with non-metastatic disease. Indeed, one
of the major bottlenecks in blood-based
multi-omics biomarker discovery is the
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large sample volumes required (typically
10-15ml) to separately enrich and

extract the different types of liquid biopsy
analytes. Moreover, the development of
multiple analyte extraction protocols
compromises the analytical reproducibility
and comparability of the resultant omics
datasets’.

Herein, we appraise advances made over
the past decade in multi-omics approaches
for early cancer detection. We also introduce
the concept of ‘nano-omics, an emerging
paradigm using nanotechnology to address
current technological constraints associated
with the enrichment and analysis of the
blood-circulating cancerome. Specifically,
nano-omics utilizes biofluid-incubated
nanomaterials as scavenging platforms
to enrich and isolate cancer-derived
analytes prior to their omics analysis,
with the ultimate goal of identifying novel
multi-omics panels of biomarkers for early
cancer detection.

The multi-omics biomarker landscape
Currently, most liquid biopsy tests are
based on either protein or cell-free DNA
(cfDNA) analytes and are clinically
used to detect prognostic and predictive
biomarkers, mainly to aid in the selection
of an optimal therapeutic strategy. For
example, serum cancer antigen 15-3 is
often used to monitor treatment response
in patients with advanced-stage breast
cancer’, and EGFR mutation testing of
plasma cfDNA can be used to predict
responsiveness to EGFR tyrosine-kinase
inhibitors in patients with non-small-cell
lung cancer®. As such assays gain traction
in the clinic, ongoing biomarker discovery
efforts are gradually moving towards the
development of multi-analyte tests intended
for cancer screening and early detection.
Although assays evaluating a single protein
(for example, prostate-specific antigen for
prostate cancer screening)® or multiple
proteins (such as the OVA1 panel for ovarian
cancer detection during the preoperative
work-up of women with a known pelvic
mass)’ have been successfully translated
into the clinic, (epi)genomic approaches
are currently dominating the early cancer
detection arena®’.

Circulating tumour DNA (ctDNA),
enclosed within CTCs or released into
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Fig. 1| Translational potential of multi-omics liquid biopsy. Schematic representation of the multiple biomolecular layers of tumour-specific information
that can be captured through blood-based liquid biopsy. The complex biomolecule signatures present in blood highlight the opportunity to develop
methodologies enabling the detection of tumour-specific multi-omics profiles from a single blood sample. The multi-omics signatures identified have
potential applications in cancer biomarker and drug development.

the bloodstream as a result of tumour cell
apoptosis and/or necrosis, is emerging as one
of the most promising sources of biomarkers
for early cancer detection®'’. Although
ctDNA constitutes only a subfraction

of the total cfDNA, next-generation
sequencing (NGS) methods enable
amplification of the ctDNA signal and
therefore outperform mass spectrometry
(MS)-based, protein biomarker discovery
approaches''. Currently, more than 30
ongoing large-cohort clinical trials are
evaluating ctDNA-based biomarkers in
blood". Single-gene analysis has gradually
evolved into multi-gene NGS assays and,
more recently, into multimodal liquid biopsy
approaches. The integration of different
classes of biomarker molecules has the
potential not only to increase the sensitivity
and specificity of cancer detection but also
to enable the localization of tumours at
specific anatomical sites'*"".

In the vanguard of liquid biopsy
development for multi-cancer early
detection, two different multiplex
biomarker-signature platforms are
currently being tested in prospective
clinical studies: CancerSEEK and the
GRAIL test. The CancerSEEK test uses

a proteogenomic biomarker panel and was
first evaluated prospectively in patients with
no history of cancer in the Detecting cancers
Earlier Through Elective mutation-based
blood Collection and Testing (DETECT-A)
study, after initial clinical evaluation in a
retrospective study involving 1,005 patients
with clinically detected non-metastatic
cancers of 8 different types'®"”. The initial
proof-of-concept retrospective study
evaluated a multi-analyte panel comprising
16 genes and 8 proteins and demonstrated
a median test sensitivity of 70% (with
considerable variation between the

8 different cancer types as well as between
disease stages) and a specificity greater
than 99%. Moreover, the application of a
supervised machine learning algorithm
correctly identified the organ of origin

in a median of 63% of patients with a
positive CancerSEEK test'. The subsequent
DETECT-A study, which was the first-ever
prospective and interventional trial to
evaluate a multi-analyte (16 genes and

9 proteins) and multi-cancer blood test,
involved 10,006 women (aged 65-75 years)
without known cancer at enrolment’.

A total of 96 cancer diagnoses were

made during the study, of which 26 were

exclusively detected using the CancerSEEK
blood test, 24 were detected as a result

of standard-of-care screening, and the
remaining 46 were detected based on
symptoms or other means'”. The sensitivity
for the CancerSEEK test was reported to be
27.1% across all cancer types when the test
was used alone and 52.1% when combined
with standard-of-care testing'’. It should
be noted, however, that the CancerSEEK
test was reliant on diagnostic PET-CT
scans to confirm all positive cases and to
localize cancers to a specific anatomical site.
Nevertheless, this trial illustrated that

a multi-analyte blood test coupled with
PET-CT and standard cancer screening
protocols can not only effectively be
incorporated into routine clinical care, but
can also prompt surgery with an intent

to cure. Validation of the latest version of
CancerSEEK is currently under way within
a prospective, observational study in 1,000
individuals with known or suspected
cancer and 2,000 with no known cancer,
named Detecting Cancers Earlier Through
Elective Plasma-based CancerSEEK
Testing—Ascertaining Serial Cancer Patients
to Enable New Diagnostic (ASCEND;
NCT04213326).
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The GRAIL test uses an alternative
assay approach based on DNA-methylation
patterns in plasma cfDNA determined
through bisulfite sequencing of >100,000
informative methylation regions'®. This
platform is currently being tested for
multi-cancer screening across an ambitious
clinical programme encompassing
five prospective trials: the Circulating
Cell-free Genome Atlas (CCGA) study
(NCT02889978), STRIVE (NCT03085888),
SUMMIT (NCT03934866), PATHFINDER
(NCT04241796) and PATHFINDER 2
(NCT05155605). The foundational CCGA
study demonstrated that this targeted
DNA-methylation assay can detect more
than 50 cancer types while also predicting
the tissue of origin of the cancer signal
with 93% accuracy'®. Cancers were detected
across all disease stages (stage I-III
sensitivity: 43.9%; stage I-1V sensitivity:
54.9%) with a specificity of >99%'. Through
a collaboration with the UK National
Health Service, the clinical and economic
performance of the latest version of the
GRALIL test, known as Galleri, will be
evaluated prospectively in a pilot screening
study including 140,000 participants 50-77
years of age”’. Of note, both CancerSEEK
and the GRAIL test have been awarded FDA
Breakthrough Device status, highlighting the
substantial potential of multi-analyte tests for
the early detection of multiple cancer types.

Looking beyond cell-free genomic and
proteomic cancer biomarkers, attempts have
also been made to purify and characterize
CTCs and tumour-derived EV's from blood,
mainly for real-time monitoring of therapy
response. The CELLSEARCH system is
the first FDA-approved platform designed
to capture, purify and enumerate CTCs
of epithelial origin for prognostication in
patients with metastatic breast, colorectal or
prostate cancer®’~*”. Currently, enumeration
of the vanishingly small numbers of CTCs
(typically 1-10 per millilitre of blood in
patients with metastatic disease) is based on
the expression of epithelial markers, such as
epithelial cell adhesion molecule (EpCAM)
and cytokeratins 8, 18 and/or 19, and relies
on antibody-based cell capture and staining
methodologies that fail to maintain the
viability of CTCs. At present, the clinical
utility of CTCs is solely based on enumeration
and is limited to predicting clinical outcome
rather than enabling cancer detection™.
However, a plethora of CTC enrichment
technologies are under development
to enable the sequential sampling and
molecular profiling of heterogeneous CTC
populations™. The transition from bulk-cell
strategies to single-cell analyses of viable and

intact patient-derived CTCs has fuelled the
development of microfluidic technologies
with integrated downstream molecular
analysis functionalities, including the
ClearCell FX1 System?.

Tumour-secreted EVs have not only
been implicated in tumour growth and
metastasis but might also stably encapsulate
a treasure trove of cancer-associated
proteins, nucleic acids and lipids®. In
comparison with CTCs, EV's are present
in larger quantities in biological fluids,
although reproducible isolation and
enrichment of EV's from the background
molecular constituents of biofluids remains
notoriously difficult**. DNA barcoding
labelling”, 3D-nanopatterned microfluidic
chips® and label-free purification platforms
(for example, exosome detection via the
ultrafast-isolation system (EXODUS))*
are only a few examples of the approaches
currently under development to
overcome the limitations associated with
conventional ultracentrifugation-based
and antibody-based EV-purification
protocols in terms of purification
efficiency, yield, speed and robustness.
The integration of biomolecular and/or
biophysical enrichment with multiplexed
detection of EV-encapsulated biomarkers
(such as proteins and microRNAs)
within a single microfluidic platform
(for example, the template plasmonics for
exosomes technology (TPEX)) has shown
great promise in separating EV's from
non-vesicular biofluid components®.

Attempts have also been made for
the dual isolation and profiling of both
CTCs and EVs from a single sample
using immunoaffinity-based microfluidic
interfaces®*”. For example, the dual-utilization
OncoBean (DUQO) microfluidic device has
been shown to enable the simultaneous
isolation of CTCs and EVs from blood
samples obtained from patients with
melanoma as well as subsequent molecular
profiling of these analytes using a multiplex
real-time quantitative reverse transcription
PCR (RT-qPCR) test for the expression
pattern of a panel of 96 melanoma-associated
genes®. The enrichment of multiple cancer
analytes using a single device or platform is
considered the next frontier in the field of
multi-omics liquid biopsies.

Data analysis and integration

Despite the increasing availability of omics
datasets, translating biomarker discoveries
into clinical assays remains challenging and
requires computational manipulation and
interpretation of multi-omics datasets.
Large-scale international research networks
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are beginning to realize the vast potential
of capturing data on integrated layers of
the cancerome. The Cancer Genome
Atlas (TCGA)*, a pan-cancer genomics
consortium initiated in 2005, has now
expanded into a multi-omics framework,
comprising over 2.5 petabytes of genomic,
epigenomic, transcriptomic and proteomic
data®". The US National Cancer
Institute’s Clinical Proteomic Tumour
Analysis Consortium (CPTAC) is another
example of a multi-institution initiative
aiming to leverage the complementarity
of proteogenomic datasets to provide new
molecular insights across different cancer
types™.

The integration of multi-omics datasets
generated from a single patient sample
offers enormous potential to discover
disease-specific molecular signatures in the
blood. However, multi-omics data analysis
is exponentially more challenging than
‘single-omic’ analysis, and the following
six key issues remain to be addressed:

(1) nomenclature differences (for example,
gene centric versus protein centric) and
identifier deprecation can unintentionally
conflate distinct molecular species™; (2) each
data modality is subject to its own specific
noise and distribution characteristics,

which requires the use of numerous,
inter-dependent software tools in the
analysis workflows***; (3) extensive domain
knowledge is required to develop and execute
multi-omics workflows; (4) the complexity
of the workflows makes them difficult to
optimize and prone to errors*>*; (5) findings
can be highly dependent on the design of

the analysis workflow*; and (6) reproducing
and comparing results can be complicated by
subtle variations in workflows®.

A number of workflow solutions, such
as GalaxyP and WINGS**", have been
developed to enable the correlation of
multi-omics data, yet currently no
consensus exists regarding the selection
of key biomarkers from such datasets. The
available tools and methods for multi-omics
data analysis and integration have been
thoroughly reviewed elsewhere***>*.

Nano-enrichment of the cancerome
Technological advances in MS and NGS
have enormously advanced the analysis
of proteogenomic signatures in the
blood, yet only a few blood-based cancer
biomarker assays have been approved by
the FDA™. The extraction and purification
of cancer-associated analytes from blood
remain a major bottleneck limiting the
integration of liquid biopsies into routine
clinical practice’'.
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The quest for novel early-detection
biomarkers has led to the development of
nanotechnology-based platforms engineered
to enrich different components of the
blood cancerome (including proteins,
ctDNA, CTCs and EVs)*2. Most of these
‘nano-enrichment’ strategies rely on the
high surface-to-volume ratio of nanoparticles
as well as on their surface engineering and
functionalization capacity. All of these
strategies exploiting the properties of
nanoscale technologies or materials are
encompassed in the nano-omics paradigm.
Here, we discuss current technological
challenges impeding the clinical translation
of liquid biopsies and highlight examples of
nano-omics platforms that have been utilized
to overcome such challenges (TABLE 1).

“Targeted nano-omics’ is predicated on
functionalization of the nanoparticle surface
with targeting moieties as recognition
elements for specific cancer-related analytes.
By contrast, the ‘untargeted nano-omics’
approach relies on the non-specific
adsorption of cancer-associated analytes
onto the nanoparticle surface upon
incubation with a biological fluid (FIC. 2).

A number of targeted nano-omics approaches
have been developed, mainly for the enrich-
ment of EVs and CTCs (FIGS 2 and 3),
whereas the spontaneous adsorption

of cancer analytes onto the surface of
biofluid-incubated nanoparticles has only
been exploited in the past 5 years, mainly
for the enrichment and analysis of proteins
and cfDNA (TABLE 1). We emphasize that the
incorporation of nanoparticle-based probes
in immunoassays and biosensors, although
extensively investigated*-, falls outside of
the scope of the nano-omics approach given
that the outcome signal of such biosensors is
based on the unique optical and electrochem-
ical properties of the nanoparticle—analyte
complex rather than on the downstream
omics analyses of the nanoparticle-enriched
analytes.

Protein and ctDNA harvesting. Among
blood-circulating biomolecules, proteins
are the biological end points of cellular
processes and, therefore, have historically
attracted the most interest as molecular
biomarkers”. However, the discovery

of novel protein biomarkers directly
from blood has been complicated by the
overwhelming masking effect of highly
abundant proteins (for example, albumin
accounts for approximately 50% of the total
protein content)®. Despite considerable
improvements in label-free MS-based
proteomics, this signal-to-noise issue
substantially hinders the identification

of disease-specific protein signatures in
the blood. Plasma immunoaffinity-based
depletion columns are widely used to
overcome the issue of albumin masking
but can result in substantial loss of the
low-molecular-weight (LMW) proteome
(for example, proteins <60kDa) along with
the highly abundant carrier proteins®.

The use of harvesting nanoparticles to
enhance the proteomic analysis of the LMW
cancer proteome in the blood was first
suggested in 2003, yet this concept only
attracted the interest of the nanoscience
community over the past decade (TABLE 1).
The Nanotrap technology developed by
Liotta, Petricoin and co-workers® uses core-
shell affinity-bait hydrogel nanoparticles
as protein harvesters. Similarly to the
aforementioned immunoaftinity columns,
the Nanotrap technology enables separation
of highly abundant high-molecular-weight
(HMW) proteins from LMW proteins.
Specifically, the porous outer shell of the
nanoparticles blocks the entry of HMW but
not of LMW proteins, while the internal
core contains covalently attached chemical
affinity baits that capture the LMW proteins
for harvesting and subsequent analysis.
Notably, although preliminary feasibility
studies demonstrated the potential use of
Nanotrap particles as a platform for protein
biomarker discovery, this technology has
mainly been utilized to capture and enrich
known biomarker proteins®“‘.

The spontaneous and untargeted
adsorption of proteins onto the surface
of nanoparticles upon incubation with
biological fluids, known as the ‘protein
corona® (BOX 1), has also been exploited
for protein biomarker discovery. During
the past decade, we have learnt that a
complex protein corona forms rapidly
on the surfaces of all nanoscale materials
to varying degrees, depending on their
physicochemical properties and surface
characteristics. Indeed, the binding affinity
of nanoparticles for blood proteins has
been shown to be determined by a number
of different factors, including their size,
surface charge and functionalization as well
as the nanoparticle-biofluid incubation
conditions®** (BOX 1).

The nanoparticle corona-enabled
enrichment and analysis of low-abundance
proteins were first investigated in vivo
through intravenous administration
of lipid-based nanoparticles into
tumour-bearing mice and to patients with
ovarian carcinoma’®’". Subsequent recovery
of corona-coated nanoparticles from blood
and purification of the nanoparticle-bound
proteins from highly abundant background

molecules (which are of no diagnostic value)
by size exclusion chromatography enabled
high-resolution analysis of the LMW fraction
of the plasma proteome’*-"2. This initial
paradigm-shifting work sparked interest in
the clinical exploitation of ex vivo-formed
protein corona fingerprinting as a novel tool
for proteomic analyses of plasma samples
obtained from cohorts of patients with
cancer”””’%. Comprehensive comparisons
between ‘healthy’ and ‘diseased’ nanoparticle
corona samples through label-free proteomic
techniques can enable the identification of
multiple previously unrecognized candidate
biomarker proteins (TABLE 1).

On the basis of these principles, the
Proteograph platform, which uses a
combination of magnetic nanoparticles
with different surface properties and
thus distinct corona profiles, has been
developed for deep analysis of the plasma
proteome’®. Considering the plethora of
2D and 3D nanomaterials at our disposal,
more work is needed to investigate whether
the combination of various types of
nanoparticles offers substantial ‘broadening’
of the blood proteome coverage in MS
analyses. The purification and retrieval of
corona-coated nanoparticles from plasma
samples, the synthesis and stability of
nanoparticle formulations, and the sample
volume required are some of the remaining
technical challenges that are likely to
impede the development of such biofluid
pre-processing protocols and will, therefore,
need to be addressed.

More recently, nanoparticle protein
corona formation has conceptually morphed
into the multi-molecular self-assembly
of layers composed of proteins, lipids,
polysaccharides and nucleic acids, termed
the ‘biomolecule corona®’* (BOX 1). For
example, we demonstrated the interaction
of cfDNA with lipid-based nanoparticles
upon their incubation with human plasma
samples”. The discovery of this additional
omics dimension as well as the markedly
higher abundance of nanoparticle corona
cfDNA identified in samples from women
with advanced-stage ovarian cancer
(compared with age-matched women
without cancer)” pave the way for further
investigations of the potential of the
nanoparticle biomolecule corona to enrich
ctDNA. Interestingly, proteomic analysis
of the same nanoparticle corona samples
revealed cancer-specific elevations in histone
proteins, suggesting a nucleosome-mediated
nanoparticle-cfDNA interaction’. While
the nanoparticle surface adsorption of
microRNAs (either in protein complexes
or encapsulated within EV's) remains to

www.nature.com/nrclinonc
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Table 1 | Example studies using nano-omics approaches for the analysis of liquid biopsy analytes

Nanomaterial platform

Proteins

Nanotrap hydrogel core-shell
nanoparticles

PEGylated liposomal doxorubicin
Anionic liposomes

Anionic, neutral and cationic
liposomes

Proteograph superparamagnetic iron
oxide nanoparticles

Gold nanoparticles
Silver nanoparticles

¢fDNA

GMACS chip (silica magnetic
nanoparticles)

Polypyrrole-coated gold nanowires

CTCs

CELLSEARCH magnetic
nanoparticles

First-generation NanoVelcro chip
(silicon nanowires)

Second-generation NanoVelcro chip
(PLGA nanofibres)

Third-generation NanoVelcro chip
(thermosensitive PIPAAm silicon
nanowires)

Fourth-generation NanoVelcro chip
(PEDQOT nanosubstrate)

Biomimetic immuno-magnetic Fe,O,
nanoparticles coated with graphene
sheets and leukocyte membrane
fragments

Magnetic nanowires

MagRC chip (magnetic
nanoparticles)

Magnetic nanoparticles

PEGylated immuno-magnetic Fe,O,
nanospheres coated with quantum
dots and PEG

NP-H8CTC-chip (gold nanoparticles)

TiO, nanofibres

Enrichment mechanism

Affinity capture

Protein corona
Protein corona

Protein corona

Protein corona
Protein corona

Protein corona

Label free

Label free

Immunocapture (anti-EpCAM)

Immunocapture (anti-EpCAM)
Immunocapture (anti-CD146)

Immunocapture (anti-EpCAM)

Immunocapture (anti-EpCAM)

Immunocapture (anti-EpCAM)

Immunocapture (anti-EpCAM,
anti-EGFR, anti-N-cadherin,

anti-TROP2 and anti-vimentin)
Immunocapture (anti-EpCAM)
Immunocapture (anti-EpCAM)

Immunocapture (anti-EpCAM)

Immunocapture (anti-EpCAM,
anti-HER2 and anti-EGFR)

Immunocapture (anti-EpCAM)

Biofluid sampled (volume,
if reported)

Serum from patients with
ovarian or prostate cancer
(200p)

Plasma from patients with
ovarian cancer (1 ml)

Plasma from patients with

NSCLC

Plasma from patients
with pancreatic ductal
adenocarcinoma

Plasma from patients with
NSCLC (100 pl)

Serum from patients with
breast cancer

Serum from patients with
bladder cancer

Serum from patients with
breast cancer (500 pl)

Plasma from patients with
breast or lung cancer (200 pl
to 1ml)

Blood from patients with
breast, colorectal or prostate
cancer (7.5 ml)

Blood from patients with
prostate cancer (1 ml)

Blood from patients with
melanoma (1 ml)

Blood from patients with
NSCLC (1 ml)

Blood from patients with
prostate cancer

Blood from patients with
epithelial cancers (1.5 ml)

Blood from patients with
non-metastatic, early stage
breast cancer (200 ul to 1ml)

Blood from patients with
prostate cancer (1 ml)

Blood from patients with
prostate cancer (1 ml)

Blood from patients with
epithelial-phenotype cancers
(1.5ml)

Blood from patients with
metastatic breast cancer
(3.5ml)

Blood from patients with
colorectal or gastric cancer
(1 ml)

Downstream analysis

LC-MS/MS

LC-MS/MS
LC-MS/MS

LC-MS/MS

LC-MS/MS
SWATH-MS

SWATH-MS

Total DNA quantification (QPCR)

Total DNA quantification (QPCR)

Enumeration (ICC)

Enumeration (ICC)
Enumeration (ICC) and Sanger
sequencing

Enumeration (ICC) and Sanger
sequencing

RT-qPCR

Enumeration (ICC)

Enumeration (ICC)

Enumeration (ICC)
Enumeration (ICC)

Enumeration (ICC)

Enumeration (ICC) and RNA
sequencing

Enumeration (ICC)

Refs

62

81

82

20-22

92

113

91

114

84

85

86

87

90

95

NATURE REVIEWS | CLINICAL ONCOLOGY



PERSPECTIVES

Table 1 (cont.) | Example studies using nano-omics approaches for the analysis of liquid biopsy analytes

Nanomaterial platform

CTCs (cont.)
PL-PEG-NH,-functionalized

graphene oxide nanosheets

Carbon nanotube-chip

EVs

Nano-interfaced microfluidic
exosome (nanolMEX) chip (graphene
oxide—polydopamine coated)
Nano-HB chip (silicon nanoparticles)
Magnetic nanowires

NanoVilli chip (silicon nanowires)

EV Click chip (silicon nanowires)

Enrichment mechanism

Immunocapture (anti-EpCAM)

Label free

Immunocapture (anti-CD81)

Immunocapture (anti-CD81)

Immunocapture (anti-CD9,
anti-CD63 and anti-CD81)

Immunocapture (anti-EpCAM)

Immunocapture (anti-EpCAM,
anti-ASGPR1 and anti-CD147)

Biofluid sampled (volume,
if reported)

Blood from patients with lung,
breast or pancreatic cancer
(1 ml)

Blood from patients with
breast cancer (4.0-8.5ml)

Plasma from patients with
ovarian cancer (2 pl)

Plasma from patients with
ovarian cancer (100 pl)

Plasma from patients with
lung cancer (250 pl)

Blood from patients with
NSCLC (200 pl)

Plasma from patients with
hepatocellular carcinoma

Downstream analysis

Enumeration (ICC) and RT-qgPCR

Enumeration (ICC)

ELISA

ELISA and RT-ddPCR
RT-gPCR
RT-ddPCR

RT-ddPCR

Refs

96

97

98

89

93

94

Multi-analyte
PEGylated liposomes

Magnetic polypyrrole nanowires

CTCs: immunocapture

Biomolecule corona (proteins
and cfDNA)

cfDNA: label-free (using
PEl-conjugated nanowires)

(0.5ml)

ovarian cancer (1 ml)

Blood from patients with

1ml)

(antibody cocktail)

Plasma from patients with

NSCLC (cfDNA: 300 ul; CTCs:

Protein: LC-MS/MS 22

cfDNA: total DNA quantification
(gPCR)

CTCs enumeration (ICC and IHC) 80

cfDNA and CTC-derived DNA:
ddPCR

ASGPR1, asialoglycoprotein receptor 1; cfDNA, circulating cell-free DNA; CTC, circulating tumour cell; ddPCR, droplet digital PCR; ELISA, enzyme-linked
immunosorbent assay; EpCAM, epithelial cell adhesion molecule; EV, extracellular vesicle; ICC, immunocytochemistry; IHC, immunohistochemistry; LC-MS/MS, liquid
chromatography with tandem mass spectrometry; nano-HB, nanostructured herringbone; NP-"BCTC-chip, nanoparticle herringbone circulating tumour cell chip;
NSCLC, non-small-cell lung cancer; PEDOT, poly(3,4-ethylenedioxythiophene); PEG, polyethylene glycol; PEI, polyethylenimine; PIPAAm, poly(N-isopropylacrylamide);
PLGA, poly(lactic-co-glycolic acid); PL, phospholipid; gPCR, quantitative PCR; RT-ddPCR, reverse transcription droplet digital PCR; RT-qPCR real-time quantitative
reverse transcription PCR; SWATH-MS, sequential window acquisition of all theoretical mass spectra; TROP2, tumour-associated calcium signal transducer 2.

be investigated, these findings highlight
an opportunity for the development of a
nano-proteogenomic harvesting platform
technology able to simultaneously enrich
and purify both plasma proteins and
cell-free nucleic acids.

Only a few alternative approaches
using nanoparticles to purify cfDNA from
blood are being explored, including the
development of cationic magnetic nanowire
systems®~*”. In a proof-of-principle
study, such a nano-purification method
outperformed the gold-standard QIAamp
Circulating Nucleic Acid Kit in the
harvesting of cfDNA for detection of
EGFR mutations by droplet digital PCR.
Moreover, the co-isolation of CTCs and
cfDNA from the blood of patients with
non-small-cell lung cancer exemplified the
potential to enrich for multiple analytes
using a single nanoparticle platform®. Other
studies demonstrating the interaction of
gold nanoparticles with methylated DNA
have also laid the groundwork for the

exploitation of the bio-nano interface to
detect cancer-specific methylation patterns
in cfDNA®.

CTC and EV isolation. Key to the

clinical translation of CTCs and EVs as
liquid biopsy analytes is their efficient
retrieval and purification from the blood
of patients with cancer, which presents
nanotechnologists with an engineering
innovation challenge. The gold-standard
CTC immunocapture-based approaches
fail to harvest heterogeneous populations
of functionally viable CTCs. As a result, the
current clinical utility of CTCs is simply
based on their detection and enumeration
among vast quantities of haematopoietic
cells, and only in patients with high-
burden, metastatic disease. Despite the
greater abundance of EVs in blood, their
small size and low density pose a unique
set of technical challenges. Conventional
benchtop EV-purification techniques (such
as ultracentrifugation, polymer-induced

precipitation and others) mostly rely on their
physical properties, take several hours and
fail to distinguish cancer-derived EVs from
those released by non-malignant cells”.

To successfully capitalize on the cancer
specificity of CTCs and certain EV subsets,
numerous attempts have been made to
enhance the capture and isolation of blood
CTCs and EVs, along with their genomic,
transcriptomic and proteomic cargoes, using
nano-omics approaches. The majority of
these harvesting strategies entail coating
the nanoparticle surface with antibodies
targeting well-known CTC and EV surface
antigens (such as EpCAM, HER2, CD9,
CD81 and CD63). An extensive range of
nanotechnologies have been developed
to capture blood CTCs and EV's (TABLE |
and FIC. 3), including magnetic*-*, gold™,
silicon®#1-%, titanium dioxide (TiO,)” and
carbon’*” nanomaterial platforms, with
varying degrees of design sophistication
and success. To address the issue relating to
the inherent heterogeneity of CTCs and
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to increase capture efficiency, functionalization
of the same nanoparticle platforms with
mixtures of different antibodies has been
also suggested®”. For example, magnetic
nanowires labelled with antibody cocktails
have been shown to effectively isolate early
stage, non-metastatic breast cancer-derived
CTCs from a 250-pl blood sample with
100% efficiency (29 out of 29 patients)®.
Antibody-targeted nanoparticles have also
been integrated into microfluidic devices,
which require lower sample volumes and have
a higher sensitivity of detection compared with
standard methods of CTC or EV isolation,
and can be engineered to have multistep
functionality (for example, analyte separation,
identification and detection)***. Examples of
such nanoparticle-based platforms include
the magnetic ranking cytometry-based
microfluidic chip designed by Poudineh
et al.* to profile CTCs on the basis of their
surface protein expression phenotype,
and the Nano-HB microfluidic chip with
self-assembled 3D herringbone nanopatterns
that Zhang et al.** developed to detect low
levels of tumour-associated exosomes in
plasma from patients with ovarian cancer.
Microfluidic chips that combine nanoparticle-
enabled isolation of CTCs and/or EVs and
downstream intracellular and/or vesicular
omics profiling are also in development
and are gradually evolving into integrative
multispecies analysis platforms™.

Incubation of nanoparticles
with biological fluids

Nanoparticles
e ©°
(@)

1
\H N

Targeted ‘nano-omics’

The multimodal engineering capacity
that nanomaterials offer has enabled the
simultaneous capture and visualization of
cancer analytes from complex biological
fluids as well as stimulus-responsive
detachment and sampling of the captured
analytes for further analysis. An example
of a multifunctional nanoparticle
platform is the luminescent polyethylene
glycol-functionalized immuno-magnetic
nanospheres developed by Zhou et al.*®
to enable high-resolution visualization
of CTCs isolated from peripheral blood
samples of patients with EpCAM* epithelial
cancers. The deposition of quantum dots
onto these magnet-responsive Fe,O,
nanoparticles enabled monitoring of the
CTC recovery process in real time in
addition to their magnetic separation from
blood®. Finally, a disulfide bond-containing
linker was used for the attachment of the
anti-EpCAM antibody onto the surface
of these nanoparticle constructs to enable
glutathione-mediated release of viable
CTCs®.

Beyond these epithelial marker-
dependent technologies, marker-independent
approaches that exploit the high affinity of
CTCs for bare carbon-based nanoparticle
surfaces have also been reported and are
expected to capture a wider range of CTC
subtypes, permitting characterization
of their unique metastatic potential.

Nanoparticle-enabled enrichment
of liquid biopsy analytes

S
;v;‘f}Protein
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Protein-lipid
complex
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For example, in a proof-of-concept

study, Loeian et al.”” developed a carbon
nanotube-CTC-chip able to successfully
capture heterogeneous CTCs with various
phenotypes (according to differential
expression of cytokeratin 8 and/or 18,
EGFR, and HER2) from 4-ml or 8.5-ml
blood samples (0.5-28 CTCs per millilitre
of blood obtained from 7 patients

with stage I-IV breast cancer). More
optimization work will be needed to enable
the adhered CTCs to be released from the
nanotube-CTC-chip and purified from
contaminant white blood cells for
subsequent omics analyses.

Thus, ample evidence indicates that
nanotechnology solutions can enhance
sampling of the blood-circulating
cancerome. Nevertheless, more rigorous
work is needed on the downstream
proteogenomic analysis of the harvested
CTCs and EV:s for the promise of
nano-omics approaches to be fully realized
in the context of early cancer detection.

The nano-omics vision and challenges
The rise of multi-omics liquid biopsy
analyses is gradually revolutionizing

the way in which we capture the vast
complexity of the cancerome. Blood-based
multi-omics profiling of cancer has the
potential to ultimately encompass genomics,
epigenomics, proteomics, lipidomics and

‘Omics’ analysis and
data integration

Genomics

Transcriptomics

Lipidomics

Untargeted ‘nano-omics’

Fig. 2 | The nano-omics paradigm. Schematic summarizing the ‘nano-omics’ approach, whereby nanomaterials are utilized as scavenging platforms to
capture, enrich and isolate cancer-associated analytes from biological fluids for downstream omics analyses. ‘Targeted nano-omics’ requires functionali-
zation of the nanomaterial surface with targeting moieties to capture specific cancer analytes, whereas ‘untargeted nano-omics’ relies on the non-specific,
spontaneous adsorption of cancer analytes onto the nanoparticle surface (known as biomolecule corona formation). Nanomaterial-based harvesting
platforms can simultaneously enrich cancer-specific genomic, transcriptomic, proteomic and lipidomic signatures from a single peripheral blood sample
(and potentially other biological fluids). The nano-omics approach seeks to apply the knowledge garnered at the bio-nano interface in order to enable the
multi-omics analysis of complex biological fluids, with the ultimate goal of unveiling novel multi-analyte biomarker panels for early cancer detection.
cfDNA, circulating cell-free DNA; CTC, circulating tumour cells; EV, extracellular vesicle.
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EVs

CTCs

Graphene oxide—polydopamine
+anti-CD81 antibody-coated
microfluidics chip

Magnetic nanowires
+ antibody cocktail

Nano-herringbone chip
(fabricated using silicon
nanoparticles) + antibody
cocktail

Rl

i Magnetic nanoparticles

. +anti-EpCAM antibody
v

4 ,xgzg;ﬁjg

i

Magnetic nanowires +
antibody cocktail

Label-free carbon
nanotube chip

Graphene oxide
+ anti-EpCAM antibody

Silicon nanowires/PLGA nanofibres
+ anti-EpCAM antibody

Silicon/magnetic nanowires
+ anti-EpCAM antibody

Fig. 3 | Nanomaterial-based isolation of blood EVs and CTCs. Schematic summary of several nanotechnologies developed to facilitate the enrichment
of extracellular vesicles (EVs) and circulating tumour cells (CTCs) from blood samples. The majority of EV and CTC enrichment strategies are based on
surface functionalization of nanoparticles or nanowires with specific targeting moieties (typically antibodies); however, label-free enrichment methods
have also been proposed. Specific surface ligands targeted on CTCs and EVs include epithelial cell adhesion molecule (EpCAM), HER2, CD9, CD63 and

CD81. PLGA, poly(lactic-co-glycolic acid).

metabolomics signatures, providing greater
insight into tumorigenesis and increased
sensitivity for early detection” (FIG. 1).
The vanishingly low amounts of liquid
biopsy analytes in blood mandate the
development of novel technologies to
enable the enrichment of the cancerome,
while also minimizing the sample volume
required.

The nano-omics approach is
herein introduced and defined as the
nanotechnology-enabled isolation
of analytes from biological fluids for
subsequent (multi)-omics analysis
(FIG. 2). Nano-omics seeks to apply the
knowledge garnered at the bio-nano
interface to offer a comprehensive analysis
of the disease-specific analytes or analyte

signatures present in blood and other
biological fluids. The ultimate goal of
nano-omics is to generate integrated
multi-omics knowledge with high
informative power and to unveil novel
panels of molecular biomarkers.
Nanotechnology-based platforms have
shown great promise in the enrichment
of CTCs and EV's from blood and, more
recently, in unveiling the previously hidden
blood proteome. While targeted nano-omics
approaches — through functionalization
of nanoparticles with targeting moieties
— have been developed mainly to capture
blood CTCs and EVs, more recent
efforts utilizing nanoparticles for blood
proteomic analysis have been based on the
non-targeted, spontaneous phenomenon of

protein corona formation (BOX 1).
According to this strategy, nanoparticles
act as ‘fishing nano-nets’ that capture the
LMW blood proteome, thereby addressing
the signal-to-noise challenge that has
plagued label-free proteomics analyses

to date70,7l,73,100.

The nanotechnology community has
begun to look beyond the well-characterized
protein corona and is now interrogating
the spontaneous interactions of
nanoparticles with other biomolecule
species (including lipids, metabolites and
cfDNA) that collectively constitute the
so-called biomolecule corona'”'"'"°. The
complex molecular fingerprint offered
by the biomolecule corona presents
nanotechnologists with an exciting
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opportunity to develop nanoscale platforms
for the multi-omics analysis of blood.
Although much work remains to be done,
we envision that future nanoparticle-based
scavenging platforms will simultaneously
capture cancer-specific genomic,
transcriptomic, proteomic and lipidomic
information from a single biofluid specimen
(FIG. 2).

The utility of the nanoparticle
biomolecule corona as a tool for biomarker
discovery at multiple omics layers could
be deployed across a range of biomarker
applications and pressing clinical
challenges™"*'%*!!_ For early disease
detection, in particular, nano-omics offers
an integrated solution to analyse the
entire circulating cancerome via a single
blood draw, while also exploring the role
of alternative circulating biomolecules
that are poorly understood in cancer such
as lipids and metabolites. Unlike other
nanoparticle-based biosensing technologies
designed to capture and quantify
already-known cancer-associated analytes,
the nano-omics ‘blood-mining’ approach
has the potential to accelerate the discovery
phase of the biomarker development
pipeline. To drive the development of
such nanoscale blood-based scavenging

platforms, the nanoscience community
needs to focus on the translational potential
of the extensive catalogue of nanomaterials
at their disposal.

While nano-omics could address
some of the technological obstacles
associated with liquid biopsy analyses,
other challenges are emerging as limiting
factors that impede the clinical translation
of cancer biomarkers. These hurdles
include the need for high-dimensional
machine learning-based bioinformatics
approaches to integrate the large and
distinct datasets obtained from multi-omics
analyses of individual samples as well as
the development of multi-analyte devices
applicable for clinical use. Indeed, the
Cancer Research UK roadmap for early cancer
detection highlights the need for a
holistic approach in the intersectional
research space of basic and molecular
biology, assay technology, and machine
learning'"”. Transitioning from bench
to bedside requires the amalgamation
of multisector networks encompassing
academic research, industry, research
funders, regulators and health-care
professionals''”. The discovery phase of
biomarker development is often initiated
in academic labs and frequently results in

Box 1| The nanoparticle biomolecule corona

cell-free DNA.

The ‘biomolecule corona’ refers to the spontaneous adsorption and self-assembled layering of
various biomolecules onto the surface of nanoparticles upon their incubation with a biological
fluid. The adsorption of proteins onto nanoparticles is referred to as the ‘protein corona’.

The composition of the biomolecule corona is affected by numerous factors. Specifically,
the composition is defined by the various physicochemical properties of the nanoparticles
as well as the incubation conditions of the nanoparticles in the biological fluid (Figure). cfDNA,

Incubation conditions ‘

Surface charge
Surface chemistry

Surface roughness
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the identification of multiple biomarker
candidates. Translating these discoveries into
clinical assays with multiplexing capabilities
requires tremendous resources for analytical
and clinical validation studies in large
cohorts of patients, necessitating substantial
input from all stakeholders mentioned
above''?.

Last but not least, the validation
phase of the biomarker pipeline is largely
dependent on specimen availability,
which can present a particular challenge
for studies of early stage cancers (given
that blood samples are not routinely
collected from patients with such cancers).
Specimen collection, processing and storage
processes pose additional challenges with
regards to analytical reproducibility in the
validation phase. Finally, an important
consideration with cancer screening
approaches relates to the value of integrating
liquid biopsy analyses with standard
imaging-based screening practices. Such
multimodal early detection approaches hold
the greatest potential to provide precise
information on the localization and
size of the tumour and to address the
issue of overdiagnosis.

Conclusions

It is becoming clear that integrated
multi-omics signatures derived from
liquid biopsy samples are the future of
precision medicine and early cancer
detection. Thanks to major advances in
both omics analytical tools and machine
learning-based bioinformatics approaches,
liquid biopsy has the potential to overcome
many of the limitations associated with
tissue biopsy sampling, including by
better capturing and reflecting tumour
heterogeneity. The use of nanotechnology
for cancer biomarker discovery remains in
its infancy, yet the use of nanoparticles as
harvesting agents of the blood-circulating
cancerome (proteins, ctDNA, CTCs, EVs
and others) offers enormous potential and
could redefine the future of early cancer
detection. The nano-omics approach that
we have defined herein exploits targeted
and untargeted interactions at the bio—
nano interface to unveil potentially novel
multi-omics biomarker panels and decipher
multidimensional information embedded
in the omics data. The development of
integrative bioinformatics data analysis
tools as well as the availability of human
biospecimens and multi-analyte tests
needed for the validation phase of the
biomarker pipeline will be key to

the clinical translation of this nano-omics
paradigm.
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