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Abstract

Detection of cancer-related circulating biomarkers in body fluids has become a cutting-edge
technology that has the potential to noninvasively screen cancer, diagnose cancer at early stage,
monitor tumor progression, and evaluate therapy responses. Traditional molecular and cellular
detection methods are either insensitive for early cancer intervention or technically costly and
complicated making them impractical for typical clinical settings. Due to their exceptional
structural and functional properties that are not available from bulk materials or discrete
molecules, nanotechnology is opening new horizons for low cost, rapid, highly sensitive, and highly
specific detection of circulating cancer markers. Gold nanoparticles have emerged as a unique
nanoplatform for circulating biomarker detection owning to their advantages of easy synthesis,
facile surface chemistry, excellent biocompatibility, and remarkable structure and environment
sensitive optical properties. In this review, we introduce current gold nanoparticle-based
technology platforms for the detection of four major classes of circulating cancer markers -
circulating tumor cells, vesicles, nucleic acids, and proteins. The techniques will be summarized in
terms of signal detection strategies. Distinctive examples are provided to highlight the
state-of-the-art technologies that significantly advance basic and clinical cancer research.
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Introduction

Tissue biopsy is commonly used in the clinic to
diagnose a variety of cancers. It plays an important
role in tailoring best treatment options for the
individuals at diagnosis. However, tissue-based
biopsy is invasive, quite costly, impractical for
repeated testing, and unavailable to some cancer
types. For example, over 30% of advanced non-small
cell lung cancers do not have accessible tissue [1].
Especially, tumors are heterogeneous and evolve over
time. Thus, biopsy data from the limited amount of
collected tissues are often biased and can mislead
clinical decisions.

The limitations in tissue biopsy have driven the
development of liquid biopsy, a means to detect and
analyze cancer biomarkers in body fluids such as
blood and urine to aid in cancer screening, diagnosis

and therapy [2]. Liquid biopsy is non-invasive,
inexpensive, accessible to large populations, and
allows for repeated testing for real-time monitoring of
disease stage and treatment response. It is probably
better than standard biopsies to assess tumor biology
as biofluid samples contain information from all the
tumor cells in the patient rather than small portion of
a tumor in the tissue biopsy. It can detect minimal
tumor residues and recurrence after surgery and has
the potential to detect cancer before tumor
identification with imaging techniques [3]. In June
2016, the U. S. Food and Drug Administration (FDA)
approved the first liquid biopsy test, cobas epidermal
growth factor receptor (EGFR) Mutation Test v2
(Roche Molecular Systems, Inc.) for in vitro diagnostic
use in cancer. This test uses plasma specimens as a
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companion diagnostic test to detect defined mutations
of the EGFR gene that makes patients with non-small
cell lung cancer for treatment with the targeted
therapy erlotinib. Liquid biopsies via comprehensive
molecular profiling are already available to
physicians and patients, which give a great source of
additional tumor genetic information to tissue biopsy.

There are four classes of analytes in liquid
biopsy: circulating tumor cells (CTCs), circulating
vesicles, circulating nucleic acids (CNAs), and
circulating proteins. Circulating vesicles consist
mainly of exosomes (EXOs) and microvesicles (MVs)
and CNAs of circulating tumor DNA (ctDNA) and
RNA. It is still unclear which of these analytes is the
best cancer biomarker. Most likely, a combination is
needed to assess various aspects of cancer. Detection
and analysis of circulating cancer biomarkers,
however, is challenging because they represent small
fractions in the complicated body fluids. For example,
as few as one CTC is mixed with ~ 7 million white
blood cells (WBCs) and 5 billion red blood cells
(RBCs) in 1 mL of patient blood [4]. The fraction of
ctDNA is often less than 1% (sometimes less than
0.01%) of total cell free DNA in patient plasma [5, 6].
The circulating vesicles from tumor cells are abundant
(108 - 10° /mL of plasma), but non-tumor cells also
release vesicles as part of their normal functions. The
plasma may contain as many as 40,000 different
proteins from about 500 gene products, which places a
grand challenge to look for one or few specific
oncoproteins. Therefore, detection and analysis
require highly sensitive and specific techniques to
identify and detect circulating biomarkers with high
efficiency. Circulating biomarkers can be detected
either by protein-based or nucleic acid-based
approaches. Traditional protein-based methods are
western blot, enzyme-linked immunosorbent assay
(ELISA), radioimmunoassay (RIA), flow cytometry,
mass spectrometry, and immunofluorescence
imaging. Nucleic acid-based methods are polymerase
chain reaction (PCR) and reverse transcription
polymerase chain reaction (RT-PCR). Although these
methods have made great advancements for
circulating biomarker detection, they either lack
sufficient sensitivity for early detection or are
technically  complicated  requiring  expensive
instrumentation and skilled professionals. For
example, the blood concentrations of proteins
associated with early stage cancers range from 10-1¢ to
102 M [7], but the commercially available
immunoassays have a typical limit of detection (LOD)
at the picomolar level [8] rendering them incapable of
early detection. It is therefore very important to
develop new quantitative assays with ultrasensitivity.

Nanotechnology is opening new horizons for
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highly sensitive and specific detection of circulating
cancer markers. The rationale is that nanomaterials
exhibit exceptional functional properties that are often
not available from either bulk materials or discrete
molecules. Nanomaterials have large
surface-to-volume ratio for highly efficient target
interactions. These properties can be exploited to
enhance the performance of traditional methods or
develop new assays with ultrasensitivity and
multiparametric capabilities. Nanosensors have
reached detection limit from picomolar to zeptomolar
levels, which opens a new era of early cancer
detection [9]. Among the various nanoplatforms, gold
nanoparticles (Au NPs) are unique for biomarker
detection due to their easy synthesis, facile surface
chemistry, excellent biocompatibility, and especially
their remarkable optical properties. Like other noble
metal NPs, Au NPs exhibit strong localized surface
plasmon resonance (LSPR), the collective oscillation of
conduction electrons around the particles that are
induced by the electric field of incident light [10]. The
LSPR of Au NPs is size, shape, structure, inter-particle
distance, and environment sensitive, with tunable
wavelength from visible to near infrared (NIR)
regions [11-13]. Due to the LSPR, Au NPs exhibit
extremely high absorption and scattering properties,
with extinction coefficients on the orders of 108 to 1011
M-lecm? depending on the particle’s size, shape and
structure [14, 15]. These values are more than 10,000
times stronger than those of organic dyes. The LSPR
also strongly enhances the electric fields of the
incident and scattering light, with |E|? being 100 to
10,000 times greater in magnitude than the incident
field [16]. A direct outcome of this field enhancement
is the strong augmentation of the Raman signals of
adsorbed molecules as the intensity of Raman signals
is proportional to the fourth power of the local field of
the metal particle [17]. Additionally, Au NPs can
modulate the fluorescence properties of adjacent
species via radiative and nonradiative processes [18].
These optical properties are well suited to develop
ultrasensitive platforms for detection and analysis of
circulating cancer biomarkers. For example, a
nanoplasmonic sensor composed of periodic Au
nanohole arrays can detect 670 aM exosomes. This
sensitivity is 10* times higher than western blot and
102higher than ELISA [19]. Au NP-based bio-barcode
assay can detect protein markers with LOD 4 - 6
orders of magnitude lower than ELISA [20].

There are many reviews on Au NPs regarding
their applications for cancer diagnosis and therapy
[21-25]. However, none of them focus on circulating
cancer markers, a rapidly growing field of cancer
medicine. In this review, we introduce current Au
NP-based technology platforms for the detection of
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circulating cancer markers categorized by the types of
targets - CTCs, circulating vesicles, CNAs and
circulating proteins (Figure 1). The techniques will be
discussed in terms of signal detection mechanisms,
including LSPR, colorimetric, surface enhanced
Raman scattering (SERS), fluorescence, photoacoustic,
electrochemical, and dynamic light scattering (DLS)
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detections. Other detection methods such as X-Ray
imaging and MS will also be described. Distinctive
examples, including those that have been tested with
real patient samples (Table 1), are provided to
highlight the state-of-the-art of Au NP-based
technologies that significantly advance basic and
clinical cancer research.
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Figure 1. Schematic of Au NP-based platforms for the detection of circulating cancer markers including circulating tumor cells, circulating vesicles, circulating nucleic acids, and

circulating proteins.

Table 1. Summary of Au NP-based assays that have been tested with clinical samples for circulating cancer marker detection.

Biomarkers Nanomaterials Target Detection method Detection limit Linear range Type of cancer  Ref
Circulating tumor cells ~ Au NPs whole cell SERS 5CTCs / mL blood  10-1000 head and neck [57]
Au NPs non-coding RNA nanowire 1CTC /10 mL blood N/A prostate [87]
resonance
frequency shift
Au NPs DNA fluorescence 1 CTC / mL blood 1-100 colorectal [88]
Au NPs mRNA fluorescence 100 CTCs / mL blood 102 - 105 breast [92]
Circulating vesicles Au nanohole array exosome LSPR 670 aM 104 - 106 ovarian [19]
Au NPs exosome colorimetric 1.42 pM 14 pM-22nM  melanoma [133]
Circulating nucleic acids Au NPs ctDNA SERS 10 copies 10-10,000 copies melanoma [161]
Circulating proteins Au NPs CEA colorimetric 34 pg/mL 0.05-20 ng/mL  colorectal [185]
Au NPs AFP colorimetric 2ng/mL 2-80 ng/mL liver [188]
Au NPs PSA colorimetric 4.6 fg/mL 10-105 fg/mL  prostate [191]
Au NPs PSA bio-barcode 330 fg/mL 0.33-33 pg/mL prostate [195]
Au NSTs CA15.3, CA27.29 & CEA  SERS 0.05 ng/mL 0.01-103 ng/mL breast [214]
Au NSTs VEGF SERS 7 fg/mL 0.1-104 pg/mL  breast [215]
Au NPs MUC4 SERS N/A N/A prostate [216]
HGNs CEA & AFP SERS 1ng/mL 1-100 ng/mL  liver [218]
Au NPs MUC4 SERS 33 ng/mL 0.01-10 ug/mL  pancreatic [219]
Au NPs serum biochemicals SERS N/A N/A colorectal [221]
Au NPs serum biochemicals SERS N/A N/A nasopharyngeal  [222]
Au NPs HER2 electrochemical 7.4 ng/mL 10-110 ng/mL  breast [226]
Au NPs CEA&AFP electrochemical 3 pg/mL 0.01-60 ng/mL liver [229]
Au NPs EGFR electrochemical 50 pg/mL 1-40 ng/mL breast [231]
Au NPs IgG DLS N/A N/A prostate [234]
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Circulating Tumor Cells (CTCs)

CTCs are a hallmark of invasive behavior of
cancer. Based on the “seed and soil” theory, a small
portion of CTCs (<0.01%) arrest in a capillary bed at a
distant site where they extravagate and seed the
growth of a secondary tumor [26]. CTCs are therefore
a required step for metastasis. Although the clinical
values of CTCs remain unclear, many studies have
shown their great potential [27]. CTCs can be used to
characterize and monitor cancer progression [28]. The
prognostic  significance of CTCs has been
demonstrated in several types of cancers including
breast, prostate, colon, melanoma, and lung cancer [4,
29-32]. CTCs are also useful in monitoring and
predicting the responses to ongoing therapy [33-35].
In addition, detection of CTCs shows strong promise
for early cancer detection since CTCs have been found
in blood during early stages of tumorigenesis [36].
CTCs are rare events, as few as one CTC mixed with
10 million WBCs and 5 billion RBCs in 1 mL of patient
blood with advanced cancer [4]. Thus, it requires
highly sensitive and specific techniques to capture
and identify them with high efficiency. To date, a vast
number of isolation and detection techniques have
been developed, with about 100 companies offering
CTC-related products and devices and over 400
ongoing clinical trials [37]. However, only one
technique, the CellSearch system (Veridex, LLC), has
been cleared by FDA for clinical utilization. This
technique uses 120-200 nm iron (Fe) NPs (ferrofluid)
linked with epithelial cell adhesion molecule
(EpCAM) antibodies to magnetically isolate CTCs
from blood plasma and then detect the tumor cells
with immunofluorescence imaging based on
intracellular cytokeratin expression [38]. EpCAM is an
epithelia marker. Since normal epithelial cells are not
found in blood circulation, capturing
EpCAM-positive cells indicates the capture of CTCs.
The CellSearch system is used to detect and count
CTCs in blood of patients with breast, prostate, and
colon cancers. However, this technique has poor
sensitivity, typically detecting CTCs in only 50%
patients known to have metastasis [39-41].

Au NPs can be used to capture CTCs by making
two-dimension nanostructured substrates, either
periodic Au nanostructure array [42] or Au
NP-deposited surface [43-46]. Targeting ligands such
as anti-EpCAM antibodies and aptamers are coated
on the Au surface to bind and capture CTCs.
Non-targeted blood cells and other impurities are
easily washed away from the substrate with buffer
solution. Due to the enhanced cellular interaction
from the large surface-to-volume ratio, the
nanostructured substrate can capture over 90 % CTCs
in contrast to 49 % with solid surface [45]. Using the
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photothermal properties of NIR-absorbing Au
nanorods  (NRs) in  conjunction with a

thermo-responsive hydrogel substrate, the captured
CTCs can be released at single cell resolution for
downstream analysis [46]. A very recent approach is
to coat anodic and cathodic electrodes with Au NPs to
capture CTCs for subsequent electrochemiluminesent
detection [47]. By grafting the cathodic Au NPs with
EpCAM aptamer and anodic Au NPs with lectin, this
approach can capture CTCs and profile surface glycan
expressions by utilizing the changes of the anodic to
cathodic peak intensity ratio.

Combining isolation techniques, Au NPs have
been widely used to detect CTCs based on their
optical properties. A major detection method is SERS
spectroscopy. SERS is known to be ultrasensitive,
with sensitivity down to single molecule and single
particle level due to the electromagnetic and chemical
enhancements [48, 49]. Different from fluorescence
spectroscopy, SERS gives sharp and fingerprinting
signals. SERS bands are 10-100 times narrower than
fluorescence peaks. Driven by these advantages, a
new type of optical label, SERS NPs has been
developed by coating Au NPs with Raman reporters
(generally organic dyes with highly delocalized
electrons) [50-52]. The SERS NPs are typically
stabilized with methoxy polyethylene glycol thiol
(mPEG-SH) with heterofunctional PEG moiety for
ligand conjugation. Other molecules such as reductive
bovine serum (rBSA) can also be used to ensure the
biocompatibility and ligand conjugation [53]. The
potential of SERS NPs for CTC detection was initially
demonstrated by Sha et al. in 2008 [54] (Figure 2A). In
this work, 50 nm commercial available SERS Au NPs
(Nanoplex biotags) were linked with human
epidermal growth factor receptor 2 (HER?2) antibodies
to target CTC-mimic SKBR3 breast cancer cells.
Immunomagnetic enrichment with anti-EpCAM
conjugated magnetic beads was used to isolate and
enrich CTCs. The SERS signals are linearly
proportional to the number of tumor cells, giving
quantitative measurement with LOD of 10 tumor cells
per mL of blood. A later strategy was to magnetically
enrich the labeled cells in a tube under a flow
condition followed by SERS detection [55]. The flow
condition can be facilely translated into microfluidic
modality for single cell analysis. Polymer membrane
has also been used to capture and purify CTCs by size
exclusion before SERS interrogation [56].

A major challenge in CTC detection is the
interference from the large background WBCs that are
difficult to be isolated from CTCs by centrifugation
due to their similar densities and sizes. The use of
antibodies as the recognition ligands often leads to
high false positives as antibodies have nonspecific
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binding to WBCs. To address this challenge, Nie and
co-authors used small peptide, epidermal growth
factor (EGF) to recognize CTCs [57]. In their studies,
CTCs were purified and enriched by density gradient
centrifugation. Using QSY21 as the Raman tag and
EGF as the targeting ligand, they have demonstrated
that EGFR-positive head and neck cancer cells can be
detected in the presence of WBCs, with LOD of 5 to 50
cancer cells per mL of blood. They have also
demonstrated for the first time the clinical potential of
the SERS method for CTC detection using blood
samples from head and neck cancer patients. They
showed that CTCs were detected in 17 out of 19
patients, with CTC numbers ranging from 1 to 720.
Although the method is very promising for clinical
use, it requires time consuming density gradient
centrifugation for CTC separation. An advanced
platform developed by our group is to integrate
magnetic isolation and SERS detection with a single
particle integrity, iron oxide-gold (IO-Au) core-shell
NP [58] (Figure 2B). Given the dual functions and
robust surface modification with pegylation, the
IO-Au NPs can directly bind to CTCs in whole blood,
allowing CTCs being isolated by one-step magnetic
separation and subsequent on-line direction with
SERS. This simple method is quick (2-h assay) and
simple (no blood pretreatment). To ensure high SERS
activities, we used anisotropic 10-Au nanoovals
(NOVs) as the SERS substrates as anisotropic NPs
have better SERS activities than spherical
counterparts due to their high curvature surfaces such
as particle edges and corners [59]. Using duplex
targeting with anti-EpCAM and HER?2 antibodies in
combination with a capillary flow system, we have
showed that the IO-Au NOVs can capture 90% SKBR3
cancer cells without significant interference from free
IO-Au NOVs. The particles can directly bind to cancer
cells in human whole blood, isolate and detect them in
a single step, offering an outstanding LOD of 1-2
cells/mL of blood. SERS NPs also exhibit excellent
multiplexicity. As SERS signals give a multispectral
feature with extremely sharp peaks, each Raman
reporter gives a unique spectral pattern. Using the
distinctive peak from each reporter, multiple targets
can be detected simultaneously under a single laser
excitation. The SERS spectrum can be converted to
images, with peak intensity yielding material
concentration and peak position yielding material
structure. This allows multicolor imaging of CTCs,
which has been recently demonstrated by Nima et al.
using silver (Ag)-coated Au NRs [60] (Figure 2C).
Using four different Raman reporters, the NRs can
image breast cancer cells based on expression of
insulin growth factor 1 (IGF-1), anti-EpCAM, anti-CD
44, and anti-keratin 18 in the presence of WBCs. The
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Raman imaging offers protein tomography of
multiple markers on a single cell, which is important
to understand the biology of CTCs.

Another optical approach to detect CTCs is
photoacoustic tomography (PAT), pioneered by
Zharov and colleagues [61-73]. PAT combines the
advantages of high contrast in optical imaging and
high resolution in ultrasonics to produce super depth
high resolution optical imaging [74]. In PAT detection,
light from pulsed laser sources is absorbed and
converted to heat that leads to transient thermoelastic
expansion and wideband ultrasonic waves. The
sound waves are detected and analyzed to produce
images. Due to the high light absorption efficiency,
Au NPs have been shown excellent PAT contrast
agent for cancer imaging [75]. The NIR-absorbing
properties of rod-shaped Au NPs provide excellent in
vivo imaging capabilities. Imaging and detection of
CTCs in vivo are important because they can monitor
CTC level in real-time and detect CTCs in the entire
blood volume of the body [69]. A groundbreaking
work using PAT for in vivo CTC detection was
conducted by Zharov and co-workers using a
xenograft mouse model [64] (Figure 3). In this work,
breast tumor cells circulating in mouse ear vein are
magnetically enriched with 10 nm IO (Fe2Os) NPs
functionalized with the amino-terminal fragment
(ATEF) of the urokinase plasminogen activator (UPA).
As IO NPs are not strong photoacoustic agent (LOD ~
720 NPs), gold coated carbon nanotubes (GNT) (LOD
~ 35 GNTs) were used as a second agent to boost
photoacoustic ~ signals. By  converting  the
photoacoustic signals into cell number, they were able
to monitor CTC level, with CTC rate correlating to the
stage of tumor. For clinical applications, in vivo
detection is still challenging because of the fast
clearance of the imaging agents in the bloodstream by
the reticuloendothelial system and high risk of
nonspecific binding to non-tumor cells in the blood.

Au NPs can also be used to detect CTCs based on
the electrocatalytic properties on hydrogen formation
in the hydrogen evolution reaction (HER) [76, 77]. The
Au NPs provide free electroactive sites to the protons
in the acidic medium that are reduced to hydrogen by
applying an adequate potential [78]. Thus, higher
current is generated in the cyclic voltammogram from
a solution containing Au NPs compared to control
solution. When CTCs are labeled with Au NPs, the
amplitude of the current in an acidic medium directly
reflects the concentration of CTCs [76, 77]. This
electrochemical method can detect ~ 4400 cells in
suspension. By combining CTC capture to the sensing
electrode with EpCAM-linked magnetic beads, the
LOD was dramatically improved to 160 cells. Au NPs
have also been used to directly detect CTCs in blood

http://www.ntno.org



Nanotheranostics 2017, Vol. 1, Issue 1

flow using the X-ray imaging technique [79]. By
grafting Au NPs with 6-thioguanine, Jung et al
showed that they can selectively incorporate Au NPs
into cancer cells but not blood cells. Because of the
high Au density, cancer cells moving in the blood can
be detected consecutively using the high-resolution
synchrotron X-ray micro-imaging. Au NPs have also
been used to detect CTCs using mass spectrometry
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[80-83]. Mass spectrometry has the advantages of
good sensitivity, low sample requirement, and wide
detection range. For example, Chiu et al. used pulsed
laser desorption/ionization mass spectrometry to
detect CTCs though the analysis of laser
irradiation-induced Au cluster ions. It allows selective
detection of MCEF7 cells in blood samples at
abundances as low as 10 cells.
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Figure 2. SERS-based detection and molecular imaging of CTCs. (A) SERS Au NPs for the detection of CTCs in human whole blood. Left: Schematic of the cellular binding of
antibody-conjugated SERS Au NPs (for detection) and magnetic beads (for isolation). Middle: SERS spectra of SKBR3 breast cancer cells in blood in comparison to controls. Right:
Dose-response curve of SKBR3 cells in blood. Reprinted with permission from ref 54. Copyright (2008) American Chemical Society. (B) 10-Au core-shell SERS NPs for dual
CTC isolation and detection. Left: Schematic of antibody-conjugated anisotropic IO-Au core-shell SERS NPs. Middle: Capture efficiencies of IO-Au core-shell NPs and SKBR3
breast cancer cells labeled with 1O-Au core-shell NPs. Right: Detection of SKBR3 cells in blood with anti-HER2 and anti-EpCAM conjugated IO-Au core-shell SERS NPs.
Reprinted with permission from ref 58. Copyright (2014) Future Science Group. (C) Multicolor Au-Ag core-shell SERS NRs for multiplexed CTC detection and imaging. Left:
Schematic of the preparation of 4 color Au-Ag core-shell SERS NRs and their SERS spectra. Right: Raman imaging of MCF7 cells in the presence of white blood cells with the 4
color Au-Ag core-shell SERS NRs. Reprinted by permission from Macmillan Publishers Ltd: [Science Reports] (ref [60]), copyright (2014).
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The aforementioned detection methods are
based on CTC antigen expressions. These cytometric
methods allow morphological identification and
downstream analyses as cells are not damaged.
However, the major drawback is the lack of universal
protein marker for CTC analysis. The commonly used
EpCAM has heterogeneous expressions in cancer cells
and its downregulation has been correlated with
CTCs in peripheral blood [84]. The cytokeratin
antibodies also bind to macrophages, hematopoietic
cell precursors and plasma cells [85]. These limitations
can be overcome by nucleic acid-based methods that
detect (epi)genetic alterations specific for cancer.
There are 10% to 10* copies of target RNA per CTC.
Consequently, detecting RNA in CTCs can greatly
enhance detection capability. Oligonucleotide-
functionalized Au NPs, pioneered by Mirkin and
co-workers, have been well established to detect
target RNA/DNA via hybridization [86]. An example
to use oligonucleotide-functionalized Au NPs to
detect RNA in CTCs was demonstrated by Sioss et al.

who designed a nanowire-resonator array sensor for
signal readout [87]. In this method, Au NPs were
bound to RNAs that were immobilized in advance on
the sensor via hybridization. The Au NPs added mass
to the sensor and shifted the resonance frequency of
the sensor. By measuring the resonance frequency
shift, the authors detected a nucleic acid prostate
cancer marker, PCA3 RNA. Based on the RNA
measurements and volumes used, they estimated the
LOD to be 1 CTC/10 mL blood. The sensors showed
high specificity, allowing single nucleotide mismatch
discrimination. Due to the large surface area, Au NPs
can be used as a scaffold to amplify signal production
by increasing molecular binding events. An example
was shown by Zhang et al. who used
oligonucleotide-functionalized Au NPs to amply the
binding of horseradish peroxidases (HRP) enzyme.
The HRP was used to activate tyramine-biotin
binding to biotin-electron rich protein for labeling
with streptavidin - quantum dots (QDs) [88].
Combining a microfluidic bead capture platform, this

http://www.ntno.org



Nanotheranostics 2017, Vol. 1, Issue 1

amplification strategy led to a 1000-fold increase in
detecting carcinoembryonic antigen (CEA) gene
fragments compared to off-chip test. As low as 5 fM
isolated CEA DNA targets from HT29 colorectal
cancer cells was detected, which allowed the detection
of one HT29 cell in 1 mL of blood.

Au NPs can modify the emission of fluorophores
in proximity through dipole-dipole interactions. This
effect depends on the particle size, shape,
particle-fluorophore distance, the orientation of the
fluorophore with respect to the particle, and the
overlap of the emission of the molecule with the
particle’s absorption spectrum [18]. They can quench
emission from fluorophores via non-radiative
processes including Forster resonant energy transfer
(FRET), electron transfer, quenching collisions,
decreasing radiative decays, re-absorbing the emitted
light, and chemical reactions that change the ground
state of the molecules [89]. At larger distance (5 to 20
nm away), Au NPs can enhance the fluorescence by
providing an external field for the fluorescence
excitation and increasing the radiative decay rate of
the molecule [90]. By designing a metal-fluorescence
probe, analytes can be detected by their competitive
binding to the particle that releases the fluorophore
and thus the emission [91]. Based this detection
strategy, Mirkin and co-workers developed an Au
nanoFlare probe consisting of prehybridized target
oligonucleotide and fluorescently labeled reporter
nucleotide to detect gene markers in CTCs [92]. When
the target sequence was complementary to the probe
sequence, the target bound to the probe sequence,
kicked off the fluorescently labeled reporter DNA,
and thus restored the fluorescence of the reporter to
read out the target DNA. Using this probe, they
demonstrated  the  detection of  epithelial-
mesenchymal transition (EMT) marker genes (Twist,
Vimentin, Fibronection, and E-cadherin) from model
metastatic breast cancer cells in human blood with up
to 99% fidelity. The probes were able to detect
mRNAs of these genes in live cells at the single cell
level. This is the first genetic-based approach for
detecting, isolating and characterizing live cancer cells
from blood and may provide new opportunities for
CTC studies and management.

Circulating Vesicles

Extracellular vesicles (EVs) including EXOs and
MVs are membrane-bound vesicles released into the
extracellular environment by a spectrum of cell types,
with EXOs derived from multivesicular bodies and
MVs from plasma membrane [93-95]. They carry
molecular constitutes of their originating cells [96-99]
and represent an important mode of intercellular
communication by horizontal transfer of proteins and
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nucleic acids between cells [98-102]. They were
reported to play important roles during cancer
initiation and progression [103-106], including
activation of normal epithelial cells to form tumors
[103] and conversion of indolent cancer cells to active
cancer cells [108]. They have been found in various
body fluids such as blood, urine, saliva, and
cerebrospinal fluid [109-112]. Generally, patients with
advanced cancer have higher amount of EVs than
healthy subjects [113]. Thus, EVs have emerged as a
potential new class of cancer biomarkers for clinical
diagnostics and treatment monitoring [114-117].
EXOs and MVs in plasma require purification
and enrichment before detection and characterization.
The most commonly wused method is
ultracentrifugation that involves a series of
differential centrifugations followed by high speed
centrifugation to pellet the membrane bound vesicles
[118]. Density gradient centrifugation, filtration, and
immunomagnetic isolation are also common methods
to capture and concentrate vesicles [119]. After
isolation, vesicles are generally characterized by
nanoparticle tracking analysis (NTA) to determine the
size and concentration and by scanning electron
microscope (SEM) to examine the morphology. The
detection and molecular analysis of circulating
vesicles are challenging due to their small size (40-100
nm for EXOs and 100-1000 nm for MVs) and
heterogeneous compositions. They cannot be
examined by conventional optical imaging. Nor can
they be analyzed by flow cytometry when their sizes
are smaller than 300 nm [120]. Conventional
characterization methods such as Western blotting
and ELISA require lengthy processes and
concentrated EVs from large volume of samples (3 mL
plasma and 300 mL cell culture media) [121, 122],
making them impractical in a typical clinical setting.
Au-based nanostructures provide a promising
sensing platform based on the LSPR shift in response
to the changes of the environment. The LSPR
wavelength is linearly proportional to the refractive
index of the surrounding medium based on the Drude
model, with larger Au NPs giving higher sensitivity
(the relative shift of the LSPR wavelength with respect
to the refractive index change of the surroundings)
[123]. As a matter of fact, this refractive index sensing
based on SPR shift from solid Au surface has been a
standard commercialized approach to detect
molecular binding events and various chemical and
biological species [124]. The LSPR-based sensing gives
better linearity and higher resolution [125] and can
reach single molecule sensitivity using appropriate
amplification mechanisms [126] or single particle
spectroscopy [127]. Using the LSPR sensing strategy,
Lee and co-workers designed a novel sensor for EXO
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detection and profiling, named nanoplasmonic
exosome (NPLEX) assay [19] (Figure 4). The sensor
was made of periodic Au nanohole arrays on a glass
substrate, with the hole diameter of 200 nm and
periodicity of 450 nm. Each array was functionalized
with target-specific antibodies to capture EXOs. The
LSPR peak red shifted upon EXO binding and the
spectral shifts or intensity changes were proportional
to the surface protein levels on EXOs. Using EXO
surface marker CD63, they have established that the
assay had a LOD of 670 aM. This sensitivity was 10*
times higher than western blot and 102 higher than
ELISA. The assay allows high throughput (over 50
markers) quantification of a panel of surface proteins
in a multiplexed fashion by combining the nanohole
array with a miniaturized multichannel chip. Studies
on clinical samples showed that EXOs can be used as
a marker for diagnostics and treatment monitoring for
ovarian cancer based on EXO expressions of EpCAM
and CD24. They further showed that the additional
EXO labeling with Au NPs improved signals by 20 %
and with Au nanostars (NSTs) by 300 %. Given the
high sensitivity and high throughput, this nPLEX
assay has strong potential for diagnosis and real-time
treatment monitoring for a variety types of cancers.
The LSPR peak is also sensitive to the
interparticle distance. Individual Au NPs exhibit red
color with LSPR around 520 nm. When Au NPs are
brought close to each other, the solution changes color
to blue, with LSPR red shifting and broadening
because of plasmonic coupling. The fractional spectral
shift decays exponentially with the interparticle
distance. The decay length is about 0.1 in units of the
particle size for different particle size, shape, metal
type and medium dielectric constant, a behavior
called “universal scaling” [128]. This colorimetric
property has been widely used to design various
sensors for molecular and cellular detections [129].
Recently, Maiolo et al. demonstrated colorimetric
detection of EVs based on NP aggregation and the
corresponding spectral changes when Au NPs were
bound onto EVs via nonspecific electrostatic
interactions [130]. EVs as low as 35 fM were detected.
Although the sensitivity of this colorimetric method is
lower than the aforementioned nPLEX assay, this
method is simpler, cheaper and quicker, permitting its
use in resource-limited clinical settings for cancer
screening and real-time treatment evaluation.
Majority EV detection techniques are based on
bulk analysis, unable to assess EXO and MV
subpopulations. In fact, a single cell can release
multiple subtypes of EVs. Therefore, techniques
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capable of analyzing single vesicles are highly
valuable. Braeckmans and co-authors exploited the
feasibility of single EXO chemical analysis using the
SERS technology [131]. The 10 nm Au NPs capped
with cationic 4-dimethylaminopyridine (DMAP) were
incubated with purified EXOs from B16F10 melanoma
cells to allow the adsorption of Au NPs (~ 600 Au
NP/EXO) onto EXOs via electrostatic interactions.
The Au NP-coated EXOs were plated on quartz slide
and SERS spectra were recorded using a confocal
Raman microscope to obtain signals from single
vesicles. Due to the dense packing of Au NPs, the
exosomal biomolecules including lipids, proteins,
carbohydrates, and even nucleic acids could be
detected. These fingerprinting SERS signals are
different from those by the RBC control. Of course, the
DMAP capping materials also gave strong SERS
signals, but they are distinct from EXO signals.
Further, the authors could identify EXOs from B16F10
cells in the presence of EXOs from RBCs based on
chemical analysis. Thus, this method shows the strong
potential to discriminate vesicles from different
cellular origins for diagnostic implications.

Lateral flow immunoassay (LFIA) is a great tool
for cost-effective on-site detection [132]. It uses the
same detection mechanism as ELISA except that it
runs in a dipstick format and the solid phase is
nitrocellulose membrane instead of a plastic well. It is
a one-step and rapid assay, suitable for point-of-care
(POC) detection. Recently, Oliveira-Rodriguez et al.
applied LFIA to detect EVs using Au NPs as the
optical labels [133]. In this study, EXOs from human
metastatic melanoma cells in conditioned media were
purified by ultracentrifugation. Anti-CD9 and
anti-CD81 were used as the capture antibodies and 40
nm Au NPs were used as the detection agent. Line
intensities from bound Au NPs were recorded by
scanning the images. The optical density of Au NPs
was measured to give colorimetric detection. The
whole procedure took only 15 min. The method
reaches LOD of 854 x 105 EXO/uL. The clinical
potential of this method was tested with plasma and
urine samples from melanoma patients. Their later
studies showed that Au NPs gave better sensitivity
and linear detection range than two other
labels-carbon black NPs (CB) and magnetic
nanoparticles (MNPs) [134]. They further developed
the technique into a multiplexed assay by using
different antibodies on different test lines. This allows
the detection of a broad range of EVs based on their
surface protein tomography.
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Figure 4. LSPR-based nanoplasmonic exosome sensor (nPLEX) for exosome detection and molecular profiling. (A) Schematic of exosome biogenesis. (B) Scanning electron
micrograph of the periodic Au nanoholes in the sensor. (C) Absorption spectra of the Au nanoholes after binding with PEG, antibody, and exosomes, respectively. (D)
Comparison of the sensitivity of nPLEX with ELISA. (E) Quantitative molecular profiling of surface markers on exosomes from CaOV3 ovarian cancer cells. (F) Molecular
profiling of putative ovarian cancer markers (EpCAM, CD24, CA19-9, CLDN3, CA-125, MUCI8, EGFR, HER2), immune host cell markers (CD41, CD45) and a mesothelial
marker (D2-40) on exosomes from different cell lines. Reprinted by permission from Macmillan Publishers Ltd: [Nature Biotechnology] (ref [19]), copyright (2014).

Circulating Nucleic Acids (CNAs)

Dying tumor cells release small fragments (50 to
250 bp) of their DNA into the bloodstream [135].
These fragments, first found in cancer patients in 1977
[136], are called cell-free ctDNA. They carry genomic
and epigenomic alterations identical to those of tumor
tissues and discriminate from normal cell-free DNA
[137]. ctDNA is broadly applicable, specific and
sensitive biomarker that can be used for wide range of
research and clinical purposes, including tumor
genotyping, early cancer detection, patient prognosis,
therapy evaluation, and minimal residual disease
monitoring [138-145]. Thus, ctDNA is becoming a new
generation of biomarker for cancer assessment.
Another type of CNAs is circulating RNA. Since early
discoveries of tumor-associated messenger RNA
(mRNA) in the plasma of cancer patients in 1990s
[146-148], circulating RNAs including mRNA,
microRNA (miRNA), and other non-coding RNAs
have been repeatedly found in the blood plasma of
patients with a variety of types of cancers. miRNA
level in serum and plasma is more reproducible,
stable, and consistent compared to other types of
RNAs [149]. Similar to ctDNA, circulating RNAs have
been successfully evaluated in many types of cancers
and emerged as promising biomarkers for cancer
diagnosis, staging, prognosis and treatment
monitoring [150-154].

Due to the relatively low amount, CNAs need to
be isolated and enriched from plasma or serum before
analysis. Commercial isolation kits are available,
including QIAamp Circulating Nucleic Acid Kit,
Invitrogen™ MagMAX™ Cell-Free DNA Isolation
Kit, ZR serum DNA kit, PME free-circulating DNA
Extraction Kit, Plasma/Serum Cell-Free Circulating
DNA Purification Mini Kit, NucleoSpin Plasma XS,
FitAmp Plasma/Serum DNA Isolation Kit, FitAmp
Plasma/Serum DNA Isolation Kit, and Chemagen’s
circulating NA kit. After extraction and concentration,
ctDNA is typically analyzed by PCR, fluorescence, or
spectrophotometry-based approaches, with recent
technologies of droplet digital PCR (ddPCR), deep
sequencing, and whole genome sequencing [144, 145].
The gold standard RNA detection method is
quantitative real-time (qRT)-PCR. Broad gene
expression platforms either based on quantitative
PCR (qPCR) or hybridization techniques exist and
commercially RNA detection assays are also available
[155]. However, the PCR-based methods require
costly and complex procedures and often give high
false positive signals. The use of nanomaterials can
simplify the procedure, be more cost-friendly and
more specific.

Au NP-based DNA assays were pioneered by
Mirkin and colleagues who first developed a
colorimetric method based on DNA-mediated Au NP
assembly in 1997 [156]. They designed two
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oligonucleotide-functionalized Au NP probes with
sequences complementary to different segments of
the targeted polynucleotides. When the two
oligonucleotide - Au NP conjugates bound to the
target via hybridization, they were cross-linked and
aggregated, inducing spectroscopic shift and
red-to-blue color change that were detected by
UV-Vis spectroscopy or naked eye. This method is
very specific, being able to distinguish nucleotide
sequences with single base mismatch [156-158]. Later,
they developed a bio-barcode method with PCR-like
sensitivity that uses two-component oligonucleotide-
modified Au NPs for signal recognition and
single-component oligonucleotide-modified magnetic
beads for separation [159]. Detection of amplified
barcode DNA was achieved with a chip-based
scanometric method. After that, extensive
development of Au NP-based DNA/RNA assays
have been reported, which can be mainly categorized
into colorimetric methods based on cross-linking
aggregation, non-cross-linking aggregation, sandwich
assays (e.g. microarrays), fluorescence, LSPR, SERS,
and electrochemical methods [160]. However,
majority techniques have been only tested on
commercially synthesized oligonucleotides.

The analysis of ctDNA is challenging because
ctDNA is a small fraction (often <1%) within the high
background levels of wild-type cell-free DNA.
Recently, Wee et al. reported a SERS-based method in
conjunction with PCR to detect as few as 10 mutant
alleles from a background of 10,000 wild type
sequences (0.1%) (Figure 5) [161]. Three primers
specific to three clinically important DNA point
mutations BRAF V600E, NRAS Q61K, and c-Kit L576P
were used to amplify tumor DNA. Amplicons were
then tagged with BRAF V600E, NRAS Q61K, and c-Kit
L576P-specific SERS nanotags and enriched using
magnetic beads. These mutations are encoded with
three Raman reporters, 4-Mercaptobenzoic acid
(MBA), 2,7-mercapto-4-methylcoumarin (MMC) or
4-mercapto-3-nitrobenzoic  acid (MNBA). The
presence of the targeted mutation was detected by the
encoded SERS nanotags using Raman spectroscopy.
Using less than 5 ng of genomic DNA, the method
could accurately genotype cell lines and ctDNA in
serum samples from melanoma patients. This
multiplexed method has assay time comparable to
current qPCR-based methods, with potential
sensitivity to ddPCR.

Existing methods for ctDNA detection are
restricted to genetic mutations. A dual genetic and
epigenetic detection method for ctDNA was reported
by Nguyen and Sim based on the LSPR sensing [162].
The authors made peptide nucleic acid
(PNA)-functionalized Au NPs to target two
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bio-signatures of ctDNA: mutations at two hot-spots
E542K and E545K of the PIK3BCA gene and
methylation. PNA is advantageous over DNA
because it does not have electrostatic interference with
the negatively charged phosphate backbone of target
DNA and its complex with mismatched DNA is more
destabilizing than that in DNA/DNA. The
PNA-functionalized Au NPs were immobilized on a
glass substrate to capture and enrich the 69-bp
PIK3CA ctDNA. Binding of ctDNA to the PNA-Au
NPs were observed by the red shift of the dark field
light scattering LSPR peak of single Au NPs. At the
optimal temperature of 62°C, they observed LSPR
shift of 4.3 nm after incubation with 200 fM synthetic
ctDNA in contrast to 0.1 nm for the normal circulating
DNA, indicating the detection of the signature
mutations on ctDNA. Subsequently, 20 nm anti-mc
immunogold was exploited as the methylation
detectors that further red shifted the LSPR from 4.3
nm to 114 due to plasmonic coupling with the
PNA-Au NPs, leading to detection down to 50 fM.
Thus, hot-spot mutations and epigenetic changes on
the ctDNA were detected in one-step by the
nanoplasmonic biosensor, opening a new approach
for detecting ctDNA biosignatures at high sensitivity
and specificity.

Combining the high selectivity of biochemical
recognition and high sensitivity of electrochemical
detection, electrochemical biosensors provide an
attractive means to analyze the content of a biological
sample [163]. Nanomaterials have been well used in
electrochemical biosensors to improve capture
efficiency via better interactions with analytes than
solid substrate [164]. Using Au NRs in conjunction
with graphene oxide (GO), Azimzadeh et al. reported
an electrochemical nanobiosensor to detect miR-155 in
plasma, an important oncogenic circulating miRNA
[165]. Au NRs were decorated on GO sheet on the
surface of the glassy carbon electrode (working
electrode) and then functionalized with thiolated
single stranded (SS) probe targeting miR-155, a

circulating miRNA. After target binding via
hybridization, the sensor was treated with
electrochemical indictor oracet blue (OB). OB

intercalated with the SS-miRNA hybrid and its
reduction signal was measured by the differential
pulse voltammetry (DPV) method. Hybridization
with the target miRNA induced much more decrease
in the current than the control. The current was
linearly related to the concentration of target miRNA,
with an outstanding LOD of 0.6 fM. The sensor also
had extremely high specificity. It discriminated
complementary target miRNA from single base
mismatched miRNA. Using the spiking miRNA in
healthy human blood, the sensor showed a ~100 %
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recovery via direct detection of the target in plasma
without the need of sample separation and signal
amplification. Due to the high sensitivity, high
specificity and easy operation, the method has strong
promise for early cancer detection.

Techniques capable of multiplexed detection are
highly desirable because they allow simultaneous
measurements of different RNAs and can look for
many different types of cancer. Using the
aggregation-based colorimetric properties of Au NPs
in combination with DNA hybridization chain
reaction (HCR), Rana ef al. demonstrated a
reprogrammable and multiplexed detection method
for circulating miRNAs [166]. They immobilized a
target specific 36-mer capture-DNA on Au NPs. The
target oncomiRs hybridized with the DNA probe on
Au NPs to form an RNA/DNA heteroduplex with a
sticky RNA end. A specific initiator was then added to
bind to the RNA, forming an Au NP assembly with a
sticky DNA to open up the first hairpin. The first
hairpin initiated the opening of second hairpin and
started the HCR process. As a result, orthogonal DNA
polymers were formed on Au NPs, which prevented

A
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the aggregation of the particles from magnesium ion
(Mg?*)-induced aggregation and maintained the red
color of individual Au NPs. In the absence of target
oncomiRs, the Au NPs aggregated with the addition
of Mg?* inducing a color change from red to blue.
Using this method, they showed simultaneous
detection of three oncomiRs, miR-10b, miR-21, and
miR-141 by simply changing the DNA probe
sequence. As low as 20 fmol of each miR was visually
detected without using any instrument. Compared to
the colorimetric method without HCR [167], this
method gives similar sensitivity but can detect
multiple miRNAs at the same time, making it
promising for clinical applications.

Circulating Proteins

Proteins circulating in the blood have been
investigated intensively in proteomics in searching for
biomarkers for cancer diagnosis. Protein biomarkers
are typically released from cells or organs and they
are characteristic of pathophysiologic and physiologic
conditions. Cancer patients often display elevated
level of proteins that are correlated to metastasis,
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Figure 5. Multiplexed detection of melanoma DNA mutatons in ctDNA with SERS nanotags. (A) Schematic of the multiplexed SERS assay in combination with PCR for
detection of BRAF V600E, NRAS Q61K, and c-Kit L576P mutations in ctDNA. (B) Molecular structure and SERS spectra of the SERS nanotags. (C) Typical SERS spectra of 3
ctDNA serum samples from melanoma patients with highly positive (left), low (middle), and negative (right) BRAF V600 E mutations. Cited from ref [161].

http://www.ntno.org



Nanotheranostics 2017, Vol. 1, Issue 1

prognosis and therapeutic response. Many proteins
have been identified as potential serum markers for a
variety of types of cancers [168-177]. Some proteins
have been routinely used in clinical practice to help
get information about the presence or absent of
disease as well as its evolution, including
prostate-specific antigen (PSA) for prostate cancer,
cancer antigen 125 (CA 125) for ovarian cancer,
alpha-fetoprotein (AFP) for liver cancer, CA19.9 for
gastric/pancreatic cancer, carcinoembryonic antigen
(CEA) for colorectal cancer, and cancer antigen 15.3
(CA15.3)/CA27.29 for breast cancer [178]. As part of
the immunodefense against tumor, autoantibodies in
cancer patients such as immunoglobulin G (IgG) and
immunoglobulin E (IgE) are usually higher than
noncancerous patients. Thus, autoantibodies in serum
are also biomarkers for cancer diagnosis. Classic
methods for protein biomarker analysis include
western blot, ELISA, RIA, and mass spectrometry
[179]. However, these methods are either insensitive
for early detection or technically complicated and
time-consuming. For example, the commercially
available immunoassays have a typical LOD at the
picomolar level [8]. However, the blood
concentrations of protein biomarkers associated with
early state cancers range from 10-1¢ to 1012 M [7]. Thus,
it is very important to develop new assays with easy
operation and high sensitivity.

The most widely used method for protein
marker detection is colorimetric immunoassays that
use antibody-antigen interactions with enzyme or
optical labels for signal readout on the detection
antibody [180]. Au NPs can enhance the traditional
colorimetric assays by increasing sensor-analyte
interactions. By coating ELISA plate with a layer of
Au NPs, the LOD for CEA detection was improved by
more than 5 times due to the enhanced protein
adsorption on the Au NP-coated plate [181]. Au NPs
have been used as the scaffold for the detection probes
to amplify signal readout in the classic
enzyme-catalyzed assays, but these approaches have
moderate sensitivity (ng to pg/mL level) [172-185].
Colorimetric methods based on particle aggregation
from individual particles allow protein detection with
naked eyes with comparable sensitivity to the
conventional ELISA [186-188]. Using the simple
UV-Vis spectroscopy to determine the concentrations
of Au NPs in the presence and absence of proteins can
detect protein markers in the picomolar range [189]. A
high sensitivity Au NP-amplified ELISA assay was
developed by Rica and Stevens in 2012 by linking the
biocatalytic cycle of the enzyme catalase to the
reduction of Au ions to obtain colored Au NPs of
characteristic tonality [190]. More specifically, in the
absence of the analyte, the rate of Au precursor
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(AuCly) reduction by hydrogen peroxide (H.O,) was
high, leading to non-aggregated red Au NPs. In the
presence of analytes, the enzyme catalase that was
conjugated on a secondary antibody consumed H>O,,
causing AuCly reduction at low rate. This led to the
formation of aggregated Au NPs in blue color with
ill-defined morphology. The LOD was as low as 10-18
g/mL for PSA in whole serum. Although the
sensitivity is high, quantitative detection is difficult
because of the narrow linear detection range. A high
sensitivity and high throughput ELISA-like approach
with wide linear range was reported by Chen and
co-workers ~ who  linked  glucose  oxidase
(GOx)-catalyzed amplification to the growth of small
colorless Au NPs to large colored Au NPs as the
signal readout [191] (Figure 6A). In this method, GOx
was conjugated with detection antibody to the
immunomagnetic beads that sandwiched PSA with
capture antibody on a 96-well polystyrene plate.
Glucose was added to generate H)O, via the GOx
catalyzed oxidation. In the presence of H>O. and
AuCly, the small colorless Au NPs turned into red.
The absorbance at 530 nm was measured to quantify
the amount of produced large Au NPs. The method
gave an unprecedentedly wide linear range between
10 and 10°% fg/mL PSA, with LOD of 4.6 fg/mL (93
aM). This is 10* times more sensitive than the
HRP-based commercial ELISA kit (0.21 ng/mL).
Clinical sample tests showed that the method
successfully detected serum PSA in patients that were
undetectable by the conventional ELISA. If
commercialized, this assay will provide a
revolutionary platform for low cost and POC
detection of serum protein cancer makers in both
resource-rich and resource-limited settings.

Another remarkable application is the use of Au
NPs to develop bio-barcode assays without enzymatic
amplification that can be 4 - 6 orders of more sensitive
than ELISA [20, 192-195]. The center of the biobarcode
assays, which has been commercialized, is to use Au
NPs conjugated with both barcode oligonucleotides
and target-specific antibodies for signal amplification
(Figure 6B) [195]. Proteins in solution are first
captured with immunomagnetic beads via magnetic
separation. Au NP conjugates are added to sandwich
the proteins with the immunomagnetic beads. After
magnetic separation, the barcode oligonucleotides are
released by dehybridization and detected by the
chip-based scanometric assay that takes the
advantage of Au-NP catalyzed silver enhancement.
This method can detect PSA in PBS at attomolar (10-18
M) level, as originally demonstrated by the Mirkin
group [20]. The assay has been automated and tested
later on clinical samples that showed its capability to
follow serum PSA from recurrent prostate cancer
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patients under prostatectomy that could not be
detected by commercial assays [195]. Multiplexed
detection has been achieved by varying the detection
antibodies, barcode oligonucleotides as well as
capture nucleotides on chip stripes [193]. Au NPs
have also been used to develop microarray assays by
taking the advantages of the multiplexicity of protein
microarray technology and the high sensitivity of
scanometric detection (Figure 6C) [196]. In this type of
assays, the antibody microarray is first fabricated by
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spotting of different antibody solutions into different
micro-sized pins on a glass slide. Proteins captured on
the microarray are then sandwiched by the Au NP
probes and directly detected by the scanometric
method. This method can detect multiplexed proteins
at low picomolar concentrations in buffer or in diluted
serum. Although the method gives lower sensitivity
than the barcode method, they are simple, fast, high
throughput, and require small amount of agents.
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Figure 7. Fluorescence enhanced protein microarray on Au/Au film. (A) Scanning electron micrograph of the Au/Au film (Au island nanostructures deposited on solid Au film).
(B) Extinction spectrum of the Au/Au film overlapping with the excitations of Cy5 and IR800. (C) Fluorescence intensity maps showing about 100 x stronger fluorescent signals
than the glass controls for both Cy5 and IR800. (D) Calibration curve for CEA detection with the Au/Au film compared to that with the glass control. Inset shows the schematic
illustration of the sandwich assay. (E) Fluorescence intensity maps of autoantigen microarrays on the Au/Au film (uArray/Au) probed with human serum containing
autoantibodies. (F) Intensity heatmap comparing the mean fluorescence intensities of the autoantigens on pArray/Au in comparison to those on nitrocellulose and glass controls.
Reprinted by permission from Macmillan Publishers Ltd: [Nature Communications] (ref [197]), copyright (2011).

The effect of Au NPs on the fluorescence
properties of adjacent dye or particles has been used
to detect miRNA in CTCs as mentioned earlier. This
detection mechanism has also been used to detect
serum protein markers, as demonstrated by Dai and
co-workers who used fluorescence enhancement by
nanostructured Au on Au film to develop a new
generation protein microarray assay (Figure 7) [197].
The Au/Au film on glass, prepared by reduction of
AuCly on a glass slide, gave strong absorption in the
NIR region overlapping with the excitation of NIR

fluorophores such as Cy5 and IR800. Thus, the
fluorescence of these molecules was enhanced up to
100-fold. Using a microarray printing robot, the
Au/Au substrate was made into a microarray with
400 pm spots functionalized with anti-CEA
antibodies. Using a sandwich assay with IR800 tagged
detection antibody, they demonstrated detection of
CEA in whole serum down to femtomolar level in
contrast to 100 pM by the glass substrate, extending
the dynamic range by three orders of magnitude
towards the femtomolar regime. Using this method,
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they monitored the CEA level in a LS174T xenograft
mouse model and showed that the CEA serum
concentration was correlated to the tumor volume.
They further made a high throughput autoantigen
array to screen autoantibodies in human sera, which
offered higher positive signals owing to the
fluorescence enhancement than the nitrocellulose and
glass substrate controls. This method presents new
opportunities in proteomic research and cancer
diagnosis. Another example is presented by Liu et al.
who used cadmium telluride QDs as the fluorescence
donor and Au NPs as the acceptor to develop a
homogeneous immunoassay for CEA detection [198].
In the presence of CEA, the antibody-protein binding
made the QDs and Au NPs close enough that the
fluorescence of QDs was quenched. The fluorescence
variation was linearly correlated to the CEA
concentration. Although the performance of the assay
(LOD 0.3 ng/mL and linear range 1-100 ng/mL) is
moderate, it is extremely simple and can be extended
to detect a wide range of biomarkers.

SPR is the gold standard method for label-free
optical biosensing. However, conventional SPR has
several concerns including limited sensitivity, low
throughput and difficult miniaturization. A variety of
signal enhancement strategies have been developed,
with LOD for serum proteins reaching down to
zeptomolar level [199]. One of the strategies is to use
Au NP-tagged antibody to sandwich protein with an
Au film support to enhance the SPR response
[200-203]. A distinguished example was demonstrated
by Sim et al. who showed that the use of
antibody-conjugated Au NRs enhanced SPR signals
by 108 compared to conventional SPR measurement,
which allowed the detection of IgE at the attomolar
level [202]. To improve throughput, Couture et al.
developed an approach to allow SPR reading in a
standard 96-well plate [204]. This was achieved by
making an Au nanohole array on a glass wafer with a
photolithographic process. The Au nanohole arrays,
720 nm in diameter and 1200 nm in periodicity, served
as a multiwall plate reader for plasmonic sensing of
tens of samples at the same time. Rather than using
Au NPs to enhance SPR response of solid Au film,
many studies use the LSPR shift of Au NPs as signal
readout to avoid the use of expensive instrument
[205]. However, the sensitivity of conventional LSPR
assays is very limited although researchers have used
a variety of anisotropic Au NPs to improve the
refractive  index  sensitivity. Single particle
spectroscopy provides a great opportunity for
ultrasensitive sensing as it can reach detection at
single molecule level [206]. An example for circulating
protein marker detection is the single nanobiosensor
demonstrated by Sim and co-workers who used LSPR
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response from single Au NRs to detect PSA binding
[207]. Anti-PSA antibody conjugated Au NRs with
aspect ratio of 2.75 were immobilized onto a glass
slide as the sensing platform. Upon PSA binding, the
light scattering LSPR wavelength of Au NRs, collected
by dark field microspectroscopy, red shifted with
distinguishable 2.9 nm shift in responding to 111 aM
PSA. In their later work, they found the sensitivity
depended on the aspect ratio of Au NRs, with the
optimal Au NRs with aspect ratio of 3.5 giving LOD of
1 aM [208]. This single nanobiosensor enables simple
and label-free high sensitivity detection of targeted
protein markers. Although single particle sensing is
highly sensitive, it is challenging as it is extremely
difficult to make Au NRs of identical sizes. To
develop highly sensitive LSPR sensing, Stevens and
co-authors linked the biocatalytic cycle of GOx
enzyme to the crystal growth of Au NSTs to amplify
signal readout [209]. PSA was sandwiched between
primary antibody and immune Au NSTs and purified
by centrifugation. GOx was linked on the detection
antibody that catalyzed the reduction of O;to HxO..
At low concentrations of GOx, the self-nucleation of
Ag atoms was slow. Instead, Ag ions (Ag*) were
reduced by HxO. on Au NSTs to form Ag-Au
core-shell NSTs. This led to blue-shift of the LSPR
wavelength of Au NSTs. At high concentrations of
GOx, the self-nucleation rate of Ag atoms was high,
which led to the formation of Ag NPs rather than
Ag-coated Au NSTs. Under this condition, the LSPR
of Au NSTs exhibited a small LSPR shift. This
signal-generation step induced an inverse sensitivity
to the protein, with LOD of 108 g/mL (4 x 1020 M)
and linear range of 10 g/mL to 10® g/mL for
spiked PSA in whole serum.

Due to their high sensitivity, good
photostability, large working range, and excellent
multiplexicity, SERS has become another major
method for serum protein marker detection [210-220].
In typical SERS-based assays, protein markers are
sandwiched between antibody-conjugated SERS Au
NPs and an antibody-coated surface either a
two-dimensional substrate (typically glass slides
coated with thin Au film) [213-216] or magnetic beads
[217-220]. The nontargeted biomolecules in serum
samples are readily separated by washing or magnetic
separation. Studies using spherical SERS Au NPs and
hollow Au nanospheres (HGNs) showed a LOD of 1
pg/mL, comparable to commercial immunoassays
[213, 217]. Anisotropic Au NPs such as NSTs have
been lately used to improve the detection sensitivity
because of their much stronger SERS enhancement on
the high curvature tips and edges [214, 215]. A unique
assay with high sensitivity was reported by Li et al.
who wused SERS Au NSTs (malachite green
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isothiocyanate as the Raman reporter) as the detection
agents and Au triangle nanoarray as the substrate
[215]. Due to the plasmonic field coupling, the SERS
Au NSTs and the nanoarray substrate formed a strong
and confined electromagnetic field in the 3D space.
This dramatically decreased the LOD down to 7
fg/mL (~0.3 fM) for the human IgG protein in the
buffer solution that they tested. The assay was tested
with clinical blood samples from breast cancer
patients for biomarker vascular endothelial growth
factor (VEGF) to diagnose tumor-associated
angiogenesis. By designing a functional array on the
substrate for different markers, the SERS-based
immunoassay can be used for multiplexed detection.
For example, Li et al. constructed a 3 x 7 array on an
Au-coated glass slide with parafilm defined wells,
which allowed simultaneous detection of CA15.3,
CA27.29 and CEA in different concentrations [214].
With significantly lower LOD than conventional
ELISA, this assay has also been evaluated with real
clinical samples from breast cancer patients, which all
showed significantly higher concentration of CA15.3,
CA27.29 and CEA than healthy serum samples.
Different  from  the commonly  used
immunoassay methods with SERS NPs, Chen and
co-workers used Au NPs for label-free SERS detection
that can probe cancer specific biomolecular changes
rather than quantification [221, 222]. The procedure is
extremely simple, just mixing Au NPs directly with
patient blood serum samples. This method can not
only detect proteins, but also nucleic acid and
saccharide in serum. Findings have been reported that
colorectal cancer patients have higher amount of
nucleic acid and lower amount of saccharide and
proteins than healthy subjects. Combining with
principal components analysis (PCA) and linear
discriminant analysis (LDA), the method yielded a
diagnostic sensitivity of 97% and specificity of 100%
for colorectal cancer [221]. The method could
differentiate nasopharyngeal cancer at different states,
with 83.5% diagnostic accuracy for T1 stage and 93.3%
for T2-T4 stage. It is known that Ag has higher SERS
activity than Au due to less plasmon damping by
interband electron transitions. Thus, Zheng and
co-workers used Ag NPs as the SERS substrates to
detect nasopharyngeal, gastric, and colorectal cancers
based on the biochemical SERS signatures of serum
blood samples [223-225]. These studies indicate that
the label-free SERS method has great potential for
non-invasive detection of a variety types of cancers.
As mentioned earlier, nanostructure-based
electrochemical sensors have become popular because
they offer improved biomolecular interactions that
can increase not only dynamic range of measurements
but also detection sensitivity. This is primarily
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achieved by making nanostructured electrode surface
[226-232]. For example, Arkan et al. deposited Au NPs
on a multiwall carbon nanotube (MWCNT)-ionic
liquid electrode, which offered the LOD of HER?2 in
serum samples around 7 ng/mL using the
electrochemical impedance spectroscopy (EIS) [228].
Feng et al. deposited Au NPs onto an Au electrode and
detected both CEA and AFP by sandwiching the
proteins with MWCNTs functionalized with anti-CEA
and anti-AFP antibodies respectively [229]. This
AuNPs@MWCNT method offered a linear range of
0.01 to 60 ng/mL and a LOD of 3.0 pg/mL for CEA
and 4.5 pg/mL for AFP. A high sensitivity method
was recently reported by Presnova et al. who
deposited 5 nm Au NPs on silicon nanowire
field-effect transistor (NW-FET) [230]. The NW-FET
functionalized exhibited extraordinary performance,
with LOD of 23 fg/mL for PSA and working range of
23 fg/mL to 500 ng/mL due to the combination of
high sensitivity of the nanowire and strong signal
enhancement by Au NPs. A new electrochemical
strategy was demonstrated by Ilkhani et al. who took
the advantages of high specificity of the sandwich
assay, high efficiency of magnetic separation, and
high sensitivity of electrochemical detection [231]. In
these studies, EGFR proteins were sandwiched
between aptamer-coated magnetic beads and
anti-EGFR conjugated Au NPs. The extent of the
complexation, thus the level of EGFR in serum was
monitored by differential pulse voltammetry of Au
NPs after dissolution with an acidic medium. The
method offered a LOD of 50 pg/mL. Clinical efficacy
has been tested by monitoring EGFR level in serum of
breast cancer patients.

A typical heterogeneous immunoassay involves
multiple steps of incubation, washing cycles, signal
amplification and reading. This takes hours to days to
complete. Huo and co-workers reported a one-step,
wash-free, and homogenous immunoassay using DLS
as the detection method [233]. When Au NRs with
capture antibody, Au NPs with detection antibody,
and PSA were mixed together, the PSA linked the
antibody-conjugated Au NRs and Au NPs together
via antibody-antigen bindings, inducing particle
aggregation and thus the increase of particles” size.
The size change of the particle solution, measured by
DLS, was linearly proportional to the PSA
concentration, with LOD reaching down to 0.02 pM.
The method only took 30 min before DLS
measurement. Later, they used this simple DLS
method to detect cancer from the blood with
nonfunctionalized citrate- capped Au NPs [234]. The
hypothesis is that the protein profile in the blood of
cancer patients is different from healthy donors, thus
the molecular composition of the protein corona
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formed on the Au NP surface may differ between
cancerous and noncancerous human blood. Therefore,
cancer-specific antigens should be in the protein
corona layer that can be probed with antibodies.
Rabbit anti-human IgG was added to probe the
antibodies. The multiplexed binding of the
anti-human IgG onto Au NPs induced particle
aggregation and subsequent size changes that were
measured by DLS. Using this method, the authors
showed that the amount of IgG in the blood serum of
prostate cancer patients was significantly higher than
noncancerous controls. The test gave a 90-95-%
specificity and 50% sensitivity in detecting early stage
prostate cancer. A different approach in developing
simple-to-operate immunoassay with high sensitivity
was recently reported by Tamayo ef al. [235]. CEA or
PSA was first captured on an array of silicon
microcantilevers driven by a piezoelectric actuator.
Then, 100 nm Au NPs linked with a second antibody
were applied to sandwich the protein with the
cantilever. The Au NPs served as a mass and
plasmonic label. Due to the mass loading, the
attachment of the Au NPs onto the cantilever caused
the cantilever vibration at a lower frequency that was
measured by a laser beam deflection method. The
resulting downshift of the resonance frequency was
proportional to both the added mass and the amount
of protein targets. Meanwhile, the cantilever served as
an optical cavity that boosted the scattering signal
from the Au NPs due to plasmonic coupling. In the
absence of proteins, the scattering signal from the
cantilever was negligible. Increased scattering signals
were observed in the presence of CEA or PSA due to
the binding of Au NPs. This optomechanical method
offered a LOD of 0.1 fg/mL in serum for both CEA
and PSA. which was at least seven orders of
magnitude lower than that achieved in routine clinical
practice.

Conclusions and Future Perspectives

Rapid advancements in cancer medicine have
identified a variety of cancer-related circulating
biomarkers, classified as circulating tumor cells,
circulating vesicles, circulating nucleic acids, and
circulating proteins. These circulating cancer
biomarkers offer the possibility of noninvasive cancer
screening, early detection, patient prognosis, and
enable monitoring of tumor growth and treatment
response. Therefore, the development of effective
detection tools is of great importance. Undoubtedly,
traditional analytical methods such as flow cytometry,
ELISA, DNA and protein arrays have made great
contributions to push this field forward. However,
they have moderate sensitivity, unable to provide
early cancer detection and screening. Many emerging
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technologies with unprecedented sensitivity have
been detected for each class of these biomarkers with
nanotechnology playing a key role. The Au NPs have
become one of the major types of nanoplatforms and
their utilizations have led to many different assays
based on different detection strategies including
LSPR, colorimetry, SERS, fluorescence,
photoacoustics, and electrochemistry. Depending on
the target and the signal readout mechanism, each of
these methods has different applications. For
example, SERS have been used for detection and
molecular analysis of all four markers. However, the
LSPR-based sensing is wuseful for detection of
exosomes, DNA, and protein markers, but not for
large size CTCs due to their sensitivity to molecular
binding events.

Despite the great progress in existing Au
NP-based platforms, new technologies need to be
developed to address several needs. Current CTC
technologies are focusing on detection. However,
clinical significance of CTCs remains to be
determined. To enable CTCs to be more clinically
informative, effective technologies for CTC molecular
characterizations are highly desirable. The SERS Au
NPs are promising for high sensitivity, high
specificity and high throughput protein profiling on
single CTCs. Research has shown the ability to
separate the spectral fingerprints of up to 10 different
types of SERS NPs [236]. In contrast, such high
throughput analysis on a single cell wusing
fluorescence-based methods is extremely challenging.
Combining with portable devices such as
microfluidics, the SERS technology would improve
our understanding of CTCs and cancer progression,
which may make enormous impact on basic cancer
research and clinical patient management. Although
exosomes and microvesicles have shown strong
clinical potential, their biology remains largely
elusive. Understanding their genetic and proteomic
knowledge is critical to accelerate their clinical
applications. The nPLEX assay developed by Lee and
co-workers represents a novel platform for high
throughput analysis of surface protein markers [19].
However, the nPLEX chip is costly and technically
complicated, involving highly specialized ion-beam
milling and soft lithography. This makes it impractical
for  resource-limited clinical settings. New
technologies need to be simple, low cost, and rapid
without deteriorating sensitivity and throughput. In
addition, next generation technologies should also
emphasize on detection and analysis at single vesicle
level, which will significantly improve our
understanding on circulating vesicles and may lead to
new discovery that is inherently missing with bulk
methods. For the nucleic acid detection, current Au
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NP-based methods are mainly based on
proof-of-concept studies on synthetic samples.
Validation studies on clinical samples need to be
reinforced to accelerate their translation. A variety of
Au-based methods with unsurpassed sensitivity have
been tested on serum protein markers, but they have
not been translated into clinical practices. Extensive
developments are needed before clinical applications
to generate large scale and reproductive Au NP
probes with precise control of size, shape,
composition, and surface chemistry. In addition,
transformation into portable devices is also needed
for simple and femtomolar diagnosis.

A combination of different types of cancer
makers is often needed to give accurate assessment of
various aspects of cancer. Mao et al. demonstrated an
approach for simultaneous detection of nucleic acid
and protein with DNA and antibody functionalized
Au NPs in combination of a lateral flow device [237].
However, the sensitivity is moderate, with LOD of 0.5
nM DNA and 2 ng/mL IgG. Thus, new technologies
for simultaneous detection of two or more different
types of markers with high sensitivity are essential in
the development of simple and POC diagnosis. A
remaining challenge for biomarker analysis is the
sample preparation due to the rarity of circulating
biomarkers and the complicated blood environment.
Nanomaterials with dual isolation and detection
functions such as 10-Au core-shell NPs provide one
great opportunity to address this challenge, but
validations on clinical samples are insufficient.
Another way is to combine Au NPs with microfluidics
devices. Microfluidics provides a venue for producing
highly integrated system that can process clinical
samples in closed architectures to minimize sample
contamination and loss. It enables user-friendly
automation on a single device, reducing human
intervention and operational errors. The microfluidic
chip is very important for enriching low fregency
bioamrkers to reduce false signals. It has become a
major approach for isolation and concentration of
circulating biomarkers especially CTCs based on size,
deformity or affinity mechanisms. Thus, Au NP-based
microfluidic platforms will be sought-after in the next
five to ten years.
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