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Abstract: The main cause of cancer-related death is due to cancer cell spreading and formation of secondary
tumors in distant organs, the so-called metastases. Metastatic cancer cells are detectable in the blood of cancer
patients as circulating tumor cells (CTC) and may be exploited for prognostic and monitoring purposes, includ-
ing in breast cancer. Due to their very low frequency, however, their quantitative detection remains a challenge
in clinical practice. Nature has developed mechanisms to amplify rare biological events or weak signals, such
as intracellular signaling pathways, cytokine networks or the coagulation cascades. At the National Center for
Competence in Research (NCCR) in Bio-Inspired Materials we are coupling gold nanoparticle-based strate-
gies with fibrinogen and DNA bio-inspired amplification cascades to develop an in vitro test to specifically and
sensitively detect CTCs in patients’ blood. In this article, we describe the biological context, the concept of
bio-inspired amplification, and the approaches chosen. We also discuss limitations, open questions and further

potential biomedical applications of such an approach.
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1. Introduction

1.1 Breast Cancer

Breast cancer remains the main cause of cancer-related mortal-
ity for women in industrialized countries.l'l The development of
therapy-resistant metastases in vital organs, in particular liver, lung
and brain, is the ultimate cause of death in relapsing patients.2!
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Breast cancer prognosis and therapy are largely determined by the
biological and molecular characteristics of the tumor. Three clini-
cally relevant biological subtypes of breast cancer have been de-
fined: Estrogen/Progesterone Receptor positive (ER*/PR*), Human
Epidermal growth factor Receptor 2 (HER2) amplified (HER2*) and
triple negative (i.e. ER", PR~ and HER2") breast cancers (TNBC).
Molecular subtypes (Luminal A/B, HER2*, basal-like) that overlap
largely, but not fully with the biological subtypes, have been de-
fined based on gene expression profiling.[3! Early detection, better
surgery and adjuvant treatments, in particular radiotherapy, anti-
estrogen therapies for ER* tumors (e.g. tamoxifen), and anti-HER?2
treatments (e.g. trastuzumab) for HER2* tumors, have improved
survival by about 30% over the past 30 years.[*l For TNBC there are
still no molecular targets and radio- and chemotherapies are stan-
dard of care.l5] The rationale for administering adjuvant therapy is
to prevent relapses by eradicating disseminated tumor cells (DTC)
or micro-metastases, that were unapparent at time of diagnosis.

1.2 Cancer Metastasis

Metastasis formation involves four main steps!®! (i.e. metastat-
ic cascade): i) egress of cancer cells from the primary tumor and
ingress into the lymphatic and/or blood vasculature; ii) dissemina-
tion through the blood circulation; iii) seeding and iv) coloniza-
tion and metastatic outgrowth in distant organs. Molecules gov-
erning breast cancer metastasis to bone, lung and brain have been
reported.[’l Survival in the secondary tissue and colonization are
emerging as the most critical and rate-limiting step in metastasis
formation. While normal cells are unable to survive outside their
tissue of origin, DTCs can ‘adapt’ to the novel microenvironment
through a combination of acquired genetic characteristics, altered
gene expression and complementary host-derived cues.[8! As of
today, there are no effective therapies to cure metastatic cancer.
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1.3 Circulating Tumor Cells (CTCs) and their Detection
Circulating tumor cells are present in the blood of cancer pa-
tients, and numerous studies have demonstrated their diagnostic and
prognostic relevance in multiple cancers including breast cancers.[!
In general, the frequency of CTCs correlates with tumor burden and
disease progression, although it can greatly differ across different
cancers and between patients. Characterization of CTCs may con-
tribute to understand molecular tumor evolution and metastatic pro-
gression.[% The detection and characterization of CTCs, however,
remain technically challenging, because of their low frequency (as
low as 1 CTC in 10"-108 nucleated blood cells), and the lack of uni-
versal markers.['!l Thus, high sensitivity and specificity are key for
optimal CTC detection. To this end many technologies have been
developed,/'?! but only one, based on antibody-mediated magnetic
cell sorting coupled with cellular staining, has been approved by the
FDA for clinical use: CellSearch from Veridex (www.cellsearchctc.
com).131 Magnetically enriched cells can be further analyzed by
multiplexed reverse transcription polymerase chain reaction (RT-
PCR) to identify tumor-associated mRNAs.['*l Immunological
detection is complicated by the epithelial-to-mesenchymal transi-
tion (EMT) plasticity of CTC, whereby more aggressive cells lose
expression of epithelial markers used for their identification, such
as the Epithelial Cell Adhesion Molecule (EpCAM).!151 Additional
techniques have been proposed!!216l based on physical character-
istics, including size and density properties,[!7] electrostatic fea-
tures, 8] microfluidicl’¥! and lab-on-a-chip!20! platforms. These
approaches can be coupled with immunostaining, imaging-based
identification, molecular or biological characterization.[2!]

1.4 Nanomaterial-based Approaches to Detect CTCs

In an effort to improve currently available technologies for
targeting and capturing CTCs, nanomaterials have increasingly
gained attention as they offer unique physicochemical features
compared to bulk materials, and can be modified for multiplexed
detection and targeting.?2] Many types of nanomaterials and ap-
proaches have been explored,[23] including liposomes, polymeric
nanofibers,[24] nanowires,[?51 dendrimers and stimuli-responsive
polymers,[23-26l magnetic nanoparticles (MNPs),[23.26] gold nanopar-
ticles (AuNPs),27l quantum dots,/?8! graphenes and graphene
oxides,'®1 and nano-velcro.?l Two well-studied nanoparticles
used in nanomedicine are MNPs and AuNPs, both of which can be
derivatized to specifically bind to CTCs in vivo or in vitro. MNPs,
such as superparamagnetic iron oxide, can be used to separate cells
by applying an external magnetic field.[3) The FDA-approved
CellSearch system, as well as the AdnaTest, another commercial-
ized approach, are based on cell capture through immunomagnetic
nanoparticles coupled to an antibody to EpCAM, in combination
with a tumor specific marker (e.g. HER2 or Mucin-1/MUC-1).130]
Compared to MNPs, AuNPs offer the important advantage of a
preeminent surface plasmon resonance peak giving rise to a sharp
and intense absorbance band in the visible-near infrared range for
direct detection.[3!1 By changing environmental behavior around
the particles (e.g. by interaction AuNP—cell, AuNP—protein), or
the level of nanoparticle-nanoparticle interaction it is possible to
modify spectral properties thereby facilitating detection. For ex-
ample, Rauta ef al. developed a platform for CTC detection and
enumeration by the conjugation of hyaluronic acid (which binds
specifically to CD44 molecules expressed on CTCs) to AuNPs.
After binding to CD44 expressing cells, a color change from pink
to purple occurs, along with a peak shift from from 521 nm to
559nm, which can be easily detected. The general strategy also
allows for the separation of cells of interest by differential centrifu-
gation, and subsequent culture for further experiments.27!

1.5 Bio-inspired Amplifications
The above approaches, however, have one common limitation,
which is the weak signal once the particles have bound to the target

cells. We looked for inspiration in Nature to overcome this limita-
tion. In order to maintain homeostasis and respond to stressors and
damages, multicellular organisms coordinate complex cellular and
molecular events between and within organs, tissues and cells.
Cell—cell communication and effector functions are mainly medi-
ated by soluble molecules, such as hormones (e.g. cortisol), growth
factors (e.g. epidermal growth factor EGF) or cytokines (e.g. tu-
mor necrosis factor TNF). Intracellular communication involves the
rapid generation of small messenger molecules (e.g. cyclic adenos-
ine monophosphate cAMP), modification of larger molecules (e.g.
phosphorylation) and formation of macromolecular complexes (e.g.
transcription factors). As the eliciting signals are often rare or weak
(e.g. few ligand molecules or few receptors), a common feature of
these signaling events is their cascade-like nature allowing the rapid
propagation and amplification of the incipient signals into vigor-
ous responses. The multi-step, cascade-like character also allows to
apply multiple check-points to modulate the response. Intracellular
signaling from a cell-surface receptor to the nucleus is a typical ex-
ample of how Nature uses a multistep amplification cascade to in-
duce a robust cellular response from rare biochemical events.[32 The
process of coagulation initiated by microscopic cellular, vascular or
tissue lesions and leading to the formation of a macroscopic insol-
uble clot from soluble proteins as response to injury, is essential to
the survival of vertebrates and is based on the principle of a cascade-
like amplification.!33! Similarly, the complement system consists of
soluble components that once activated generate macromolecular
pore-forming, cytotoxic complexes at the cell surface (Fig. 1).B34 As
a matter of fact, the principle of the process of inflammation itself is
based on a complex sensing/amplification/effector network.

Within the NCCR Bio-Inspired Materials center (http://bioin-
spired-materials.ch/) we devised a project aimed at detecting CTCs
in vitro, by combining an AuNP-based approach with a bio-inspired
amplification system. The ultimate goal of this interdisciplinary
project is to establish a simple, highly sensitive, specific, robust test
to detect and quantify rare CTCs in patients’ whole blood or leuko-
cyte-rich plasma as an alternative, or complement to existing tests.

2. Targeting Breast Cancer Cells with AUNP Combined
with Bio-Inspired Amplification Systems

2.1 Nanoparticles Targeting HER2 Breast Cancer

HER?2 is a cell surface tyrosine kinase receptor that pro-
motes cell survival, proliferation and migration. HER2 is over-
expressed in a subset of breast cancer where it acts as an onco-
genic driver.331 The anti-HER?2 antibody trastuzumab has shown
significant therapeutic activity and is currently routinely used to
treat HER2* cancers.l3¢l HER2 has also been explored for pur-
poses of imaging or targeted drug delivery to HER2* tumors us-
ing anti-HER2 antibodies, aptamers, or peptides conjugated to
organic or inorganic nanoparticles such as carbon nanotubes,37]
quantum dots,B8] chitosan,31 human serum albumin, % iron ox-
ide,*1 silica*2l and AuNPs.*3] AuNPs have become increasingly
popular in biomedical applications due to their excellent biocom-
patibility, unique optical properties, size and shape tunability, ease
of functionalization and FDA approval for prospective human
use.[*4 Polyethylene glycol (PEG)-coated silica-gold nanoshells
(AuroLase; Nanospectra Biosciences) were tested in patients in a
clinical trial (NCT01679470, www.clinicaltrials.gov) for thermal
ablation of solid primary and/or metastatic lung tumors.[43]

One of the reasons for the slow translation of engineered NPs into
clinical applications, is the synthetic challenge of creating highly en-
gineered multifunctional NPs with high targeting efficiency, strong
optical and scattering imaging properties and robust activity.[#4c46]
We recently designed and established multifunctional 50 nm AuNPs
with enhanced anti-biofouling and targeting properties. AuNPs were
functionalized with PEG to decrease non-specific protein adsorption
and enhance colloidal stability. The AuNPs were robustly charac-
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Fig. 1. Examples of amplification cascades in biological systems. Plasma coagulation, intracellular signaling and the complement system. All sys-
tems share a common principle: initiation by rare stimuli, rapid cascade-like activation of molecules leading to signal propagation and amplification,

and robust responses.

terized in complex media and remained colloidally stable. AuNPs
were bioconjugated to the anti-HER2 antibody trastuzumab under
conditions of controlled or random orientation. Binding activity was
maintained upon conjugation and optimal trastuzumab orientation
resulted in effective, HER2-specific cellular targeting. These multi-
functional NPs exhibited excellent physicochemical stability, strong
affinity and high specificity for HER2-positive cells, while showing
stealth-like behavior toward HER2-negative cells.[#7]

2.2 Coagulation Cascade-based Amplification

The coagulation system is a balanced process consisting of
a cascade of more than two dozens of enzyme activation events,
where serine proteases activate the proteins of the next step of the
cascade via limited proteolysis. Two pathways can trigger the cas-
cade: the ‘Extrinsic or Tissue Factor Pathway’ and the ‘Intrinsic or
Contact Pathway’.[481 Both of them have a common pathway at the
end of the cascade, where fXa, along with its cofactor fVa, plays a
pivotal role of bursting the activation of thrombin, the last serine
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protease in the cascade. Thrombin will then proteolytically cleave
fibrinogen o and B subunits at their amino terminus resulting in the
polymerization of fibrinogen into fibrin and platelets activation,
thereby forming a fibrin clot.[*1 In our NCCR project, the cascade
is activated by a first AuNP nanoparticle (NP1) that, upon anti-
HER?2 antibody-directed binding to HER?2 positive breast cancer
cells, enzymatically activates the coagulation cascade to generate
fibrin at the cell surface, to which a second AuNP (NP2) carrying
a fluorescent reporter system is targeted by antibodies or peptides
to fibrin (Fig. 2A). The aim of this approach is to allow rapid
and robust identification of CTCs among blood leucocytes as an
in vitro diagnostic test. The rationale to use AuNPs rather than
antibodies alone, is to confer multivalency and robustness to the
system. The coagulation cascade-based model has provided proof
of principle evidence that the amplification cascade approach is
feasible to specifically and sensitively detect cancer cells (Fig.
2B). However, experiments also revealed some limitations of this
approach, in particular stability and reproducibility, which are

B

Fig. 2. A) Targeting/amplification concept. NP1 is targeted to the cell and initiates the ampilification cascade, which attracts NP2. NP2 carry out the
desired effect; B) Proof-of-concept experiment showing the specificity and sensitivity of the approach. HER2- cells showing signal only for nuclear
Dapi staining (blue), while HER2* cells are positive for ANNP1 (green) and AuNP2 (magenta) binding to polymerized fibrin.
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potentially problematic for a clinical test. Besides improving this
approach, we started looking for alternative approaches based on
synthetic cascades.

2.3 DNA-based Amplification Cascade

One of these alternatives is an amplification cascade based on
programmable DNA reaction circuits. We employ a DNA hybrid-
ization chain reaction (HCR)PO consisting of metastable DNA
oligonucleotide hairpins that, once ‘activated’ by an initiator oli-
gonucleotide, will switch structure to self-assemble into ampli-
fication polymers attaining high signal-to-background ratio with
specific localization.5% The HCR amplifier mechanism employs
two DNA hairpin molecules (H1 and H2) and an Initiator strand.
Although one hairpin contains single stranded regions with com-
plementary sequences within the loops of the second hairpin, hy-
bridization is kinetically hampered as these segments are protected
by their secondary structures. The energy necessary for driving an
amplification reaction is stored within these single stranded loop
regions. When hybridizing to the initiator via a toehold segment,
the secondary structure of a first hairpin (H1) opens up, allowing
a second hairpin (H2) to bind and release its secondary structure.
Another binding site for H1 is presented, inducing a chain reaction
that results in the assembly of a polymeric structure. By attaching
fluorescent labels to each of the hairpins, proceeding polymeriza-
tion will strongly amplify the signal of the initiator, attaining a
strong signal localizing at the initiator site with a high signal-to-
background ratio (Fig. 3).511 We have engineered the system to
target HER2* breast cancer cells using trastuzumab as a targeting
moiety. Multiple different fluorescently labeled streptavidins are
used for multivalent attaching to biotinylated trastuzumab, initia-
tors and H1 and H2 for read out of the amplification signal. We are
optimizing the hybridization conditions to obtain the best signal-
to-noise ratio and are developing branched DNA constructs for
exponential signal amplification. Modular DNA attachment sides
enable binding of different agents such as nanoparticles, therapeu-
tics, fluorescent beads, and signal amplifying enzymes.
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3. Challenges and Open Questions

While the coagulation cascade-based approach has provided
proof of principle about the feasibility of the test, its translation
into a robust product requires first solving outstanding ques-
tions. Two are particularly important. Firstly, how far can we
push the sensitivity of the test? Can we detect one CTC among
107 or 10® cells? Such a high sensitivity implies a nearly zero
background on normal cells and the capacity of ‘not missing’
these rare events. A one-step detection method, for example by
flow cytometry, may not be appropriate, as this technique has its
own limitations due to intrinsic background noise. A combina-
tion of cell enrichment and visual processing may be more suit-
able, though it requires one additional step. As fibrin-coated cells
are larger than leukocytes, we are considering trapping them by
filtration.!52] Visual detection by fluorescence would add a sec-
ond, orthogonal parameter improving specificity. Preliminary
experiments indicate that this approach is feasible. Secondly,
how can the system be adapted to detect other breast cancer
subtypes? HER2* CTCs, or CTCs with an epithelial phenotype
are detected with antibodies to specific cell surface targets (e.g.
HER2, MUC-1, EpCAM). However, this approach is more
complicated for CTCs in TNBC, or CTCs that underwent EMT
and for which there are no universal markers available.l5-53]
Combination of antibodies to other markers, such as CD24,
CD44,CD133, CD49f, c-Met, CK8, ADAMS, CD146, TEMS, or
CD47 have been attempted with alternate success.!>* To circum-
vent these limitations, we are considering exploiting functional,
rather than phenotypical features of cancer cells, in particular
their increased cell surface proteolytic activity. AuNPs will be
derivatized with substrates for proteases that once cleaved will
unmask or activate cell binding molecules or enzymes.

4. Bio-inspired Amplification Cascades to Kill Cancer
Cells

A further evolution of this principle would be the killing of
CTCs or DTCs in conditions of minimal residual disease after
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Fig. 3. Targeting/amplification concept. Biotinylated trastuzumab binds to the Her2* breast cancer cells. The initiator strand (I) attaches to the cell
surface via fluorescently-labelled streptavidin and triggers a chain reaction, opens hairpin H1 and forms a I:H1 complex. In this complex, segment of
H1 can bind to H2, initiating a branch migration reaction to form a I:H1:H2 complex.
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therapy. For this, we envision DNA molecules with self-assem-
bling capacity based on switchable origami-,[>51 DNA bricks-[30]
or HCR-I5% approaches. The purpose is to physically encage and
‘suffocate’ cancer cells through the assembly of a dense peri-cellu-
lar DNA net. To render cell killing more efficient, DNA molecules
may be decorated with peptides or molecules with direct cytotoxic
activity, including membrane destabilizing or apoptosis-inducing
peptides.5% This approach is bio-inspired by the ability of neutro-
phil granulocytes to trap and kill pathogens by secreting nuclear
DNA, also referred to as a neutrophil extracellular trap (NET).[57]

5. Conclusion

Recent development in the synthesis, characterization and ap-
plication of bio-inspired materials have opened unprecedented op-
portunities to address unsolved questions in complex conditions
and diseases, including cancer. A long-term goal of the NCCR
Center in Bio-Inspired Materials is to identify novel opportunities
to apply the knowledge gained to medically relevant questions.
The promising results obtained in this project indicate novel strat-
egies to the improved detection and possibly killing of CTCs and
DTCs. Translating these strategies into a clinically-useful test or
therapy remains, however, a major challenge.
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