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Clinically, overexpression of human epidermal growth factor receptor 2 (ErbB2) is considered to be an important
hallmark for a number of solitary and metastatic cancers, and has been approved as a drug treatment target for
ErbB2-positive cancers. Additionally, the soluble cleaved form of ErbB2 protein (sErbB2), found in blood, has
been shown to be a valuable marker for tumour diagnosis in ErbB2-positive breast cancer. Although a variety
of clinical diagnostic approaches have been developed to establish ErbB2 load, they each have their own

pitfalls. Nanotechnology has offered some promising breakthrough solutions towards imaging and

iizz:{;ﬁ% 212?; ilecfvtznr:g:: sgg quantifying ErbB2 at the molecular level and holds the possibility of improving the sensitivity and reliability of
ErbB2 detection for clinical purposes. Here we review the currently available methods of ErbB2 detection and

DOI: 10.1039/c3ra45401k quantification in biological samples, followed by analysis and evaluation of those nanotechnological
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1. Introduction
1.1. Principle of ErbB2 function

Expression of the ErbB genes (of which four subtypes are known
so far) yields formation of transmembrane glycoproteins with
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approaches which have demonstrated most potential to improve clinical diagnostic practises.

intrinsic tyrosine kinase activity and growth factor receptor
function. ErbB2 is a receptor tyrosine kinase that belongs to the
ErbB or EGFR (epidermal growth factor receptor) family (Fig. 1).
The ErbB2 receptor shows basal expression in many tissue types
and is involved in normal tissue development and function,
such as in the heart." Signalling through the ErbB2 receptor
occurs following receptor dimerisation with the other ErbB
family receptors or with another ErbB2 receptor itself. Such
receptor dimerisation promotes cell growth and division, thus
causing uncontrolled cell proliferation and hence tumour
formation when overexpressed. Additionally, activation of the
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ErbB2 signalling pathways leads to an increase of tumour
metastasis-associated properties (such as invasion and angio-
genesis) and induces therapeutic resistance via receptor-medi-
ated anti-apoptotic signals.”

1.2. Clinical importance of ErbB2 detection: focus on breast
cancer

Since the mid-1980s, overexpression of the ErbB2 protein has
been recognised as a feature of a malignant cancerous pheno-
type in breast cancer cell lines*® and has become one of the
most widely investigated clinical indicators used to assess the
severity of breast, ovarian, gastrointestinal and lung cancers®®
and guide targeted therapies.' Most of the focus around ErbB2
oncogenic function has been centred on its role in breast
cancer. This is probably because breast cancer is by far the most
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commonly occurring form of cancer in women, accounting for
23% of total cancer incidences and contributing to nearly 14%
of the cancer-related mortality."* The incidences of breast
cancers are much higher in more developed regions (e.g
Western Europe) compared to less developed regions (e.g.
Eastern Africa), whereas the mortality rate associated with
breast cancer progression is similar between different world
regions (Fig. 2).

There are four major molecular subtypes in breast cancer
which are classified based on the expression profiles of three
receptors (Table 1):**** luminal A (estrogen receptor (ER) and/or
progesterone receptor (PR) positive, ErbB2 negative), luminal B
(ER and/or PR positive, ErbB2 positive), basal-like (ER negative,
PR negative, ErbB2 negative) and ErbB2 (ER negative, PR
negative, ErbB2 positive).
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Fig. 1 Schematic representation of the classic ErbB2 protein. The full
length protein consists of 1255 amino acids comprising an extracellular
domain (I-1V), transmembrane spanning region (TM) and an intracel-
lular domain which holds tyrosine kinase (TK) activity. ErbB2 receptor
dimerisation occurs through binding in the domain Il. Receptor
dimerisation results in initiation of downstream signalling events,
facilitating processes such as cell proliferation, anti-apoptotic effects
and angiogenesis. Figure adapted from Baselga & Swain.®
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Fig. 2 Incidence (black bars) and mortality (white bars) rates (age-
standardised per 100,000 population) for breast cancer. Graph
constructed from data retrieved from Globocan 2008 (globocan.iarc.fr).

Clinical studies have shown that patients with ErbB2-over-
expressing primary tumours have a significantly greater potential
to propagate nodal involvement, and extensive lymphovascular
invasion, resulting in poor prognosis compared to individuals
with Luminal A or basal expression of ErbB2."* The activity of
ErbB2 (i.e. the degree of receptor dimerisation with other growth
factor receptors) in tumour tissue contributes to the aggressive
behaviour of ErbB2 cancer subtypes.** Thus, accurate assessment
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Table 1 Breast cancer molecular subtypes. Breast cancer subtypes
can be classified based on the expression patterns of estrogen
receptor, progesterone receptor and ErbB2 receptor on the cancer
cell

Breast Cancer
Molecular Subtype

Estrogen
receptor (ER)

Progesterone

receptor (PR)  ErbB2 receptor

Basal-like

Luminal A + + _
Luminal B + + +
ErbB2 — — +

of ErbB2 in tumour cells holds significant diagnostic importance
and may have therapeutic consequences.

1.3. Soluble ErbB2: clinical importance in cancer diagnosis

The soluble form of ErbB2 (sErbB2) (i.e., the proteolytically
processed extracellular domain of the full length ErbB2 protein,
and found circulating in blood) and has been shown to be
released from breast cancer cells,” and is recognised as a
promising biomarker in profiling the progression of cancer, in
particular, metastatic breast cancer.’® Several studies have
shown correlation between the presence of ErbB2-over-
expressing tumours and elevated levels of sErbB2 in patient
blood fractions (Reviewed in'’). Measurement of sErbB2 may
provide a more informative diagnostic tool, both in terms of
overall ErbB2 load and monitoring tumour response to therapy.
As mentioned before, ErbB2 is not a confined hallmark of a
cancerous cell phenotype, and basal expression of ErbB2 is
sometimes a feature of normal tissues.' For this reason, it is
unlikely that sErbB2 can be used as a sole and specific diag-
nostic marker of the presence of cancer in patients. However, an
in-depth review of 22 studies has concluded that in the majority
(85%) of individuals surveyed, sErbB2 levels correlated with
disease recurrence, metastasis or shortened survival.'® Taking
this factor into consideration, the value of sErbB2 as a
biomarker lies in assessing the metastatic state of ErbB2
cancers and seems to allow tracking of the response to anti-
cancer treatments.

1.4. Nanotechnological answers to current diagnostic
limitations

So far, current in vitro and in vivo clinical diagnostic practises
still have a number of inherent limitations which are
hampering development towards improved cancer treatment
strategies.

At an in vitro diagnostic level, there is a routine reliance on a
subjective, non-quantitative tumour grading system, namely
immunohistochemistry (IHC), where parameters such as fixa-
tion may limit specificity of antigen detection,* resulting in
both false-positive and false-negative results. These may have a
direct impact on the diagnostic observation and patient treat-
ment. Furthermore, biopsy studies suggest that there is
discordant ErbB2 expression between primary and metastatic
sites within the same patient,® and highlights the shortfall in

This journal is © The Royal Society of Chemistry 2014
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accurate cancer diagnosis through reliance on assessment of
the primary lesion alone.

In terms of blood fraction analysis, sErbB2 correlates well
with disease behaviour and shows potential to measure
susceptibility to cancer recurrence and response to treatment.®
However, assessment of sErbB2 levels alone may not be suffi-
cient to accurately predict cancer status. Due to the heteroge-
neous nature of cancer progression, it is recognised that the
future of effective cancer profiling lies in the simultaneous
grading of multiple tumour markers.” Additionally, the
importance of assessing circulating tumour cells (CTCs) as a
prognostic indicator of progression free survival and response
to targeted therapy has been highlighted by recent evidence.”* A
number of commercially available kits are available for assess-
ing ErbB2 in CTCs, however, the level of inter-kit agreement
merits further investigation.*

In addition to ErbB2 quantification, there is also a necessity
for new techniques which measure the activity (e.g. degree of
receptor dimerisation) of ErbB2 and other markers such as
EGFR in tumour cells. This information can be gained by using
techniques such as Forster resonance energy transfer (FRET)*
and may inform the clinician on the efficiency of targeted
treatments by assessing the receptor activity.”

Invivo imaging techniques have been used for many years to
visualise tumour tissue, however due to the non-specific
distribution of contrast agent such as in X-ray computed
tomography (XRCT), and short renal clearance times, the
patient is often exposed to high contrast agent dose during the
imaging procedure. Passive in vivo contrast agents (e.g. Indoc-
yanine Green) naturally accumulate in vasculature and tumour
tissue due to the enhanced permeability and retention (EPR)
effect.”® The EPR effect has been exploited in order to visualise
tumours in vivo. However, EPR alone cannot provide the infor-
mation regarding the molecular profile of the tumour tissue.
Therefore, there is a demand for cancer-targeted in vivo imaging
strategies which could reduce the overall burden on the patient
whilst increasing cancer detectability and informing the clini-
cian on the molecular phenotype of the tumour.

Although current established molecular profiling techniques
have gone a long way to advancing the standard of medical
treatment, there is a need to move towards more quantitative,
objective cancer diagnostic systems in tissue biopsy and blood
fractions analysis. In short, there is a need to improve the reli-
ability and accuracy of disease diagnosis and to guide the
selection of effective treatment for patients.

Over the past decade, nanotechnology-based diagnostic
approaches have emerged as promising candidates for the
improvement of clinical diagnostic techniques. The develop-
ment of a number of families of nanoparticles (NPs), develop-
ment of chemical linkers and antibody engineering have the
potential to greatly enhance ErbB2 assessment to the point of
single molecule detection. In addition, the development of
nanowire (NW) structures for multiplexed “lab-on-a-wire” bio-
analytical devices®®*” has shown advantages in high throughput
assays when compared to conventional and NP-based probe
systems*® leading to the possibility of improved analyte detec-
tion sensitivity in biological assays.

This journal is © The Royal Society of Chemistry 2014
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The use of nanomaterials (NMs) (i.e. NPs and NWs) as
biomarker sensors could overcome such shortfalls and limita-
tions. In particular, NM-assays have two major advantages over
conventional assays:** (1) they enable higher imaging sensitivity
and (2) they can merge multiple modalities on one probe (for
example, NMs that can efficiently target cancer cells to combine
biomarker detection with in vivo cancer imaging).>***

To date, a number of nanotechnological approaches have
been translated to and approved for medical applications, and
most of these are liposome-based and protein-polymer-based
drug treatments.*>* In spite of the success in translating
nanotechnology-based treatments to the marketplace (recent
examples include Marquibo® & Bepanthen®), there has been
comparatively little translation of nano-research to everyday
clinical diagnostic practise and this stimulates the quest for
further nanotechnological breakthroughs. Given the clinical
importance of ErbB2 we focus on the NM-based technologies
which aim to improve ErbB2 detection and quantification for
diagnostic purposes.

2. Clinical methodologies for the
detection and quantification of ErbB2

Clinically, the molecular presence of ErbB2 in tumour tissue is
identified by in situ hybridisation (ISH), which characterises
ErbB2 gene copy number, and IHC, which measures ErbB2
protein content. Enzyme-linked Immuno-Sorbent Assay (ELISA)
is one of the most common methods to quantify sErbB2 levels
in patient blood fractions.**

2.1. Genetic detection and quantification of ErbB2

All DNA assessment techniques measure the predisposition
potential toward a given proteomic phenotype and thus can act
as an early detection system for cancer. Polyploidy is a common
feature of cancer cells,**® and so measurement of the gene copy
number can indicate the presence of pathologic cells. In clinical
practise, genetic assessment of ErbB2 is generally used in
conjunction with IHC results in order to confirm ErbB2 status
in biopsy tissue.

In ISH, the nucleic acid probe is hybridised to its compli-
mentary nucleic acid strand in the tissue section. Hybridisation
allows the visualisation and enumeration of specific gene loci
(Fig. 3) via a direct or indirect fluorescent (i.e. fluorescent in situ
hybridisation; FISH) or chromogenic (i.e. chromogenic in situ
hybridisation; CISH) tag. mRNA ISH (see Section 2.1.3) allows
examination of the ErbB2 mRNA transcripts within the tissue
section. Genomic hybridisation arrays and real-time polymerase
chain reaction- (RT-PCR) based assays can measure a vast
amount of genetic loci or gene transcripts at one time.

2.1.1. Fluorescent in situ hybridisation (FISH). Commer-
cially available FISH assays for ErbB2 gene assessment (sum-
marised in Table 2) employ direct labelling of the DNA with a
complimentary DNA probe (which is directly conjugated to a flu-
orophore, such as Spectrum Orange™ in the PathVysion™ kit
and TexasRed® in the Dako IQFISH™ kit) (Fig. 3). FISH assays are
usually restricted to formalin-fixed paraffin-embedded tissue

RSC Adv., 2014, 4, 3422-3442 | 3425
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Fig. 3 Principle of in situ hybridisation. This figure represents the
principles of ISH using either a directly- or indirectly- labelled method.
In directly-labelled ISH, the DNA probe is directly conjugated to a
fluorophore (yellow), as occurs in FISH. In indirectly-labelled ISH, the
DNA probe is conjugated to a hapten (pink). During the denaturation
step of the ISH protocol, the DNA probe hybridises to the gene of
interest. Directly-labelled probes can then be visualised. Hapten-
conjugated probes are detected either with a chromogen-linked
antibody (red) (CISH), or with a fluorescently-labelled antibody.
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sections, and probe hybridisation is carried out for 8-10 hours.
Even though they are considered one of the gold standard tech-
niques for the clinical profiling of tumours, successful use of FISH
kits for ErbB2 quantification relies heavily on expert execution of
complex laboratory protocols. On this topic Cayre et al* have
published an extensive comparative report on the different
experimental outcomes obtained from a variety of commercially
available ErbB2 FISH Kkits tested on the same samples. They
concluded that the tested are very well in accordance with one
another, however, this agreement was reliant on the relative
adjustment of signal threshold levels. The technique appears
therefore to be susceptible to user error. Finally, the resolution
(ability to distinguish between two points on a chromosome
length) of in situ hybridisation assays can also be affected by the
cell cycle phase.*®

2.1.2. Chromogenic in situ hybridisation (CISH). CISH
allows the genetic assessment of tissue biopsies at lower
magnifications compared to FISH. Thus, CISH can be used to
measure gene ploidy within the greater context of the
surrounding tissue. Although the resolution of CISH may not
reach that of FISH, it is less costly and does not require speci-
alised equipment, and so may be more suited to certain clinical
situations.

Table 2 Diagnostic assays for ErbB2 gene and mRNA. The table details those commercially available assays used for clinical profiling of ErbB2 at
a gene and mRNA level. The table was compiled based on on-site assay use and from a web search for ErbB2 diagnostic assays

ErbB2 form Detection Manufacturer Assay commercial Declared Clinical
detected method” (country) name sensitivity sample®
2.1 Gene/mRNA FISH Abbott Molecular, PathVysion™ HER2 Ratio to reference gene FFPE
encoding for Inc. (USA) DNA Probe Kit included in kit
ErbB2
Dako Denmark HER?2 IQFISH
A/S (Denmark) pharmDx™
CISH Ventana Medical INFORM™ HER2 Not stated
Systems, Inc. (USA)
Invitrogen Corporation SPOT-Light® HER2 Single gene copy
Ltd (USA) CISH Kit
Dako Denmark A/S HER2 CISH pharmDx™ Ratio to reference gene
(Denmark) included in kit
RNA ISH Affimetrix, Inc. (USA) QuantiGene® ViewRNA Single RNA molecule
detection
Microarray Genomic Health, Inc. Oncotype DX™ Ratio to 5 reference
(Usa) genes
included in kit
Agendia (Netherlands) MammaPrint® 50% tumour cell Fresh
content tissue
mRNA from Immunomagnetic Adnagen, Gmbh. AdnaTest BreastCancerSelect/ 30 ng pl~ " amplified S
circulating separation and RT- (Germany) BreastCancerSelect cDNA
tumour cells PCR

% FISH: Fluorescent in situ hybridisation; CISH: chromogenic in situ hybridisation; RNA ISH: RNA in situ hybridisation; RT - PCR: real time -
polymerase chain reaction. ” FFPE: formalin-fixed paraffin-embedded; S: serum.
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CISH relies on an indirect labelling method, whereby the
DNA probe is conjugated to a hapten (e.g. INFORM or Spot-light
kits, Table 2) against which an antibody is raised. Such anti-
bodies are tagged with a chromogenic marker rather than a
fluorophore as occurs in FISH. Interestingly, products supplied
by Dako Denmark A/S use identical DNA probes in their FISH
and CISH kits, with the latter simply adding antibodies against
the FISH fluorophores (TexasRed® and Fluorescein). The
chromogen is then converted to a visible product, usually by an
enzymatic reaction (e.g. by addition of horseradish peroxidase
(HRP) or alkaline phosphatase (AP)). CISH brings with it a few
advantages over FISH assays. Firstly, indirect labelling with anti-
hapten antibodies permits optical detection of ErbB2 genes at
lower magnifications. Secondly, CISH stained samples can be
archived without incurring sample or staining degradation.?”
This advantage might be counteracted by incorporating stable
nanotechnology-based fluorophores into FISH techniques.

2.1.3. mRNA in situ hybridisation (mRNA ISH). mRNA ISH
quantifies the ErbB2 gene expression levels. This technique has
some unique advantages over FISH and CISH assays. Firstly,
mRNA ISH detects ErbB2 gene transcripts and thus is more
representative of the ErbB2 transcriptome levels in tumour cells. A
recent study has shown, however, that there is a close correlation
between mRNA ISH and FISH when determining ErbB2 levels in
primary breast tumours.* Secondly, the reduced processing time
(4 h) of samples by mRNA ISH makes this technique advanta-
geous when compared to FISH and CISH approaches. Affimetrix's
QuantiGene ViewRNA kit (Table 2) can detect up to four different
RNA transcripts at a time. In this instance, branched DNA
amplification technology® attached to the mRNA probe is used to
amplify the captured target RNA (rather than relying on an in vitro
reverse transcriptase amplification of mRNA),** and visualisation
of the amplified RNA is tailored for brightfield, fluorescent or
luminescent detection. As an alternative to mRNA ISH, Adnagen
(Germany) (Table 2) have developed a RT-PCR-based diagnostic
which measures ErbB2 mRNA content as one of a panel of mRNA
markers in CTCs. This is achieved through immunomagnetic
concentration of CTCs from a blood sample followed by mRNA
analysis. The technique assesses ErbB2 positivity through
measurement of the final concentration of amplified cDNA.

2.1.4. Genomic hybridisation arrays. Hybridisation arrays
consist of immobilised DNA probes on a solid matrix micro-
array, which can be used to measure gene copy number varia-
tions (the signal intensity correlates with hybridisation
intensity) and to compare gene expression profiles among
normal and tumourigenic DNA profiles.*” In contrast with the
FISH approach, DNA (or ¢cDNA generated from mRNA) for
hybridisation arrays can be isolated from both fresh biopsy
tissue and formaldehyde-fixed paraffin-embedded tissue.

Several microarrays are commercially available for assessing
ErbB2 gene status. The FDA-approved MammaPrint (Agendia,
Amsterdam) microarray assesses 70 genes (one of which is ErbB2
gene) associated with the development of distant metastases 5
years after surgery.* The Oncotype DX (Genomic Health, Inc.,
CA) microarray also measures ErbB2 levels as one of sixteen
tumour markers in comparison to five reference genes.** One of
the main advantages of microarrays is that they allow the

This journal is © The Royal Society of Chemistry 2014
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simultaneous analysis of a number of genes which may better
reflect the heterogenic nature of tumour development.

2.1.5. Appraisal of ErbB2 gene detection techniques.
Table 2 illustrates clinical diagnostic assays for the detection and
quantification of tissue ErbB2 at a genetic and post-transcriptional
level. From a technical standpoint, in ISH the efficiency of probe
hybridisation into native DNA is skewed towards detection in cells
in interphase of the cell cycle®® and often considerable specialised
equipment is required for some of the genetic assessment plat-
forms. Microarray-based assays allow simultaneous quantification
of numerous genes, however, the technique may also be more
sensitive to contaminating DNA. ErbB2 mRNA quantification
techniques (such as that developed by Adnagen) which rely on RT-
PCR in order to generate a detectable signal are ultimately limited
by the quality and preparation of the sample mRNA.

One of the major limitations of the genetic detection/quan-
tification methods for ErbB2 lies in the design of the DNA probe
used. There is some preliminary evidence reporting the inac-
curacy of ErbB2 FISH kits as determined by comparative gene
hybridisation array analysis.*® Despite the fact that the ErbB2
gene comprises a 40 kb genomic region, most of the commer-
cial ErbB2 probes currently commercialised for FISH/CISH
assays consist of 190-218 kb length DNA probes (Vysis Path-
Vysion: 190 kb, Ventana INFORM: 200 kb and Dako IQFISH: 218
kb, see Table 2) which may increase the chance of non-specific
binding events.** As one solution, Invitrogen has recently
developed a proprietary ‘subtractive hybridisation’ technology
(included in the SPOT-Light CISH kit), which removes repetitive
sequences from its probes and generates higher specificity for
the targeted ErbB2 gene. The incorporation of brighter fluo-
rescent probes (based, for example, on quantum dot tech-
nology, as discussed in Section 3) might further allow improved
gene resolution and gene quantification assays.

2.2. Detection and quantification of ErbB2 protein

The following sections address two of the conventional diag-
nostic approaches to quantify ErbB2 protein in tumour tissues
and patient fluids. IHC represents the most commonly used
clinical diagnostic method for semi-quantitative assessment of
protein levels within the morphological context of tumour
tissue biopsies (Table 3). IHC is a well-established and validated
technique too, and no specialised equipment is needed. ELISAs
are the main method for measuring soluble ErbB2 in blood
fractions (Table 4). Since numerous studies correlate elevated
blood sErbB2 levels with the presence of ErbB2-positive breast
cancer tumours,* sErbB2 ELISA is seen as a possible early
detection system for ErbB2-positive cancers.

2.2.1. Immuno-histochemical detection of ErbB2 protein.
IHC relies on using one specific antibody against the ErbB2
protein (Fig. 4A). Amplification of the signal is achieved by
using enzyme linked- (e.g., HRP, AP or AP-anti-AP) secondary
antibodies guided against the detection antibody. The enzyme-
linked antibody converts a substrate to a visible colour.
Although good sensitivity can be achieved using this detection
method, IHC uses only one ErbB2-specific antibody and non-
specific binding phenomena can occur.

RSC Adv., 2014, 4, 3422-3442 | 3427
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Table 3 Tissue diagnostic assays for the detection and quantification of human ErbB2 protein. The table details those commercially available

assays used for clinical profiling of ErbB2 at a protein level. The table was
diagnostic assays

compiled based on on-site assay use and from aweb search for ErbB2

Tissue ErbB2 form Detection Manufacturer Assay commercial Declared Clinical sample
detected method” (country) name sensitivity tested”
ErbB2 protein THC Biogenex (USA) InSite™ HER2/neu >10% Tissue FFPE
CB11 staining

Dako Denmark Hercep Test™

(Denmark)

Ventana Medical Pathway® anti

Systems, Inc. (USA) HER2/neu (4B5)

Proximity-based Monogram HERmark® Breast Not stated

Biosciences (USA)

Cancer Assay

4 JHC: Immuno-histochemistry. * FFPE: formalin-fixed paraffin-embedded.

Table 4 ELISAs for the detection and quantification of human ErbB2 in biological liquid fractions. The table details those commercially available
ELISAs used for clinical profiling of soluble ErbB2 at a protein level. The table was compiled based on on-site assay use and from a web search for

ErbB2 diagnostic assays

Soluble ErbB2 detection Manufacturer Assay commercial Declared Clinical sample
method* (country) name sensitivity tested”
ELISA WILEX, Inc. (USA) Her2/neu ELISA 1.5 ng ml* S
Abcam, plc (UK) ErbB2 Human ELISA kit 8 pgml™" U, S, P
Ray Biotech, Inc. (USA) RayBio® Human ErbB2 8 pg ml™* U,S, P
ELISA kit
eBioscience, Inc. (USA) Human sHER-2 Platinum 0.06 ng ml " S, P

ELISA

@ ELISA: Enzyme-linked Immuno-sorbent assay. ” S: Serum; U: Urine; P: Plasma.

Various IHC kits for ErbB2 measurement are available, such
as that produced by Dako (Denmark) using Trastuzumab as the
detection antibody. Whilst Trastuzumab targets the extracel-
lular domain of ErbB2, Biogenex and Ventana Medical Systems
have developed their own ErbB2 IHC kits with antibodies
(mouse monoclonal antibody CB11 and rabbit monoclonal
antibody 4B5, respectively) guided against the intracellular
portion of the ErbB2 protein. Trastuzumab has a simpler access
route to ErbB2 (effective CB11 and 4B5 staining relies on
successful penetration of permiablised cells) and so is less likely
to suffer from high background, non-specific staining.
However, since there are sometimes a number of active, car-
boxy-terminal ErbB2 variants (which lack the extracellular
domain) present in cells,*” there is a chance that IHC assess-
ment via Trastuzumab may underestimate the true amount of
active ErbB2 in the cell. A threshold of >10% tissue staining is
regarded as the minimum threshold for defining ErbB2 posi-
tivity by ErbB2 protein IHC kits (Table 3). Therefore, although
IHC for ErbB2 is well established and widely used, the limited
resolution of this technique makes it unsuitable for weakly
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expressed targets or for single-molecule detection. IHC gives the
clinician a “reasonable” assessment of ErbB2 tissue load,
however there are a number of limitations related to this tech-
nique. IHC is semi-quantitative, subjective, not sensitive at low
ErbB2 expression ranges (0 to 1+) and reliant on activity of
staining reagents (e.g., peroxidase activity).*®

2.2.2. Enzyme-linked immuno-sorbent assays (ELISAs). As
illustrated in Table 4, a number of sErbB2 ELISA Kkits are
available for quantification of sErbB2. ELISAs use two specific,
target-directed antibodies (capture and detection antibodies),
followed by an enzyme-driven amplification step (e.g., via HRP-
or AP-linked secondary antibodies) (Fig. 4B) with quantification
of antigen achieved through comparison to a standard range.
This approach increases the probability of specific detection of
sErbB2. Thus, ELISA is a quantitative rather than a semi-
quantitative assay. Clinically, the FDA-approved cut-off
concentration above 15 ng ml™' for sErbB2 is considered
indicative of the presence of ErbB2-overexpressing cancers.**

ELISAs have a number of advantages over IHC. ELISAs are
quantitative, easy to use, have relatively short assay time and have
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Fig.4 Principle of (A) IHC and (B) sandwich ELISA. (A) In IHC, detection
of the antigen (green) is accomplished by an antigen-specific primary
antibody (orange), followed by detection and signal amplification via
an enzyme (light blue) -linked secondary antibody (red) in the pres-
ence of a substrate. (B) In ELISA, both antibodies are directed against
the antigen (green). The first antibody (grey) is immobilised on an assay
well. Following capture of the antigen, the enzyme-linked detection
antibody (purple), generates the chromogenic signal.

very sensitive detection limits. Furthermore, ELISA is able to
assess the pooled sErbB2 circulating in blood, which could give
us a better indication of the overall cancer status of the patient.
However, there is some evidence of sErbB2 false positive in
patients without cancer, with elevated levels of sErbB2 being
reported in cases of liver cirrhosis.* However, this does not
negate the utility of assessing sErbB2 as a cancer detection
strategy. The drawbacks associated with ELISAs include high cost
of the assay, usually only mono-parametric detection (Table 4)
and the absence of histological context of protein quantification.
ELISA is also unsuitable for quantification of CTCs.

3. Enhancing ErbB2 detection using
nanotechnology-based tools

Despite the advances in the development of genetic and protein
assessment technologies, there is now a requirement to bring
clinical diagnostics to new levels of molecular specificity and
sensitivity. From a clinical standpoint, NMs provide the vehicle
with which to improve routine clinical diagnostic techniques
with respect to signal detection fidelity, single cell and analyte
detection sensitivity and multiplexing of biomarker analysis. In
the case of ErbB2 detection, there is a clinical need for gene
probes with improved specificity (see limitations in Section
2.1.5) and protein probes with improved signal-to-noise ratio
for the accurate determination of circulating biomarkers.**

3.1. Nanomaterials for molecular imaging and detection
purposes

In recent years, exploitation of the unique properties of NMs
(such as superior optical, magnetic and plasmonic properties,
altered catalytic properties, high surface-area to volume ratio,
and the possibility of surface modification) have facilitated
higher sensitivity and specificity in biomarker detection. As a
consequence, there are a wealth of NM-based technologies
under development for biomarker detection utilising quantum
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Fig. 5 Size comparison between (A) conventional immunoglobulin
and (B) immune-functionalised quantum dot (QD). Abbreviations:
sdAb: single-domain antibody fragment. Adapted from Sukhanova
et al 2011.

<— FcRegion

dots (QDs), superparamagnetic iron oxide NPs (SPIONs), noble
metal NPs such as gold NPs (Au NPs) and silver NPs (Ag NPs),
carbon nanotubes (CNTs) and silica nanowires (Si NWs).*"*2

The use of chemical linkers such as polyethylene glycol
(PEG), (3-aminopropyl) triethoxysilane (APTES) and dextran
has enabled functionalisation of NPs with bioactive mole-
cules such as antibodies, ligands, biocompatibility agents and
drug candidates®** and has opened up the possibility of
exploiting NPs for biological detection. This development has
allowed NPs to be aimed against specific targets for visual-
ising molecular interactions (such as immune function) and
investigating therapeutic pathways.”® For example, surface
modification of NPs with PEG has permitted the conjugation
of engineered ultra-small single domain antibodies to super-
bright stable fluorescent NPs (QDs, discussed in Section
3.2.1.2) (Fig. 5).*” This synthesis allows twice as many anti-
body binding sites to be incorporated into the same space as a
monoclonal antibody and is currently being developed for
targeting ErbB2 in cell populations using flow cytometry.*® In
the in vivo setting, functionalised superparamagnetic NPs
have been successfully investigated for use as tumour-tar-
geted nuclear magnetic resonance imaging (NMRI) contrast
agents.* Furthermore, it is hoped that the functionalisation
of NPs with cancer-targeting moieties will reduce the
administered dose used for in vivo tumour imaging. The
following sections illustrate the NP-based technologies being
developed for the advancement of in vitro and in vivo ErbB2
cancer diagnostics and imaging.

3.2. Nanoparticle applications in in vitro ErtbB2 assays

Some NP applications for in vitro detection of ErbB2 are illus-
trated in Table 5. An overview of the technical details associated
with each NP format is given, and an attempt is made to eval-
uate the potential for these technologies to transition effectively
to clinical practise.

Although some attempts have been made to apply NPs to in
vitro genetic assessment of ErbB2,°*** mixed successes have
been observed. The vast majority of NP technologies applied in
ErbB2 profiling are based on detecting the protein form rather
than the gene target, providing significant progress towards
improving current diagnostics. Section 3.2 discusses the appli-
cations of nanotechnologies to ErbB2 in vitro diagnostics.
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Fig. 6 (A) Absorption (dotted line) and emission (coloured curves)
spectra of QDs. In general, QDs strongly absorb short wavelength
radiation. Emission spectrum peaks represent the wavelength at which
maximum fluorescent intensity can be measured from an excited QD.
The emission wavelength is relative to QD size, assuming QD
composition is the same. Commercially available QDs excited by a
single UV light source (e.g. 325 nm) fluoresce in the visible and near-
infrared spectrum (500-800 nm). (B) Image of QDs in solution under
fluorescent excitation. Image courtesy of Dr. A. Rakovich (Imperial
College London).
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Secondary Antibody

<— Primary Antibody

l Cell Surface Protein

Fig.7 Schematic of streptavidin-coupled QD for detection of proteins
through binding to biotinylated secondary antibody (Adapted from
Howarth et al.%).

3.2.1. Nanoparticles in optical detection of ErbB2

3.2.1.1. Fluorescent quantum dots. Quantum dots (QDs),
described as luminescent semiconductor nanocrystals, hold
intrinsic properties which could vastly improve the quality,
fidelity and durability of optical imaging for biomarker detec-
tion. QDs exhibit superior fluorescent quantum yield compared
to organic dyes, higher photostability (an advantage in
archiving of biological samples), broad absorption spectra,
narrower emission peaks, tuneable emission wavelengths and
their small dimensions allows them to penetrate tissue barriers.
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In terms of fluorescent properties, QDs far outperform the
commonly used FISH kit organic fluorophores such as fluo-
rescein® and Texas Red®* and have been applied in a FISH
detection system.*®

Another significant advantage of using QDs for diagnostic
assays is that multiple QDs can be excited by a single non-
coherent light source, such as an ultra-violet (UV) lamp (Fig. 6).
This reduces the need for specialised equipment and associated
costs. Additionally, QDs emission peaks can be tuned to desir-
able wavelengths by modifying their size,* allowing the devel-
opment of simple-to-use multiplexed assays.**

3.2.1.2. Optical detection of ErbB2 protein in vitro using
quantum dots. QDs have been used for the detection of ErbB2 in
IHC-based assays and are being developed toward the detection
of rare CTCs in patient blood fractions.®® QDs conjugated to
streptavidin and incorporated into a conventional IHC protocol
can act as a signal amplifier for biotinylated secondary anti-
bodies®*” (Fig. 7). Wu et al® demonstrated multiplexed
detection of ErbB2 and nuclear antigens using QD-IgG or
QD-streptavidin, and showed the favourable photostability of
QDs over organic dyes. In tumour tissue samples, ErbB2 protein
has been detected in breast cancer core biopsy using QDs
(znS/CdSe, 605 nm emission peak), with improved results over
traditional IHC in terms of quantification of ErbB2.°**° In this
case, the improved visual contrast in QD-stained samples
compared to traditional ErbB2 IHC allowed software-based
statistical analysis of the tissue sections in terms of fluorescence
intensity and distribution area. Using two different emission
spectrum QDs (605 nm and 545 nm) this approach was
successfully used to simultaneously image ErbB2 and ER in
breast cancer sections.*

QDs have been impregnated into submicron polyacroline
particles, followed by antibody functionalisation, to create an
ErbB2 probe for in vitro cell imaging.” Although QDs have also
been applied to the assessment of ErbB2 gene copy number,*
and improved fluorescent properties over an organic dye were
demonstrated, a more recent publication® has shown that in
the case of FISH, the reproducibility of ErbB2 gene detection
was more difficult with QD-based assays.

QD-based IHC performs well at detecting low level expres-
sion of ErbB2 in tissue.®® By utilising fluorescent-linked probes
rather than enzymatically-linked probes, QDs help to move IHC
from a semi-quantitative, subjective diagnostic technique
towards a quantitative, objective one. This NP-based application
has the potential to improve current clinical diagnostics
through standardisation of tissue scoring systems.

3.2.1.3. Multiplexed fluorescence-activated cell sorting (FACS)
using quantum dots. FACS allows the quantitative, multiplexed
examination of molecular markers within a cell population by
simultaneously processing multiple fluorophore signals, each
fluorophore being linked to a specific marker. Due to their
inherent photostability and tuneable fluorescent emission
wavelength, the use of quantum dots rather than organic dyes
is set to improve the performance of FACS as a diagnostic
technique. FACS has been used to detect surface ErbB2
expression in cancer cell lines in suspension using fluorescent
QDs directly conjugated to ErbB2-specific antibody fragments
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Table 6 Main physical properties of Gold and Silver Nanoparticles.
The left column shows the property with the corresponding applica-
tion listed in the right column

Gold and silver nanoparticle

features Bioimaging application

Localised surface plasmonic
resonance

Surface plasmon resonance
imaging

Surface enhanced Raman
spectroscopy

Intense raman scattering profile

Two photon luminescence Two photon emission microscopy

X-ray radiopacity X-Ray computer tomography

Electroconductive Electrochemical detection

(cys-diabodies),”* and the selective detection of ErbB2-positive
cells (MCF7, SKOV-3) vs. prostate specific antigen-expressing
cell lines (LnCap, PSCA) using QDs has been demonstrated.
Although this work was carried out using cell lines in solution, it
may be possible to apply QDs to CTC detection in patient blood
fractions.

To date QD-based techniques have shown more promise for
improving the quality of ErbB2 protein assays rather than ErbB2
gene assays in vitro. The combination of their superb optical
properties, functionalisation potential and nanometer size has
allowed QDs to be adapted to different diagnostic platforms
such as IHC and FACS.®*”%”> This adaptability has significant
future implications in terms of increasing the reliability of
comparison between different diagnostic techniques.

3.2.2. Detection of ErbB2 using metal nanoparticles

3.2.2.1. Noble metal nanoparticles. Gold (Au) and silver (Ag)
NPs possess a number of properties (e.g. localised surface
plasmon resonance, enhanced Raman scattering, electro-
conductivity photoelectric potential, biocompatibility, lack of
photobleaching) which can be exploited in clinical diagnostic
techniques for the detection of ErbB2.”>7* Table 6 below lists
some of the main physical properties of Au and Ag NPs along-
side their application in the detection and imaging of
biomarkers.

3.2.2.1.1. Localized surface plasmon resonance (LSPR). Noble
metal NPs (such as Au NPs and Ag NPs) exhibit localized surface
plasmon resonance (LSPR), which can be defined as enhanced
optical absorption and scattering at a specific peak resonant
wavelength. This property is tuneable by altering composition,
size and shape of the NPs, as well as the surrounding dielectric
medium.” Seekell et al.”® demonstrated the multiplexed detec-
tion of ErbB2 along with two other cancer biomarkers in various
cancer cell populations using antibody-functionalised Au NPs
and Ag NPs in flow cytometry. Additionally, LSPR has been used
to study receptor dimerisation of ErbB2 by observing plasmonic
coupling between adjacent NPs,”” adding an additional inter-
rogative power to future assay development.

3.2.2.1.2. Surface-Enhanced Raman Spectroscopy (SERS).
Raman spectroscopy is a non-destructive, non-invasive optical
method which is based on the inelastic scattering of light.”®

This journal is © The Royal Society of Chemistry 2014

View Article Online

RSC Advances

Exceptionally intense Raman scattering is an inherent property
of metal NPs such as Au NPs and Ag NPs, and this property has
led to their use in surface-enhanced Raman spectroscopy
(SERS). Since Raman scattering from metal NPs is often several
orders of magnitude greater than non-metalic molecules, it
makes them ideal for detection in a complex system. For
example, binding of an analyte to functionalised metal NPs will
cause a shift in the Raman spectrum of that NP, indicating that
analyte binding has occurred.

The detection of ErbB2-positive cancer cells in vitro using
SERS has been achieved by coupling antibodies to the surface of
Au NPs.” In this study, Raman scattering was measured
through the skin of nude mice following subcutaneous injec-
tion of Au NPs. In a follow-up study, the same group demon-
strated SERS detection of cancer xenografts in mice, using
functionalised Au NPs.” Similarly, Ag NPs have been used to
differentiate between ErbB2-positive and ErbB2-negative cell
lines using SERS. Improvements in the design and functional-
ization of NM-based SERS detectors will ultimately facilitate the
widespread use of SERS for diagnostic purposes.

These studies demonstrate the potential application of tar-
geted noble metal NPs in ErbB2 assays. Since this technique is
not ideal for in vivo cancer imaging at depths greater than a few
millimetres, SERS is likely to become a replacement or
companion to in vitro cancer diagnostic kits.”

3.2.2.1.3. Two photon scattering. Another result of the
surface plasmon resonance displayed by metal NPs is the
enhanced scattering of incident light (termed two photon
scattering or hyper-Rayleigh scattering) at the second harmonic
wavelength. Functionalised gold NPs have been used to
discriminate between ErbB2-positive (SKBR-3) and -negative
(MDA-MB-231) cell lines in a PBS suspension using this tech-
nique.* In the presence of ErbB2-positive cells, the two-photon
scattering intensity increased compared to the ErbB2-negative
cell line. Lu et al.* also demonstrated that the scattering-based
system was two orders of magnitude more sensitive (100 cells
per ml) than the colourimetric equivalent in detecting ErbB2-
positive cancer cells.

3.2.3. Nanoparticles in detection of soluble ErbB2 and
circulating tumour cells. The electroconductivity of gold NMs
has also been exploited to create an electrochemical detection
system for sErbB2. Mucelli et al.** demonstrated the detection
of ErbB2 in SKBR-3 and MCF7 cell lysate preparations using
Trastuzumab-functionalised gold nanoelectrodes which
generate an electrocatalytic signal upon analyte binding.
Although the detection system showed successful detection of
ErbB2 in a complex biological solution, the detection limits
attained by this setup were not improved over current ELISA
detection limits. The detection of CTCs using nanomaterial-
based technologies, as demonstrated in the CTC model by Lu
et al.,*” has been met with some success and a NP-based system
has been commercialised (CellSearch®, Janssen Diagnostics,
Inc., Belgium) which uses functionalised magnetic nano-
particles to separate CTCs from whole blood. Ghazani et al.*®
have demonstrated the detection of CTCs based on a combined
four-marker biomarker set (Epithelial Cell Adhesion Molecule,
ErbB2, ErbB1 and Mucin-1). This multiplexed approach uses
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micro-NMRI to detect functionalised iron oxide nanoparticles
in a complex blood sample, without the need for primary CTC
isolation. This offers greater chance of capturing CTCs and
illustrates how measuring multiple targets may increase the
diagnostic predictive value of a clinical in vitro diagnostic.

3.3. Nanoparticle applications for in vivo ErbB2 imaging

In vivo imaging techniques allow the assessment of internal
anatomical structures. Techniques such as X-ray computed
tomography (XRCT) (Section 3.3.2) and Magnetic resonance
imaging (MRI) (Section 3.3.3) have become invaluable as
medical assessment and diagnostic tools. More recently, near-
infrared (NIR) spectrum contrast agents have been demon-
strated as suitable superficial tissue contrast agents.** Despite
the advances made towards in vivo imaging, there are a number
of aspects associated with these imaging modalities which need
to be improved upon (e.g. administered contrast agent dose,
short renal clearance times, non-specific distribution of
contrast agents and reliance on the EPR effect alone for the
visualisation of tumours). Due to their size, composition, and
functionalisation potential, some NPs are suitably positioned to
provide answers to the current in vivo imaging needs. NMs can
be tuned to achieve desired renal clearance times and so
provide a concrete opportunity for multimodal imaging of
malignancies.®® NMs can naturally accumulate in tumours
due to the EPR effect, and this quality may be enhanced through
NM functionalisation in order to increase the sensitivity and
specificity of ErbB2 tumour detection. The following section
(summarised in Table 7) illustrates the application of nano-
technologies towards the enhancement of in vivo ErbB2 cancer
detection.

When developing NPs such as SPIONSs, polystyrene beads,
noble metal NPs and QDs for in vivo applications (see Table 7),
cytotoxicity and biocompatibility issues must be considered.
Many of these particles have been incorporated into liposomes
for a variety of different applications to best maximise the
delivery of localised drug or contrast imaging enhancer where
necessary.”> In this respect, only those particles that have
already been assessed or evaluated in their associated risk for in
vivo imaging are considered. Over the past 10 years, iron oxide
nanoparticle formulations have been brought through pre-
clinical and clinical evaluation and are available as FDA- or
EMA-approved MRI contrast agents, such as Endorem® (Fer-
idex IV) and Resovist® (Cliavist®). Therefore, in the case of
SPIONS, cytotoxicity and biocompatibility have been taken into
account during the pre-clinical and clinical phase I trials.
Currently, a number of EU FP7 projects (such as the MULTIFUN
project) are engaged in the development of a new generation
multifunctional SPION for theranostic application for in vivo
applications.®® Polystyrene (PS) beads have been extensively
used as a biocompatible multimodal system for enhanced
imaging. PS beads have been proven to have several advantages
from their controllable sizes to their tunable functional
responses with the surrounding tissue.®”

Au and Ag have been extensively used for their plasmonic
imaging properties and antibacterial properties,*® respectively.

This journal is © The Royal Society of Chemistry 2014

View Article Online

RSC Advances

The biocompatibility of Ag NPs is illustrated by several products
on the market including bandages, plasters, tiles, and paints
which all work on the principle of nano-Ag antibacterial prin-
ciple. The “nano-” formulations of gold may be advantageous
for tackling very specific disease and healthcare applications,
and gold NP formulations such as Aurimmune® are currently in
phase II trials for solid tumour treatment.*® That aside, there are
at least 5 Au NP products on the market commercially available
which have been approved for cancer imaging and theranostic
purposes.®

In the past 10 years, QDs have been proven to be the future
alternative to colorimetric dyes due to their intrinsic properties.
Several studies have also provided evidence for in vivo applica-
tions.’”** The speculations in this respect are twofold: (1) QDs if
properly coated can be made biocompatible and non-cytotoxic
and (2) the efficacy of real-time QD imaging in vivo in life-
threatening (or irreversible) disease can overcome the localised
biocompatible limitation of the QD core (in the eventuality that
this will be fully exposed to biological tissue/fluid).

Furthermore, in all nanomaterials here presented there is
growing evidence from the physico-chemical applications that
these can be designed (or assembled) into a multi-layer configu-
ration to reduce, prevent or neutralise any possible adverse aspect
derived from the interaction with the in vivo biological tissue or
fluid.** This is particularly true for iron oxide, Ag and Au NPs due
to either the low toxicity or inert nature.®**

3.3.1. Optical imaging of ErbB2 protein in vivo using near-
infrared-emitting nanoparticles. In vivo optical imaging tech-
niques have limited depth penetration through human tissues.
However, materials which emit light in the NIR spectrum
(~700-1600 nm wavelength radiation) have particular advan-
tages for in vivo molecular imaging due to the fact that these
wavelengths are minimally absorbed by body tissues.”
However, to date many organic NIR imaging probes have been
limited in clinical use due to aqueous insolubility, aggregate
formation and small Stokes shifts.*® The ability of QDs to emit
efficiently in the NIR makes them promising candidates as NIR
contrast agents and have focused attention on the development
of NM-based probes for subcutaneous in vivo imaging.®” Issues
surrounding the in vivo use of QDs such as long term in vivo
distribution, clearance, and toxicity QDs needs to be charac-
terised®® before they can be deemed suitable for optical imaging
as an in vivo diagnostic tool.

For example, Gao et al.*”® coupled an anti-ErbB2 affibody to
the surface of QDs, followed by systemic probe injection and
imaging of human SKOV-3 tumours in immune compromised
mice. NIR fluorescence (NIRF) in vivo imaging showed that
functionalised anti-ErbB2 QDs selectively bound to and accu-
mulated in SKOV-3 tumours compared to non-functionalised
PEG-coated QDs. Lately, Trastuzumab-functionalised poly-
styrene NPs containing NIR-emitting heptamethine dye have
been developed to facilitate in vivo imaging of ErbB2-positive
tumours.'™ These particles have shown to successfully detect
ErbB2 in cancer cell lines and fixed tumour tissues. In vivo, the
same NPs could be visualised by NIRF imaging when injected
subcutaneously into mice, leading to the possibility of use as
future in vivo imaging probes.
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There are still a number of obstacles to overcome before QDs
or other NPs become common-place in in vivo diagnostic and
clinical practise. Although NIR QDs would be useful in vivo
imaging of superficial cancers, their application is depth-limited
to not more than 3-4 cm. In addition, the cytotoxicity of QDs"*
and ability to selectively target tumour tissue still need to be fully
addressed. Due to their sequestration in non-cancerous organs,
QDs will most likely not be systemically administered, but
administered directly to the tissue of interest. Parameters such as
NP size, composition, surface functionalisation and adminis-
tered dose all contribute to whether NPs will be used in vivo.
Despite possessing excellent fluorescent properties (such as
tuneable NIR spectrum emission) there is still a way to go before
QDs will be considered safe for in vivo imaging of cancers.

Although in vivo NIR-imaging is depth-restricted, a relatively
new and exciting NP-based in vivo imaging technology has
emerged from NPs which exhibit the phenomenon of second
harmonic generation (SHG). SHG occurs when mono-chromatic
electromagnetic radiation is passed through an optically non-
linear material and generates an output wave with double the
frequency to that of the incident radiation. This phenomenon is
a property of materials with a non-centrosymmetric crystal
lattice structure, and can be found in nanomaterials such as
CNTs, ZnO and GaN nanowires, and nanocrystals such as
BiTiO;.'”* Advantages of using SHG for bioimaging include
tuneable output frequency radiation and minimal unspecific
background interference. Additionally, SHG is not restricted by
an absorption/excitation spectra window and is not prone to
bleaching or blinking effects.’® These characteristics make
particles which possess SHG ideal for deep tissue in vivo
imaging through measurement of coherent interference from
NP populations. Although ErbB2 imaging in vivo using SHG has
not been demonstrated yet, it is an avenue of research which
looks very promising for future clinical applications, especially
in imaging biopsies.

3.3.2. X-ray Computed Tomography (XRCT) of ErbB2
tumours using metal nanoparticles. XRCT, also known as
Computed Tomography (CT) or Computed Axial Tomography

B

Patient \%L/ lm, (\{'

Fig. 8 Principle of X-ray computed tomography. (A) Schematic of
XRCT in a clinical setting; X-rays (blue oscillating wave) pass through
the patient's body and are detected on the opposite side (brown
rectangles) to the X-ray generator (red). The attenuated X-rays
collected by the detector are converted into a digital signal for image
processing. (B) The molecular underpinnings behind XRCT; In the
body, atoms such as hydrogen (H) do not attenuate X-rays whilst
iodine (I) contained within contrast agents measurably block X-rays.
(C) The potential use of Au NPs in XRCT. Au NPs (yellow) readily block
X-rays and can be tumour targeted by functionalising the Au NP
surface with antibodies (Ab).
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(CAT) images in vivo architecture based on obstruction of X-
radiation by tissue structures.'® Contrast agents (such as
iodine) are used to enhance radiopacity for imaging purposes
(Fig. 8); however short renal clearance times of such contrast
agents require high doses to be administered, thus raising
toxicity issues. Loading tumour marker antibodies with CT
contrast agents has attempted to reduce the administered dose
needed but insufficient iodine loading on the antibody resulted
in suboptimal CT conditions.'®

Several noble metal and non-noble metal NPs (namely
bismuth (Bi) and ytterbium (Yb) NPs) with high radiopacity have
been developed as CT contrast agents in an attempt to target
and improve image contrast in in vivo CT imaging.'*® The main
advantages of using nanotechnology-based contrast agents
include tuneable blood half-life, and a high X-ray attenuation
coefficient as compared to iodine, making it useful as a
potential contrast agent."””

In a proof of principle study, Trastuzumab-functionalised Au
NPs were used to detect ErbB2-positive cancer xenografts in
mice using Micro-CT.'* This study demonstrated accumulation
of anti-ErbB2 Au NPs to the tumour site and detection of small
tumours (1.5 mm). However, significant nonspecific accumu-
lation of unconjugated Au NPs in ErbB2-positive and ErbB2-
negative tumours (possibly due to EPR effect) appears to limit
their use as ErbB2-specific in vivo targeting tools.

3.3.3. Magnetic imaging of ErbB2 tumours using magnetic
nanoparticles. For many years, MRI (which measures proton
density and relaxation rate in a magnetic field) has been used for
the non-invasive, three-dimensional imaging of in vivo
tumours'® (Fig. 9). Conventional MRI relies on a pre-contrast and
post-contrast image in order to locate and define the tumour
from the high resolution background image'® and requires
significant anatomical knowledge on behalf of the analyst in
order to identify the tumour relative to surrounding tissue.

In order to enhance tumour image contrast, efforts have
been made to couple contrast agents such as radioactive
elements™ to anti-ErbB2 ligands in an attempt to improve the

A B C

Main Magnet

Patient

Fig. 9 Principle of magnetic resonance imaging. (A) Schematic of MRI
in a clinical setting: the main magnet and gradient magnet are used to
align the atomic nuclei within the patient's body. (B) The molecular
underpinnings behind MRI: the radio frequency (RF) coil is used to alter
atomic alignment and a magnetic moment is released from the atoms
as they relax to their normal magnetic alignment. (C) The use of
SPIONs in MRI. SPIONS generate a large magnetic moment when
returning to their normal magnetic alignment. The attached antibodies
(orange) will allow targeting of SPIONs to tumour tissue. Key: yellow
bands: radio frequency; vertical blue arrows: magnetic field; Oscil-
lating blue arrow: released energy from relaxing proton/super-
paramagnetic NP.
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detection of ErbB2-positive cancer. Still the low biocompati-
bility of these contrast agents has spurred researchers to
investigate novel nanotechnology-based magnetic labels.
Superparamagnetic iron oxide nanoparticles (SPIONs) are one
of the main categories of NMs used as magnetic contrast agents.
Their surface can be functionalised with bioactive marker
ligands such as antibodies and can be coated with biocompat-
ible materials such as silica.*™* These non-radioactive, biocom-
patible SPIONs have been used to detect ErbB2 in vitro,"* and
can be used to separate ErbB2-positive SKBR-3 cells from ErbB2-
negative NIH/3T3 cells in an in vitro model for cancer cell
sorting.'** However, their real value will probably be found in in
vivo applications where deep penetrating tissue contrast agents
are necessary. The potential of SPIONs as valuable in vivo
magnetic contrast agents has been demonstrated in murine
tumour xenograft explants,” where anti-ErbB2-conjugated
SPIONs injected into ErbB2-expressing xenografts yielded
higher magnetic response via superconducting quantum
interference device (SQUID), compared to unconjugated
SPIONs. MRI of anti-ErbB2-conjugated SPIONs in a non-
immune-compromised ErbB2-transgenic mouse model'**
demonstrated significant shortening in 7, magnetic relaxation
time in the tumour region compared to no injection, and
suggests that these SPIONs can provide contrast enhancement
in tumour tissue. Although the decrease in T, was larger in anti-
ErbB2 SPIONs compared to IgG-conjugated SPIONs, the differ-
ence was not statistically significant at the low sample number
used (n = 3).

More recently, magnetic relaxometry of SPIONs measured by
SQUID offer the chance to significantly improve in vivo imaging
of tumour tissue over MRI imaging. SQUID sensors are tuned to
only capture the magnetic field relaxation of target-bound NPs,
thus eliminating background contrast interference. SQUID
measurements improve therefore the magnetic signal-to-noise
ratio of the tumour but loose the context of tumour positioning
within tissue.'”® This deficit can be overcome by integrating
SQUID measurements with SQUID-detected ultra-low-field-MRI.
Hathaway et al.*® used SQUID sensors to detect ErbB2-positive
tumour explants using anti-ErbB2 conjugated SPIONs. Notably,
these nanotechnology-based probes allowed the detection of
low numbers of labelled tumour cells within breast phantom
tissue at a depth of nearly 5 centimetres. Commercially avail-
able SPIONs (Endorem®) are being trialled for the SQUID-based
magnetic detection of cancerous sentinel lymph nodes in breast
cancer patients.'*®

Direct comparison of SPIONs detection of ErbB2-positive
cancers by MRI and magnetic relaxometry showed that both
techniques are able to detect and image MCF7/Her2-18 tumour
xenografts in mice. High sensitivity in tumour detection was
possible by SQUID detection of targeted SPIONs,"” however the
lack of comparison to ErbB2-negative tumour xenografts means
that the specificity of the functionalised SPIONs was not fully
tested.

With the ability to functionalise their surfaces, magnetic NPs
are set to become the magnetic contrast agents of the near
future, providing targetable, non-radioactive imaging tools for
specific cancer subtypes. SQUID sensor developments, as well
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as other advantages of relaxometry (such as linear magnetic
moment relative to NP number) may provide additional sensi-
tivity for the generation of high quality imaging tools to diag-
nose tumours. However, as with the use of other NPs in vivo, a
significant consideration is the sequestration of SPIONs by non-
cancerous organs such as the liver and kidneys. These issues
may be addressed through NP engineering approaches and
surface functionalisation.

4. Conclusions

Clinically, ErbB2 overexpression is considered to be an impor-
tant marker for a number of solitary and metastatic cancers and
sErbB2 is recognised as a promising blood biomarker in
profiling ErbB2-positive cancer progression. Although current
clinical diagnostic approaches give the clinician a reasonable
assessment of ErbB2 load within a patient, this review high-
lights the inherent limitations of these systems and under-
scores the need for new technologies which aim to bring clinical
diagnostics to new levels of molecular specificity and sensitivity.

The option to functionalise NPs with ligands has the
potential to improve clinical diagnosis of ErbB2 with respect to
sensitivity, objectivity and multiplexing of biomarker analysis
for clinical diagnostic applications. Although currently, NM-
based technologies may sometimes suffer from limitations such
as batch-to-batch reproducibility,"® it is expected that with
constantly improving understanding of NP synthesis and
functionalisation, the advantages of NP-based diagnostics will
be fully realisable.

Invitro, NMs such as QDs provide a real opportunity to improve
the quality of ErbB2 diagnostics, particularly in protein quantifi-
cation assays. QDs have been used to improve the sensitivity and
objectivity of a routine ErbB2 IHC diagnostic, for a more robust
disease staging. QD use in FACS has the potential to simplify
multiplexed cancer assays, thus increasing the confidence which
clinicians can place in the diagnostic readout. Additionally, noble
metal NP application to SERS-based and electroconductive ErbB2
detection systems is likely to enhance future in vitro cancer diag-
nostic kits. The availability of functionalised SPIONs as a
commercially viable diagnostic product (CellSearch®) for simpli-
fied CTC detection in complex patient sample, illustrates the
benefits that NMs can bring to improving the simplicity and
specificity of in vitro ErbB2 cancer diagnostic assays.

In vivo, NPs are suitably positioned to meet medical
demands for targeted imaging of cancers. The ability of QDs to
emit efficiently in the NIR makes them promising NIR contrast
agents and has focused attention on the development of QD for
subcutaneous in vivo imaging. Other NMs which possess SHG
may be ideal for deep tissue in vivo cancer imaging. In terms of
enhancing existing in vivo cancer imaging techniques, several
functionalised noble metal NMs have been developed in an
attempt to target and improve image contrast in XRCT imaging.
This NP application has achieved detection of small tumour
populations, though issues of nonspecific accumulation of
unconjugated Au NPs in ErbB2-positive and ErbB2-negative
tumours appears to limit their widespread application for
ErbB2-specific tumour detection for the time being.
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SPIONSs are a category of NMs which are already commer-
cially available for use as in vivo magnetic contrast agents and it
is hoped that this NM type will be further refined to provide
cancer-targetable imaging tools for specific cancer subtypes
such as ErbB2, while reducing the dose administered to the
patient. SPION development, along with magnetic sensor
improvements (such as SQUID), may provide additional sensi-
tivity for the generation of high quality detection tools to diag-
nose ErbB2-specific tumours in depth.

To conclude, limitations in current in vitro and in vivo ErbB2
diagnostic approaches are hindering the advancement of
cancer treatments against this often-aggressive molecular
subtype. The development of more reliable methods to assess
ErbB2 load and activity in tissue and blood fractions will inev-
itably help to improve the quality of treatment which cancer
patients receive. To this end, there is a demand for in vitro and
in vivo ErbB2 assays with increased sensitivity, specificity and
multiplexed ability. A range of NMs have been developed to
meet some of these medical needs, and the current and
potential benefits of NM-based ErbB2 assays have been illus-
trated. From the assessment of the current scientific and tech-
nological developments surrounding ErbB2 detection, it is
expected that in the next five to ten years several of the pre-
clinical NM-based techniques and methodologies described are
set to be translated into practise for the benefit of the patients,
clinicians and healthcare providers.
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Abbreviations

AP Alkaline phosphatase

APTES (3-Aminopropyl) triethoxysilane
CISH Chromogenic in situ hybridisation
CNT Carbon nanotube

CTC Circulating tumour cell

DNA Deoxyribonucleic acid

EGFR Epidermal growth factor receptor

ELISA Enzyme-linked immuno-sorbent assay
EPR Enhanced permeability and retention
ErbB2 Epidermal growth factor receptor 2
ER Estogen receptor

FACS Fluorescence activated cell sorting
FDA Food and Drug Administration

FISH Fluorescent in situ hybridisation

HRP Horseradish peroxidase

IgG Immunoglobulin G

IHC Immunohistochemistry

LSPR Localised surface plasmon resonance
mMRNA Messenger ribonucleic acid

NIR Near-infrared

NM Nanomaterial

NMRI Nuclear magnetic resonance

NP Nanoparticle
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NW Nanowire

PEG Polyethylene glycol

PR Progesterone receptor

QD Quantum dot

RT-PCR Real-time polymerase chain reaction

SERS Surface enhanced Raman spectroscopy
SHG Single harmonic generation

SPION Superparamagnetic iron-oxide nanoparticle

SQUID Superconducting quantum interference device
TK Tyrosine kinase

™ Transmembrane

uv Ultra violet

XRCT X-ray computed tomography.
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