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1. INTRODUCTION
1.1. Significance of IVDs in the Clinic

IVD test is a crucial component of clinical care that performs a diagnostic test on biological
samples that have been taken from a living body, such as blood, urine, and tissue.! Such tests
are usually performed to determine or confirm the presence of disease in an individual. “In
vitro” literally means “within the glass”, which indicates that the test was historically
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conducted in glass test tubes. In contrast, in vivo tests, literally “within the living”, are
conducted within a whole, living organism including human body.2 IVD tests have received
much public attention because of their distinct features in the medical profession. First, IVD
tests do not interact with the human body directly, making such diagnosis accessible without
invasive surgeries and thus saving a great deal of suffering. Second, the procedures of IVDs
are performed on samples rather than human body, avoiding the possible biological safety
problems on patients that often take place in the in vivo diagnostics. Third, an IVD test can
quickly provide valuable information on a patient’s healthcare conditions. On the basis of
the information, physicians or patients are able to make a timely decision for patient care or
treatment. Fourth, the application of I\VVDs enables early diagnosis and makes treatment of
serious diseases easier. Generally, the cost of early testing is much lower than that of the
later on extensive treatment. Last, I\VDs play a particularly vital role in remote settings for
managing outbreaks of acute infectious diseases, where effective but simple diagnostic
systems are highly desirable. These features make 1VDs unique and of great importance
among medical technologies.

1.2. Currently Available IVD Tools

As to the currently available VD systems in the clinic, diabetic glucose meters and
pregnancy test strips are the two formats that most people are familiar with. Typically, IVD
tests can be classified into three main types: (1) Clinical laboratory tests: Certain samples
from patients are sent to these clinical laboratories. The tests are relatively complex and
require advanced laboratory facilities and skilled operators. When completing the test, the
results are reported back to the doctor who has requested the test. The obtained information
may guide the doctor to make clinical decisions on which intervention is most appropriate
for the patients’ healthcare. One example of this kind of IVD test is multiplexed detection of
cancer biomarkers (such as prostate-specific antigen (PSA), carcinoembryonic antigen
(CEA), and cancer antigen-125, etc.) using immunoassays.3 (2) Near-patient tests: This kind
of test does not rely on sophisticated instruments and can be easily performed on a simple
platform by physicians or nurses. The results can be obtained quickly without resorting to
complex analysis, which allows for making immediate clinical management decisions. An
example for this test is urine test strips, which determine the presence of proteins, glucose,
ketones, hemoglobin, bilirubin, urobilinogen, acetone, nitrite, leucocytes, pathogens, as well
as pH variation and specific gravity.# (3) In-home tests: These tests are the most convenient
IVD systems among various medical diagnostic devices. No specialist facilities or healthcare
professionals are required for the tests and the subsequent data analysis. Usually, the users
can deal with the information by themselves. The most familiar examples for in-home tests
are diabetic glucose meters® and home pregnancy tests.® These two in-home testing systems
have already become commonplace and played important roles in managing health
conditions and providing critical health information.

Nevertheless, IVDs can make clinical diagnosis faster, easier, and less painful to patients. In
recent years, attention is increasingly paid to the prevention and early intervention of
diseases, which drives the development of 1VDs with greater efficiency and sustainability.
Although we have made much progress in biotechnology and relevant fields, only a few 1IVD
systems have been successfully translated into clinic use. The major limitation of most
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currently used 1VD systems is their moderate detection sensitivity. For example, the current
gold standard for prostate cancer biomarker detection is the enzyme-linked immunosorbent
assay (ELISA), whose detection limit is about 0.1 ng/mL.” This value is generally higher
than the concentrations of cancer biomarker in most serum samples especially at their early
stages or after radical prostatectomy.8 Therefore, ELISA usually allows detection only after
biomarker levels have already reached critical threshold concentrations, at which point the
disease has already advanced markedly. Improvement of detection sensitivity is the key of
early diagnostics. Another limitation for most IVD systems is their complex test procedures,
which inevitably depend on advanced equipment and skilled operators. The involvement of
professionals may lead to a high diagnosis cost, which makes this kind of test unsuitable
particularly in resource-poor settings. For instance, polymerase chain reaction (PCR)-based
IVVDs are extensively applied for nucleic acid detection with ultrahigh sensitivity. However,
the detection process is complicated, requiring costly equipment and reagents such as
primers and enzymes, and is thus not suitable for rapid diagnostics.® Additionally, most IVD
platforms are not amenable for multiplexed detection of analytes. Because many symptoms
can be caused by multiple agents, it is important to accurately identify the responsible agents
simultaneously.1? High-throughput IVD sensors for multiplexed detection would improve
the diagnostic efficiency. Therefore, the development of simple but effective 1VD tools is
highly desirable for healthcare systems.

1.3. Overview of AuNP-Based IVDs

The increasing demand of 1\VDs with improved features is pushing the development of
highly sensitive and convenient sensors. Thanks to the development of nanotechnology,
tremendous progress has been made in the design of 1D tools using nanomaterials.11
Nanomaterials hold unique physicochemical properties that offer desirable and unmatched
characteristics for chemical and biological detection such as significant surface area to
volume ratio, strong signal intensities, and finely tunable surface chemistries.12 For example,
due to their large surface areas, nanomaterials can load a variety of signal transducers (such
as enzymes, DNAs, and organic dyes), allowing the detection of very low concentrations of
analytes. Additionally, nanomaterials can be readily multifunctionalized by chemical
methods, and thus multiparametric analysis can be simultaneously realized for real time and
direct detection of multiple targets. Furthermore, the tunable surface chemistries endow
nanomaterials with many versatile properties, which allow the detection of analytes with
enhanced analytical performance especially in combination with miniaturized devices.3 To
date, many studies based on various nanomaterials, such as carbon nanotubes,132 silica
nanowires, 134 quantum dots (QDs),1¢ magnetic nanoparticles,'4 and AuNPs, just to name
a few, have aimed at creating high-sensitivity 1\VD systems for biomarkers. These systems
can detect biomarkers at pico-, femto-, atto-, and even zeptomolar levels. The high
sensitivity would open a new era of early diagnosis and better treatment of diseases.

Among the above-mentioned nanosensors, AuUNP-based I1VVDs have drawn considerable
research interest because of their distinct physical and optical properties, including localized
surface plasmon resonance (LSPR), fluorescence resonance energy transfer (FRET), surface
enhanced Raman scattering (SERS), nonlinear optical properties, and quantized charging
effect.16 These properties make AuNPs excellent scaffolds for the fabrication of biosensors
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for a variety of targets.1” For example, the plasmon resonance of AuNPs in the visible range
can be employed to detect particle structures using dark-field microscopy. This powerful
approach has been extended to detect targets such as DNA, mRNA, and proteins due to the
strong local field enhancement of AuNPs.18 Besides, AuNPs hold several advantages over
other nanomaterials that make them particularly suitable for IVDs. First, the synthesis of
AuNPs can be easily and reproducibly realized in common chemical laboratories.19 Second,
the surface modification of AuNPs is usually based on the formation of Au-S bonds, which
is highly stable and provides diverse functionalization options.20 Third, the size, shape,
aggregation state, and surface properties of AuNPs can be finely tuned, which is highly
important in creating chemical and biological sensors. For example, solutions containing
monodispersed AuNPs display a ruby red color, while the presence of analytes can induce a
binding event between the analytes and the ligands on the Au surfaces, thus leading to the
formation of AuNP aggregates and a red-to-blue color change.?! The aggregation process is
associated with interparticle plasmon coupling that generates a significant absorption band
shift in the visible region of the electromagnetic spectrum. Finally, the biosafety of AuNPs is
thought to be better than many other nanomaterials, offering excellent biocompatibility
when choosing appropriate size and surface coating.162.22 These unique attributes allow
researchers to develop novel sensing platforms with enhanced analytical features. The past
few years have witnessed a variety of AUNP-based I1\VVD systems for electrochemical, SERS,
fluorescent, and colorimetric assays of various analytes ranging from small organic
molecules to proteins.

To date, although several reviews have been presented to introduce the synthesis and
functionalization of AuUNPs as well as their applications in biosensing and bioimaging, none
of them has focused on an instructive, systematic, and complete review of the exciting
advancement in the field of I\VDs.160.1.17223 Thys we present an authoritative review on the
AuNP-based VD systems in the recent 10 years to summarize and comment on their
development and advances. Particularly, we restrict our discussions to the detection
strategies rather than synthesis and surface modification, which have been summarized
extensively in many reviews.16f17a232 The detection strategies will be mainly categorized by
different signal transducers including LSPR, fluorescence, electrical, SERS, and their
integration with point-of-care (POC) systems (Figure 1).

2. AuNP-BASED LSPR ASSAYS

LSPR is a spectroscopic technique based on the resonant oscillation of conduction electrons
at interfaces of noble metal nanoparticles stimulated by incident light.24 The resonance can
be achieved when the frequency of incident photons matches the natural frequency of
surface electrons oscillating against their attraction to the positive nuclei. As a result, strong
electromagnetic fields will form on the surfaces of nanoparticles (Figure 2), along with the
appearance of a distinctive absorption peak in the visible frequency range.2> Because the
electromagnetic wave polarizing the surface charges is on the boundary of nanoparticle
surfaces and external medium such as air or water, the oscillations are very sensitive to the
events taking place at the nanoparticle-medium interfaces. These events can be transformed
into the shift of absorption band as well as a color change of the nanoparticle solutions.
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LSPR can be influenced by the nanoparticle’s size, shape, surface coating, and local
environment.2® The sensitivity to local environment can be employed to detect disease-
related biomarkers such as proteins and oligonucleotides, etc.2” Gold and silver
nanoparticles are the most commonly used candidates for fabricating LSPR sensing
strategies. For gold and silver nanoparticles, their plasmon absorption bands are generally
located in the visible region, making them particularly suitable for many sensing
applications. With a given external dielectric constant, silver nanoparticles (AgNPs) can
generally provide higher detection sensitivity than AuNPs. For example, AgNPs were
applied to detect extremely low concentrations of biomarkers such as streptavidin?® and
Alzheimer’s disease.112.29 However, both the surface stability and the biosafety of AuNPs
are much better than those of AgNPs.242.30 Because of this, a great number of AuNP-based
LSPR assays have been reported in the past decade. On the basis of readout, there are two
LSPR sensing strategies, including absorption band shift and colorimetric sensing. In
general, the specific binding of analytes on AuNP surfaces can change the local dielectric
environments of nanoparticles, leading to a dramatic LSPR peak shift. The shift distance is
approximately in proportion to the amount of analytes added. The LSPR peak shift can be
easily measured by a simple UV-visible spectrophotometer.3! The other readout is
colorimetric analysis, which is based on the analyte-induced aggregation or dispersion of
AUNPs. The remarkable red shift of LSPR often causes a distinctive color change of the
AuNP solutions from red to blue or purple, which can be seen by the naked eye.20b.21a.c.32
Besides the aggregation-based colorimetric assays, the precise control of the shape and size
of AuNPs was applied for signal amplification of colorimetric assays by labeling antibody
with a specific enzyme such as glucose oxidase (GOXx) and catalase. The detection limit can
be as low as the attomolar level. Several reviews in the aspect of LSPR spectroscopy and its
biosensing applications were reported, but those for IVD systems are rare.24¢:33 We herein
put our attention on the recent advances in the development of AuNP-based IVD platforms
categorized by LSPR shift and color change. The analytes of the AuNP-based assays mainly
include small organic molecules,21232b:34 hycleic acids,17°:3% proteins,3¢ and even cells
(Table 1).37

2.1. LSPR Shift as Readout

LSPR shift as the readout for biomarker detection is advantageous over many other
strategies because the detection is label free, avoiding the necessity of expensive instruments
and long operation time. The typical procedure of the LSPR assays is to modify AuNPs with
recognition elements, such as antibodies, biotin, DNA strands, polymers, etc. For example,
AuUNPs modified with specific antibodies can recognize their antigens via immunereaction,
causing the local environment changes of the nanoparticles and resulting in a peak shift in
the LSPR spectrum.38 Demirci and his colleagues®? presented a LSPR platform for HIV
viral detection and quantification of multiple HIV subtypes from unprocessed whole blood.
The virus-spiked blood samples enable a dramatic wavelength shift as compared to those
without viruses. A standard curve was generated by performing a least-squares fit to the
combined data of all HIV subtypes. The viral load can be quantitatively measured with the
assistance of the standard curve. On the basis of a similar mechanism, a plethora of LSPR
biosensors have been developed for nucleic acids, streptavidin, bacterial, and virus.40
However, the lack of amplification procedure in these label-free assays inherently limits
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their sensitivity. Diverse strategies have been reported to increase the refractive index
sensitivity of nanoparticles to achieve improved sensitivity of LSPR shift-based probes.
Preparation of metal nanoparticles with specific size and shape may improve the detection
sensitivity because the refractive index sensitivity of nanoparticles is highly dependent on
their structural geometry. Another effective approach to increase refractive index is based on
molecular binding events that happen on the surfaces of nanoparticles, where the increase of
the mass of the biomolecules is likely to induce an enhancement of LSPR shift.4!

Because the local environment of AuNPs is highly sensitive to external stimulus, it is
significant to fabricate high-quality substrate to load AuNPs, aiming at specific and selective
detection as well as to minimize background signal noise. An ideal substrate should have
sufficient durability for AUNPs immobilization and the subsequent chemical reactions. Lin
et al.#2 reported a substrate bound Au nanostructure with uniform spacing. The AuNPs with
an average nanoparticle size of 8 nm were partially embedded in a glass substrate, where a
uniform interparticle gap of 11 nm was obtained. Single molecules of immunoglobulin G
(1gG) were individually occupied at the space constraints to capture anti-lgG. When the
binding events occurred, a distinct increase of absorbance and wavelength red shift was
clearly observed. The phenomenon can be attributed to the increase of the local refractive
index in the interstice regions. In addition, this platform exhibits excellent sensitivity to the
analytes, affording a detection limit of 66.7 pM for 1gG. This system was subsequently
integrated with microfluidics, making this LSPR assay promising for high throughput and
label free detection.#3 The thickness of the Au layer is essential to determine specific LSPR
properties and thus is critical to the LSPR assay sensitivity. The Au thickness on substrate
can be finely modulated by two steps: First, a staple mask is fixed on the top of the substrate
to simultaneously fabricate different zones of AUNPs via a single vacuum evaporation
process. Next, several cycles of Au evaporation are conducted to generate different
nominative thicknesses of AUNPs.44

Another method to improve the detection sensitivity of LSPR assays is labeling the antibody
with an enzyme.360:45 The commonly used enzyme is horseradish peroxidase (HRP), which
catalyzes the localized formation of an insoluble precipitate in the presence of its substrate
and hydrogen peroxide (H,05). As indicated in Figure 3, the precipitates can deposit around
the catalytic site to result in a dramatic LSPR shift. A measurable plasmon peak shift was
observed with even only one or a few HRP per nanoparticle, reaching single molecular
sensitivity when conjugating HRP with secondary antibody for the detection of clinically
relevant antigens.*®

The LSPR signals are highly related to the shape of AuNPs because the refractive index of
nanoparticles is largely influenced by their structural geometry. Gold nanorods (AuNRs) are
attractive optical transducers for label free detection because their LSPR is highly sensitive
to the dielectric constant of the surrounding medium modulated by biological bindings.*6 To
apply this system for immunodetection, antibodies are covalently conjugated onto AuNRs,
and the specific binding of targets induces a distinct peak shift of the LSPR spectrum.38P
The magnitude of peak red shift is linearly proportional to the concentration of the target.
This strategy was successfully applied to detect cancer biomarkers*’ and hepatitis B surface
antigen (HBsAg)“8 with high sensitivity. The absorption spectrum of AuNRs displays two
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peaks corresponding to their transverse and longitudinal absorption bands, respectively. The
longitudinal absorption band is more sensitive to changes in the dielectric constants of the
surrounding medium around the nanoparticles than the transverse absorption band. More
importantly, the longitudinal absorption band can be selectively tuned from the visible to the
near-infrared (NIR) region as the length-to-width ratio of AuNRs increases.#® This unique
optical property offers the possibility to develop multiplexed LSPR biosensors through the
combination of AuUNRs with different longitudinal absorption bands. For example, a
multiplexed LSPR assay was reported for simultaneous quantification of cardiac biomarkers
myoglobin and cardiac troponin | in clinical samples. The multiplexed detection was
realized by using two different AUNRS whose longitudinal plasmonic bands were 640 and
830 nm, respectively.30 Furthermore, the sensitivity of the AUNR-based LSPR assay can be
significantly enhanced by the conjugation of detection antibody (Ab2) with a magnetic
nanoparticle.5! The use of magnetic nanoparticles not only amplifies the LSPR shift of
AUNRs, but also makes the detection convenient due to the fact that magnetic nanoparticles
can separate and enrich analytes from complex solutions under an external magnet. The
detection limit of the magnetic nanoparticle-mediated LSPR assays can be as low as the
picomolar level, without the requirement of enzyme amplification or sophisticated
instrumentation setups.

In addition to antibody-coated AuNRs, aptamer-immobilized AuNRs have attracted much
research attention. An aptamer-antigen—antibody sandwich structure on AuNRs was
obtained to enlarge the mass of the target of interest, thus leading to an enhanced LSPR
shift.360:41a The functionalization of aptamer on AuNRs brings two advantages. First, the
activity of aptamer can be regenerated when the captured targets are washed away by
concentrated salt solutions. Second, the aptamer layer on the substrates is much thinner than
that using antibody, shortening the distance between the AuNR surface and the target
molecules. As a consequence, high sensitivity of this LSPR sensor can be expected. In
addition, further binding of secondary antibodies on captured targets can improve the
detection sensitivity by generating a secondary red-shift of LSPR peak (1,). Several other
LSPR sensors for immunodetection have been reported for the biomarkers and showed high
sensitivity and simplicity when combined with other ease-of-use formats such as
microfluidics, microtiter plate system, or optical fiber.410.52

The AuNP dimers can provide enhanced detection sensitivity than individual AuNPs. For
example, the recognition capability of protein A toward 1gG was tested by human IgG
modified AuNP dimers, which were stabilized with a conducting polymer.53 AuNP dimers
were applied to construct a homogeneous assay to detect very low concentrations of protein
A. This phenomenon can be attributed to the fact that the sensitivity of the longitudinal
LSPR of AuNP dimers to biomolecular binding is much higher than that of the transverse
LSPR, which is similar to the case of AUNRs as mentioned above. Another important Au
nanostructure is nanoplates, which provides a larger contact surface area than Au spheres or
AuNRs and allows them to obtain a large red shift.52° The results showed that the LSPR
peak of Au nanoplates red-shifted as large as 45 nm when they were incubated with 10
pg/mL of 1gG. The detection limit of the LSPR assay for PSA was down to 1 pg/mL.
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The size of nanoparticle also plays a decisive role in LSPR shift and shows a great effect on
the sensitivity of LSPR sensors. Different sized AuNPs were immobilized on glass substrate
for detecting MCF-7 and RPE-1 cells.>* The results indicated that the large sized AUNPs
have a longer electromagnetic field decay length, and they provide a broader linear range
and a higher sensitivity than that of small sized AuNPs. For instance, the detection range for
MCF-7 cells on 500 nm NPs is 8.56 x 103 to 1.09 x 10° cells/mL, while that on 60 nm
AuNPs is 3.43 x 104 to 2.73 x 10° cells/mL. Additionally, larger sized AuNPs showed better
capture efficiency of flatter cells than small sized AuNPs, thus displaying larger LSPR
shifts.

Au-incorporated nanocomplexes are increasingly important structures for creating high
sensitivity LSPR bioassays. These assays take advantage of the merits of the elements in the
nanostructures. Taking the core-shell Ag@AUNPs as an example, the strong plasmon and
refractive indexes of AgNPs were combined with the high chemical stability and low
toxicity of AuNPs. By depositing the Ag@AuNPs on an indium tin oxide (ITO) substrate
and subsequently conjugating with recognition elements such as biotin, various
concentrations of streptavidin can be quantified in a linear detection range from 1 pM to 10
nM.55

The magnitude of wavelength shift in conventional LSPR assays is directly proportional to
the concentration of analyte, which means a lower concentration of analyte induces less
LSPR shift. This property makes these assays inappropriate for early detection of diseases
where the clinical concentrations of the analytes are often too low to be detectable by this
method. Recently, Stevens et al.>® developed a new LSPR assay in which the signal is
inversely proportional to the analyte concentration; that is, a lower concentration of analyte
induces a larger LSPR shift. This LSPR assay is based on the growth of Ag crystals in the
presence of Au nanostars, whose absorption band is in the NIR region (Figure 4). GOx was
employed to catalyze the generation of H,O5, the amount of which can determine the rate of
crystallization of Ag to favor either the nucleation of AgNPs in solutions or the epitaxial
growth of Ag nanocrystals around the Au nanostars. A low concentration of GOx induces a
small amount of H,O5, and the Ag crystallizes slowly to cover the surfaces of Au nanostars,
leading to a marked blue-shift of the LSPR band of nanostars. At high GOx concentrations,
a large amount of H,0, is generated, which favors the formation of independent AgNPs in
solutions and less Ag is deposited around the Au nanostars, yielding a diminished LSPR
shift. This “inverse sensitivity” LSPR assay was applied to detect PSA in whole serum with
a detection limit of 10718 g/mL (4 x 10720 M) and a broad linear detection range from 10718
to 10713 g/ mL. This strategy offers a great opportunity for developing LSPR assays to
detect analytes, not limited to proteins, with ultrahigh detection sensitivity.

In addition to immunoassays, the LSPR shift-based sensors have been extended to monitor
other biological binding events. Artificial polymer recognition materials are particularly
attractive in the applications of bioanalysis and biomedicine. These polymer-based materials
are more stable, easier to use, and much cheaper than biorecognition molecules especially in
complex samples. Takeuchi and his colleagues®’ developed a versatile design of AuNPs,
which were grafted with poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) as an
artificial C-reactive protein (CRP) recognition layer (PMPC-g-AuNPs). When the specific
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binding events occurred, a LSPR red-shift could be measurable even when the concentration
of CRP was down to 50 ng/mL. This sensitivity is sufficient for use in clinical diagnostics of
inflammation or infection. Another similar strategy is to functionalize the AuNP surface
with synthetic oligosaccharides, which can be applied to detect toxins by using LSPR
chips.® AuNP-based LSPR assays were also used to analyze specific carbohydrate—protein
interactions, which play a critical role in some biological events such as cell adhesion and
cell migration.>® LSPR peak shifts of single AuNPs were measured for various binding
constants of the biological interactions between receptors and ligands. The precise
quantification of the carbohydrate—protein binding constants helps us assess various
biological events and develop new diagnostic devices.

Undoubtedly, LSPR-based assays show great potential in the field of medical diagnostics as
a simple, label-free, fast, sensitive, and quantitative method. Because this strategy is based
on a simple optical extinction measurement, it is highly conceivable that portable devices
such as microfluidics can be integrated with the LSPR assays for the development of IVD
platforms.

2.2. AuNP-Based Colorimetric Assays

The simplicity of the colorimetric format points toward its use as a general method to detect
a wide variety of analytes. Classically, enzyme cascade amplification strategy has been
applied in colorimetric assays to detect the low level of biomolecules in real samples. These
enzymes, such as GOx, catalase, HRP, and alkaline phosphatase (ALP), are covalently
labeled onto a second antibody for immunoassays. The presence of detection analytes can
cause the recognition of the enzyme-labeled antibody with the analyte through the antibody—
antigen interactions, and the colorimetric signals can reflect the presence of analytes. In
most cases, the intensity of the signal can quantify the concentration of the analytes. There
are two main factors that influence the detection sensitivity of colorimetric immunoassays.
One is enzyme activity; the other is extinction coefficient of the substrate of enzyme.
Currently, most enzymes used in bioassays are macromolecular biological catalysts, whose
catalytic activities are determined by their three-dimensional structures. Therefore, the
maintenance of enzyme activity is a major task in the process of transportation, storage, and
use. Recently, there has been the development of artificial enzymes with stable activity with
aims to make the detection simple and cost-effective.59 The substrates used in
immunoassays can be catalytically converted into different molecules by the labeled
enzymes to induce a color appearance. According to the Lambert—Beer law, the extinction
coefficient of substrate is directly related to detection sensitivity. In general, substrates with
higher extinction coefficients can provide higher detection sensitivity.

AuUNPs are a perfect candidate for colorimetric assays because of their ultrahigh extinction
coefficients (e.g., 2.7 x 108 M~ cm~1 for 13 nm AuNPs), more than 1000 times higher than
those of organic dyes.5! This property allows the detection limit for AuNP-based
colorimetric assays to be as low as the nanomolar level, much lower than the assays using
organic molecules as substrates. AUNP-based colorimetric assay was pioneered by Mirkin
and co-workers in 1997.62 After that, an explosive development of colorimetric sensors has
been reported for various species including nucleic acids, proteins, saccharides, ions, organic
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molecules, pathogens, and even cells.83 In this Review, these assays will be summarized into
two categories: (1) AuNPs are directly used in the assays by forming cross-linking assembly
without signal amplification; and (2) AuNPs replace conventional small organic molecules
as substrates in enzyme-catalyzed reactions to provide high-sensitivity 1VVDs.

In the first category, targeted analytes trigger aggregation of AuUNPs in a direct or indirect
manner, resulting in a wavelength red shift in the visible region. A dramatic LSPR shift can
be confirmed by a red-to-blue (or purple) color change of the bulk AuNP solutions,
providing a simple platform for colorimetric detection. The readout of the assays can be
collected by UV-vis spectroscopy or even the naked eye. DNA-meditated AUNP assembly
was first demonstrated by Mirkin in 199654 and then applied for colorimetric detection of
DNA.52 The addition of the target DNA molecules induces the hybridization of two
complementary DNA strands on AuNPs, leading to the formation of the cross-linked AUNP
aggregates. A red-to-blue (or purple) color change was therefore observed (Figure 5). The
dissociation of the AUNP aggregates can be realized upon elevating the incubation
temperature above the melting temperature of the hybridized DNA. An interesting finding
by the authors is that the melting transition is extremely sharp, offering excellent selectivity
of fully complementary DNA targets over those with one or more mismatches.%° On the
basis of a similar strategy, biorecognition element modified AuNPs have been successfully
employed as colorimetric reporters for glucose, dopamine, glutathione (GSH), adenosine
triphosphate (ATP), K*, etc.16f The controlled loss of surface ligands can also be applied to
construct colorimetric bioassays. For example, single-stranded DNA (ssDNA) can bind onto
citrate-coated AuUNPs via DNA base—Au interactions to stabilize AuNPs. In contrast, double-
stranded DNA (dsDNA) formed by the hybridization of sSDNA and its complementary
sequence shows negligible affinity for citrate-AuNPs, most likely due to the very weak
interactions between the hybridized DNA bases and Au. Therefore, addition of an
appropriate concentration of salt (e.g., 300 mM NaCl) into the mixture of citrate-coated
AUNPs and dsDNA may cause the aggregation of AuNPs, while those mixed with sSDNA
remain monodispersed.5® This non-cross-linking aggregation strategy was also applied to
detect other biomolecules. A typical example is the detection of ATP with the aid of its
aptamer.%7 The ATP aptamer was hybridized with its complementary oligonucleotide to
form a dsDNA, which is unable to stabilize the unmodified AuNPs in high concentrations of
salt solutions. In the presence of ATP, it interacts with its aptamer to release a random coil-
like ssDNA, which can stabilize the AuNPs and prevent the salt-induced aggregation.

Because the dramatic LSPR shifts and its corresponding color changes rely on the formation
of large AuNP aggregates, both cross-linked and non-cross-linked AuNP-based colorimetric
assays directly for DNA detection show moderate sensitivity, generally at the nanomolar
level. This sensitivity is insufficient for DNA biomarkers in most clinical samples where
their concentrations generally range from attomolar to picomolar. To enhance detection
sensitivity, enzyme-based amplification strategies were integrated in the AUNP-based
colorimetric assays. Chan et al.8 demonstrated such integration for diagnosis of infectious
diseases by combing the DNAzyme-catalyzed amplification strategy with the linker-induced
LSPR coupling of AuNPs. This strategy is based on the linker DNAs that can induce the
aggregation of AuNPs, thus leading to a color change of the bulk solutions. As shown in
Figure 6, in the presence of the DNA target, the initially inactive multi-component nucleic

Chem Rev. Author manuscript; available in PMC 2017 January 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 11

acid enzyme (MNAzyme) is activated due to the binding of the target DNA with the
MNAzyme. The active MNAzyme then recognizes its substrate, a linker DNA, and in turn
catalyzes the cleavage of multiple linker DNAs. The degradation of linker DNAs allows the
dispersion of AuNPs, and the color of the solutions remains red. If the target DNA is absent,
the MNAzyme remains inactive and has no cleavage activity on the linker DNAs. Therefore,
the linkers hybridize with their complementary strands coated on AuNPs and cause the
aggregation of AuNPs along with a red-to-blue change in color. On the basis of the enzyme-
catalyzed signal amplification, the detection limit of the AuNP-based colorimetric assay can
be as low as 50 pM, much lower than those using direct AUNP assays. More importantly,
this strategy was applied to detect several DNA targets for infectious diseases, including
gonorrhea, syphilis bacteria, malaria parasite, and hepatitis B virus, in a multiplexed manner.
This system shows great promise for 1VDs because it does not rely on expensive instruments
and reagents and complicated operation procedures.

Another strategy to further improve the detection sensitivity is to use the enzymatic ligation
chain reaction (LCR) concept.59 In the presence of ampligase, the target DNA acts as a
template to hybridize with the capture sequences coated on AuNPs and guide the covalent
ligation of the capture sequences to form DNA-AUNP assemblies. The denaturation of the
solutions is able to release the target DNA and the ligated AuNPs. Repetition of the
hybridization and ligation exponentially amplifies the number of ligated AuNPs, and
eventually results in the color change of the bulk AuNPs solutions from red to purple.
Because the ligated AuNPs can be exponentially formed with the thermal cycling, ultrahigh
sensitivity (aM levels) can be achieved. However, there are at least three limitations to the
LCR-based AuNPs assays. First, both the hybridization and the denaturation processes
require precise control of temperature, and thus are not appropriate for rapid diagnostics.
Second, the thermal cycles, especially the denaturation process, at high temperature tend to
induce the detachment of capture sequences from Au surface, causing nonspecific
aggregation of AuNPs. Third, the interactions between the enzymes and their ligation site
are often restricted by the steric hindrance of DNA coated AuNPs, leading to low
amplification efficiency. Recently, an enzyme free LCR-based AuNP colorimetric assay was
reported and provided 50 zM sensitivity.” Click chemical ligation based on copper-free
click chemistry was employed in this assay to replace enzymatic ligation. Some of the above
issues were addressed by this method. However, the involvement of magnetic separation and
many thermal cycles with precise control of temperature will inevitably impede the practical
use in the clinic.

Besides the relatively low detection sensitivity, stability is another main issue that limits the
wide applications of AuNP-based colorimetric assays. The biorecognition element modified
AUNPs are often unstable in real samples such as serum, in which the high concentrations of
salts induce the aggregation of AuNPs, thus generating nonspecific signals. In addition, the
biothiols (e.g., cysteine and homocysteine) in real samples are likely to replace the
biorecognition elements on Au surfaces, and decrease the recognition capability of the
AuUNP-based assays. It is worth noting that the aggregation process of AuNPs is dynamic,
which means that the suspension of the aggregates is unstable in solutions. With the
formation of large sized AuNP aggregates, the color of the solution changes from red to blue
(or purple), and finally becomes colorless in a few hours to days, with the generation of
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AUNP precipitate on the bottom of the container. The time-dependent color change makes
this type of assay unreliable for accurate quantification of detection targets. To solve this
issue, Guo et al.”! provided an AuNP-based colorimetric assay with long-term stability, wide
dynamic detection range, as well as high sensitivity. This assay was based on the oriented
aggregation of asymmetrically functionalized AuNPs to form dimers, where the interparticle
spacing was shorter than 1 nm. As shown in Figure 7, such a small gap in the dimeric
AUNPs generally produces a larger peak shift and responds to an obvious red-to-blue color
change. The asymmetrically PEGylated AuNP surfaces endow this assay extraordinary
stability in complex samples, thus avoiding the appearance of false positive signals. This
modification also prevents the formation of multimers and large aggregates. In comparison
with conventional AuNP assays that require nanomolar levels of target DNA or more to
induce the large LSPR shift, this oriented assay offers picomolar level sensitivity.

Proteins are vital biomacromolecules in living organisms with a variety of functions from
catalyzing metabolic reactions to regulating cellular functions. The abnormal expression of
proteins is often associated with diseases. Therefore, proteins serve as indicators in many
diseases, and the accurate measurement of the proteins is significant in clinical diagnostics.
AuUNP-based colorimetric assays have been successfully used to detect proteins especially
for proteases.”? Proteases, such as thermolysin, thrombin, and lethal factor, function through
selectively catalyzing the hydrolysis of their substrates at a specific site. The protease
substrates are often peptides, which can form networks with AuNPs by a rational design,
thereby inducing aggregation of AuNPs. The aggregates can be redispersed to individual
AUNP by adding the target protease, which cleaves its substrates into proteolytic fragments,
liberating single AuNPs from the cross-linked AuNP assemblies. As a result, the color of the
solution turns red. A similar strategy has also been applied to determine the activity of
phosphatase, inorganic pyrophosphatase, telomerase, and DNA methyltransferase/
glycosylase, etc.”3

The AuNP assembly can also be mediated by the products of protease-catalyzed
hydrolysis.”* For example, Liu et al.”® designed an AuNP-based assay for
acetylcholinesterase (AChE) and inhibitor screening. AChE is able to hydrolyze its substrate
acetylthiocholine (ATC, an analogue of acetylcholine) to generate thiocholine, which is
comprised of a thiol moiety and a positively charged group. The thiol group shows high
affinity toward AuNP to induce a partial replacement of the fluorescent ligands such as
rhodamine B from AuNP surfaces. At the same time, the positively charged tail groups
interact with the negatively charged-ligand residues on AuNP surfaces, causing aggregation
of AuNPs and the change of solution color. The partial removal of ligands provides two
detection signals: fluorescence recovery and color change. This AuNP-based dual readout
assay was employed to monitor the level of AChE in the cerebrospinal fluid (CSF) of
transgenic mouse model for Alzheimer’s disease and showed high detection sensitivity (0.1
mU/mL). This strategy was also used for AChE inhibitor screening and pesticide
detection.”® Using a similar principle, AuNPs were used to detect Streptococcus
pneumoniae immunoglobulin Al protease (IgA1P) based on the electrostatics-mediated
AuNP assembly.”” IgA1P catalyzes the proteolysis of human IgA1 to yield IgA1 Fc, and
positively charged IgA1 Fab,. The negatively charged AuNPs selectively bind to the
positively charged IgA1 Fab,, to produce a visual AuNPs aggregation. Similarly, cathepsin B
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and its inhibitors were monitored by the controllable assembly of AuNPs, which can be
visualized with the naked eye.”20

So far, the most well-known strategy for protein detection is immunoassay, which relies on
the antigen—antibody interactions and various transducers such as fluorophores,
radioisotopes, electrochemiluminescent tags, DNA barcodes, and enzymes. Among these
signal transductions, ELISA allows sensitive detection of proteins by a color change, which
can be seen by the naked eye and thus without resorting to sophisticated instruments.
However, the moderate sensitivity of conventional ELISA limits its applications in early
disease detection where the concentrations of protein biomarkers are generally very low. The
high extinction coefficients of AUNPs enable them a perfect alternative of organic
molecules, which serve as the substrates of the labeled enzymes in conventional ELISAs.
The combination of immunoassays with AuNPs as readout is still challenging. Jiang et al.”®
developed an AuNP-based colorimetric immunoassay to detect proteins by means of the
indirect detection of Cu2*. To perform the detection, CuO NPs were first conjugated with
secondary antibody. After conventional immunodetection procedures, the labeled CuO NPs
were dissolved by diluted HCI to liberate Cu2*, which can be detected by azide- and alkyne-
modified AuNPs through click chemistry (Figure 8). The red-to-blue color change of AuNPs
indicates the presence of Cu?*, thus indirectly reflecting the amount of the sandwiched
protein. This method was used to detect human HIV antibody in serum samples by the naked
eye, making it especially suitable for clinical use in resource-poor settings. This strategy can
also be realized by labeling secondary antibody with ALP.”® ALP catalyzes the
dephosphorylation of ascorbic acid-phosphate to produce ascorbic acid, which acts as a
reducing agent to react with CuZ* to generate Cu*. The yielded Cu™ leads to the covalent
ligation of azide and alkyne moieties coated on AuNPs, causing aggregation of AuNPs.

The color change upon aggregation of AuNPs has been increasingly utilized for colorimetric
sensing of biomarkers. However, this principle often does not have high enough sensitivity
due to the inherent lack of signal amplification strategy. To enhance detection sensitivity of
this type of AuNP-based immunoassay, the AChE-induced aggregation of AuNPs and
magnetic beads were integrated into the immunoassays to induce high signal amplification
(Figure 9).89 To do this, detection antibodies were conjugated with AChE, which catalyzes
its substrate ATC to generate thiocholine, as aforementioned. Thiocholine can adsorb on the
Au surfaces via Au-S bond and cause aggregation of the citrate-capped AuNPs due to the
electrostatic interactions. This aggregation event can be transformed into a color change of
the AuNP solutions from red to purple. In addition, magnetic beads can load a large number
of AChE. After the normal immunoassay operation, a very small amount of analyte can thus
be detected most likely due to the high density of AChE on magnetic beads where the AChE
activity was still preserved. This enhanced colorimetric immunoassay was successfully
applied for clinical detection of enterovirus 71 (EV71), the major causative agent of hand,
foot, and mouth disease (HFMD), with ultrahigh detection sensitivity and specificity. This
plasmonic immunoassay was further simplified and employed to detect 7reponema pallidum
antibodies.81

Undoubtedly, the employment of AuNPs can provide very high sensitivities with a simple
readout. However, this system is unsuitable for quantitative detection because of the narrow
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linear dynamic range, typically within 2 orders of magnitude. Additionally, unlike
conventional ELISA, which can make use of stopping reagents to stabilize the detection
signal, both color change and LSPR shift of AuNP-based assays are dynamic processes,
making it difficult to create a convincing standard calibration curve for quantitative detection
of targets. It is a daunting task to develop a quantitative AUNP-based colorimetric
immunoassay. Liu and co-workers were inspired by conventional HRP-based ELISAS,
where the solution changes from colorless to yellow color. They noted that the extinction
coefficient of 5 nm AuNPs is much lower than those of larger sized AuNPs.82 At a relatively
low concentration (normally <10 nM), the solution containing 5 nm AuNPs appeared to be
colorless, while at the same concentration, the solution containing larger sized AuNPs is
usually red. Therefore, it is reasonable to construct a colorimetric immunoassay using 5 nm
AUNPs as the substrate and GOXx as the enzyme to conjugate with Ab2. GOx is able to
catalyze glucose to generate H,O,, which reacts with HAUCI, to produce Au® to deposit on
the surfaces of 5 nm AuNPs, causing the rapid growth of AuUNPs. As a consequence, the
colorless AuNP solution turned red quickly along with an appearance of an absorption band
at around 530 nm in the visible region of the electromagnetic spectrum. The LSPR
absorbance can be used as readout to quantitatively detect targets of interest. By virtue of
this strategy, they obtained a wide linear dynamic range (4 orders of magnitude) and an
extremely low detection limit (93 aM) for PSA. The capability of clinical detection was
demonstrated by using real patient serum samples, showing great potential for 1\VDs in both
resource-rich and resource-limited settings.

Another high-sensitivity immunoassay based on the controllable growth of AUNPs was
reported by Stevens and coworkers;83 they made use of catalase-labeled secondary antibody
to create a so-called “plasmonic ELISA”. They found that H,O, can react with the AuNP
precursor (HAuCl,) to form AuNPs. However, the aggregation state of AuNPs was largely
determined by the concentration of H,O,. High concentration of H,O, favors the formation
of monodispersed spheric AuNPs, whose solution is typically red in color. Low
concentration of H,O, favors the formation of aggregated AuNPs, which appear blue in
solution. In a sandwiched immunocomplex, catalase was labeled with a secondary antibody
and consumed the added H,0,. Therefore, the concentration of the sandwiched analyte was
linked to the H,0,-based growth of AuNPs. The blue and red colors can be readily
differentiated by the naked eye, without need of expensive analytical tools or skilled labors.
More importantly, the detection limits of this system can be as low as 10718 g/mL for PSA
and HIV-1 capsid antigen p24 in whole serum. Furthermore, the capability of this assay in
detecting p24 in clinical samples was tested against the gold standard PCR test. This
colorimetric method can detect HIV positive samples that were undetectable by PCR. If
commercialized, this plasmonic ELISA may revolutionize the field of 1VDs because of its
high-sensitivity and simple readout.

Indeed, the AuNP-based plasmonic immunoassays have offered ultrahigh sensitivity for
biomarkers of interest. They however face several challenges. First, the immunodetection
requires several cycles of time-consuming incubation and rinse steps, like any ELISA.
Second, activity of enzyme, the key of high sensitivity, needs to be well maintained in the
process of transportation, storage, and use. To solve the problems, a possible way is to use
recognition element-modified AuNPs for direct detection of analytes, where AuNPs act as
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substrate and readout. However, unlike small molecule or DNA detection, the direct
detection of proteins using antibody modified AuNPs is generally unrealistic because the
interparticle spacing in the antibody-protein-AuNP networks is larger than the size of the
particles. The basis of color change is that the interparticle spacing of the cross-linked
AuNPs should be smaller than the diameter of the nanoparticles.84 To break this barrier,
Stevens and co-workers8 used 60 nm AuNPs, whose surfaces were functionalized with
short viral peptide epitope, to detect antiviral epitope antibodies. By adding the analytes,
significant changes in the absorption band as well as colorimetric response were yielded,
most likely due to the fact that the interparticle spacing of the particle networks was greatly
reduced. This AuNP-based colorimetric assay allows direct detection of protein biomarkers
in a single incubation step, avoiding the use of enzyme and tedious rinse procedures. The
simple operation procedures of this assay enable it particularly suitable for IVD testing.

2.3. Outlook of AuNP-Based LSPR Assays

LSPR-based bioassays show great potential as VD platforms because these methods are
low-cost, fast, simple, and sometimes highly sensitive. Particularly, for the label-free LSPR
shift-based assays, the LSPR response is dependent only on the refraction index change of
the nanoparticles’ surrounding environment, and the specificity is achieved through the
molecular recognition involved. Therefore, there is no requirement of chemical modification
of the analytes or their subsequent recognition elements. For the color change-based AuNP
assays, there is no need of expensive analytical equipment to read the signal, which even can
be seen by the naked eye alone, making it particularly suitable for IVD detection. However,
several issues need to be addressed before the widespread applications of these AuNP-based
LSPR assays in clinical diagnostics. First, AUNPs tend to aggregate in complex samples to
generate false positive signals. In the past few years, a variety of ligands containing chemical
groups such as ethylene glycol moieties, zwitterionic groups, and imidazole groups have
been employed to resist the nonspecific aggregation of AUNPs. However, the
functionalization of the stabilizing agents on AuNP surfaces is likely to affect or even
prevent the analyte—receptor interactions. The development of appropriate stabilizing ligands
or functionalization strategies to minimize the nonspecific signals remains a challenge.
Second, the signals of the AuUNP-based LSPR assays are based on a dynamic aggregation
process, and there is no standardized procedure for data collection and analysis. Third, it is
far insufficient to combine AuNP-based LSPR assays with portable devices such as
microfluidic chips, most likely due to the difficulty in embedding the illumination systems
into the small chips. Last, the synthesis and functionalization of AuNPs are performed under
highly optimized conditions in research laboratories. The robust preparation of various
AUNPs is of paramount importance for mass production of standardized products.

Future development of AuNP-based LSPR assays lies in designing biosensors with ultrahigh
sensitivity and reliability, assuring the assays effective in complex biological samples as
described above, further engineering user-friendly interfaces and incorporating with
miniaturized devices. For example, to improve the sensitivity and simultaneously minimize
the nonspecific nanoparticle aggregation, asymmetrically PEGylated AuNPs were employed
as an effective platform for LSPR assays, where the PEG part functioned to maintain the
stability of the AuNPs probes in complex samples, and the other part was utilized to
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selectively form dimers without forming large aggregates upon target binding. This design
enabled the LSPR assay with an improved long-term stability, a wide dynamic range of
detection, and surprisingly high sensitivity.”! Nevertheless, the unique characteristics of
AuNP-based LSPR assays make them a perfect candidate for clinical diagnostics especially
in combination with portable platforms.

3. AuNP-BASED FLUORESCENT ASSAYS

Fluorescence is known as a highly sensitive technique that can even offer single-molecule
detection sensitivity. Fluorescent assay is an established and dominant optical technology
that plays a vital role in biomedical diagnostics and biotechnology. However, many
fluorescent assays are facing several challenges such as photostability and autofluorescence
of biological samples.86 In recent years, nanomaterial-based fluorescent assays have great
potential to serve as alternatives to traditional fluorescent dye-based assays. These
nanomaterials include semiconductor QDs,87 fluorescent dye-doped silica nanoparticles,88
upconverting lanthanide-doped nanoparticles,8 carbon nanodots,®C noble metallic
nanoparticles,® and so on. Among these nanosensors, AUNP-based fluorescent assays have
received much attention due to their excellent photostability and biocompatibility, facile
surface tailorability, color tenability, high surface-to-volume ratios, and high emission
rates.%2 In this section, we will introduce two types of AuNP-based fluorescent assays. One
uses Au nanoclusters (AuNCs), which consist of 2-100 Au atoms. The other uses distance-
dependent nanoparticle surface energy transfer (NSET) of organic dyes on the surface of
AUNPs, offering activatable fluorescent assays.

3.1. AuNPs as Fluorophores

AUNC acts as a new type of fluorescent nanomaterial whose size is typically smaller than 2
nm. The fluorescent AuNCs offer unique optical features, which are dramatically different
from AuNPs whose sizes are generally 3-100 nm composed of many hundreds to thousands
of Au atoms.%3 In principle, when the size of AUNCs approaches the Fermi wavelength of
electrons, molecule-like optical properties including discrete electronic states and size-
dependent fluorescence can be observed. By virtue of one-photon excitation, two different
emission wavelengths were found to be in the visible and the NIR region.®* In Figure 10, the
energy diagram for nanoclusters shows that the emission in the visible region is most likely
associated with the Au core, while that in the NIR region is attributed to the interaction of
the surface ligands with AuNCs. Therefore, both the size of the Au core and the polarity of
the ligand have a direct effect on the emission efficiency. It was reported that the emission of
fluorescent AuNCs can be gradually modulated from UV to NIR region depending on
cluster size and composition.24 This feature is similar to that of semiconductor QDs whose
emission property is also size-dependent. However, unlike QDs that are composed of toxic
heavy metals, AUNCs show excellent biocompatibility, making them ideal replacements of
QDs and organic dyes especially in combination with their strong photoluminescence,
ultrasmall size, and photostability. The past few years have witnessed considerable efforts in
the synthesis of AuNCs with high fluorescence quantum yields and applications in chemical
and biological labeling and sensors. Several review papers have been dedicated to the
synthesis, functionalization, and applications of AUNCs for fluorescent analysis of
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environmental and biological samples.9® Herein, we attempt to summarize several important
applications of AuNCs as fluorophores in IVD assays.

The ligands used for the synthesis and stabilization of AUNCs are essential to determine the
size and fluorescence intensity of AUNCs because they are prone to aggregate into large
clusters. As reported, these ligands mainly include small thiol-based molecules, polymers,
DNA oligonucleotides, peptides, and proteins.9 A variety of bioassays were created by
controlling the interactions between the AuNCs and their ligands. For example, Chang et
al.97 reported an AuNC-based fluorescent assay for the quantitative measurement of H,05
using 11-mercaptoundecanoic acid (11-MUA) bound AuNCs based on fluorescence
quenching. If H,O, is present, the 11-MUA units capped on the Au surfaces via Au-S bonds
tend to be oxidized to form organic disulfide products, causing the loss of ligands from Au
surfaces and thus resulting in reduced fluorescence of the AUNCs. The authors demonstrated
that the fluorescence quenching was attributed to the decreased density of 11-MUA ligands
on the surface of the AUNCs rather than the aggregation of clusters. Furthermore, this
fluorescent assay can be applied to detect glucose when combined with GOXx, which is
capable of catalyzing the generation of H,O> in the presence of glucose.

Bovine serum albumin (BSA) stabilized AUNCs (BSA-AuNCs), which exhibit strong
fluorescence emissions, have been used to detect various analytes.?8 Dong et al.%°
demonstrated that H,O, is able to induce the degradation of AuNCs, which leads to the
fluorescence quenching. This phenomenon was employed to detect H,O, and glucose with
very high sensitivity and selectivity. Qu et al.100 reported a BSA-AuNC-based fluorescent
assay for dopamine. Dopamine is able to attach onto AUNCs and leads to the reduced
fluorescence intensity of BSA-AuNCs through a photoinduced electron transfer process. The
detection limit for dopamine can be as low as 10 nM, much lower than many other
previously reported nanoparticle-based assays.

Like small organic fluorophores, the formation of AUNC aggregates can lead to the
fluorescence self-quenching phenomenon. For example, a NIR fluorescent assay using
urease-stabilized AUNCs has been developed for the detection of urea in blood samples.101
In the presence of urea, the AUNC embedded urease remains active as free urease and
enables the catalytic reaction of urea to produce NH4* and CO,. The positive charge of
NH,4* interacts with the negatively charged AUNCs and thus forms AuNC aggregates. As a
consequence, the fluorescence of AUNCs is effectively quenched. The AuNC aggregation-
based fluoroescence quenching was also applied to detect other biospecies like phosphate
containing metabolites. GSH-bound AuNCs emit strong reddish fluorescence under
illumination of UV light. However, the fluorescence of GSH-AUNCs was found to be highly
quenched in the presence of Fe3*, most likely due to the formation of Fe3*-GSH-AuNC
aggregates through the chelation between Fe3* and GSH-AUNCs. The addition of phosphate
containing metabolites, such as ATP and pyrophosphate, restored the fluorescence of
AuNCs. This is because phosphate anions have high formation constants with Fe3*,
resulting in the release of Fe3* and individual GSH-AuUNCs from the Fe3*-GSH-AuNC
networks. Real samples such as cell lysate and human plasma were used to evaluate the
capability of this assay in clinical settings.102 A similar strategy was performed to detect
protein kinase and screen its inhibitors.103 This aggregation-based fluorescence quenching
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phenomenon was applied to detect Concanavalin A (Con A) and £. coliwhen a-D-
mannose-conjugated AuNCs (Man-AuNCs) were used as the fluorophores.104 The Man-
AUNCs were able to bind with the analytes through multivalent cooperative interactions
between Man-AuNCs and Con A or the mannose receptors on E£. coli.

The AuNC-based fluorescent bioassays were also extensively used in protein detection.
Various recognition elements such as antibody, aptamer, biotin, and polymer have been
functionalized onto surfaces of AUNCs to improve the selectivity of protein detection.
Leblanc et al.195 prepared fluorescent AuNCs using poly(amido amine) (PAMAM)
dendrimers as stabilizing agents and made use of this fluorescent assay for human IgG
detection. To realize the immunodetection, a polyclonal, goat-derived antihuman 1gG
antibody was electrostatically conjugated with the as-prepared AuNCs. As reported, the
conjugation of antibody was unable to change the fluorescence of AUNCs. However, the
introduction of human 1gG antigen caused the decrease of fluorescence intensity, which was
due to the formation of AUNC aggregates. It was reasoned that the polyclonal antibody has
two binding sites for antigens, and two antigen molecules may bind to one molecule of
antibody on AuNCs to induce the formation of cross-linking quenching complex, along with
an aggregation process. The aggregation of AuNCs readily accounted for the decrease in
fluorescence intensity. AUNC-based immunofluorescent assays have also been successfully
explored to enhance the assay sensitivity by utilizing AUNCs as marker labeling tags.1%6 To
amplify the detection signal, porously structured CaCOs spheres were utilized to load
AUNC:s to form strongly fluorescent CaCOs/ AUNCs hybrid composites. This nanosensor
was employed to detect neuron specific enolase, a prognostic marker in neuronal injury as
well as a cancer biomarker often used to monitor disease progression and management in
small cell lung cancer. A detection limit of 2.0 pg mL~1 was achieved with a linear detection
range from 5 pg mL~1 to 1.0 ng mL~L. Similarly, boron nitride sheet was employed to load
many AuNCs for the subsequent sandwich immunoassay.107 The application of the AuNC-
embedded nanocomposites allowed fluorescent detection of interleukin-6 (IL-6) with a limit
of detection down to 0.03 ng mL~1.

Proteases serve as a major class of enzymes in all organisms that are involved in digesting
long protein chains into shorter fragments by catalyzing the hydrolysis of peptide bonds that
link amino acid residues. The accurate measurement of proteases is of great importance to
many biological processes. Wang et al. prepared a simple fluorescent probe for proteases
based on the protein-protected AuNCs, whose fluorescence intensity was strong under
normal conditions. The protein templates used for the synthesis of fluorescent AUNCs acted
as a compact coating, preventing the AuNCs from direct contact with O, that was dissolved
in the solution, and thus avoiding O»-induced fluorescence quenching. The presence of
proteases was able to degrade the protein shell on AuUNCs, by which O, molecules can
quickly access the AuNC cores and thus quench their fluorescence.108 On the basis of a
similar design, peptide-templated AuNCs were allowed to measure the protein post-
translational modification (PTM) enzymes such as histone deacetylase 1 (HDAC 1) and
protein kinase A (PKA).199 As illustrated in Figure 11, the PTM enzyme is able to
deacetylate its substrate peptides that were densely coated on the surfaces of AUNCs,
altering the interactions between the peptides and the AuNC cores. Thus, the peptide layer
became loose and O, molecules can be accessible to the surfaces of AUNC cores, causing
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the fluorescence quenching by oxidizing them into nonfluorescent clusters. By virtue of this
assay, subpicomolar detection limits are readily achieved for both enzymes. Similarly, GSH-
bound AuNCs were employed for selective detection of liver disease biomarker GSH S-
transferase (GST) and GST fusion proteins in cell lysates.110 These strategies were extended
to detect cystatin C, a significant cysteine protease inhibitor in human bodies that is mainly
used as a biomarker of kidney function. Huang et al.111 reported a simple, label-free, cost-
effective, and immune-independent fluorescent probe for cystatin C by using BSA-protected
AUNC:s as the fluorophores. The high fluorescence of BSA-templated AuUNCs can be
effectively quenched by papain, a kind of cysteine protease capable of digesting the BSA
layer. Because the activity of papain can be specifically inhibited by cystatin C, the
concentration of cystatin C can thus be quantified by the restored fluorescence intensity of
the AuNCs—papain mixture. This approach was used for sensitive and selective detection of
papain and cystatin C in clinical samples.

3.2. AuNP-Based Activatable Fluorescent Assays

Over the past decades, activatable fluorescent probes have been designed to monitor the
biological events in biochemical processes.12 Typically, an activatable fluorescent probe is
composed of two parts: a fluorophore that acts as the donor and a quencher that acts as the
acceptor. When the two components are in close proximity, the fluorescence of the dye can
be quenched by various energy transfer mechanisms. The classical mode of energy transfer
is Forster resonance energy transfer (FRET), as first reported by Stryer and Haugland in
1967.113 On the basis of the quantum physical model, FRET occurs via a dipole—dipole
interaction, where an energetically excited fluorophore acts as a donor, and transfers its
excitation energy to a nearby acceptor through a nonradiative energy transfer process. In
addition, the energy transfer efficiency is highly dependent on the distance of the FRET
pairs as well as the overlap of the absorbance spectrum of the donor and acceptor. It was
reported that the energy transfer efficiency is inversely proportional to the sixth power of the
distance between the donor and acceptor.114 On the basis of this, effective FRET distance is
estimated to be less than 10 nm. The FRET phenomenon provides a powerful tool in
biological and chemical fields to measure the distances between molecules on a molecular
scale, which is particularly useful for determining conformational changes of biomolecules
and molecular interactions in biochemical process. However, FRET fails in monitoring many
other biochemical events that occur across a distance greater than 10 nm.

NSET, nanoparticle surface energy transfer, can overcome the FRET distance-dependent
energy transfer limit.11> AuNPs have been demonstrated as a highly efficient energy
acceptor most likely due to the continuous electron—hole pair excitations on their surfaces.
Like FRET, when an acceptor AuNP and a donor fluorophore are brought into proximity, the
energy of the fluorophore can be transferred to the AuNP surfaces via dipole-surface
interactions. Because free conducting electrons are isotropically distributed in the dipole
vectors of AuNPs, the conducting electrons can interact strongly with the oscillating dipole
of the fluorophore. Therefore, the dipole-surface interactions in NEST are dipole—dipole in
nature. The continuum of the electron-hole pair excitations on AuNP surfaces increases the
possibility of the dipole—surface interactions, thus enhancing the energy transfer efficiency
of NSET over FRET. As a consequence, the strong dipole—surface interactions enable the
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NEST model widely applicable to AuNP-fluorophore studies across longer distance ranges
as opposed to FRET. Several experimental observations indicate that the dipole—nanosurface
energy transfer distances in NEST can be more than double those attainable using traditional
dipole—dipole energy transfer-based FRET model. As shown in Figure 12, 1.4 nm sized
AUNCs were conjugated with fluorescein and separated by a DNA strand, and energy
transfer was observed when the distance was in the range of 5-25 nm.116 In addition, when
the distance is above 7 nm, NEST was found to have a higher energy transfer efficiency than
FRET. The high fluorescence quenching abilities of AuUNPs make them excellent candidates
as substitutes for organic dye quenchers, to construct activatable probes for various
bioanalytes ranging from small organic biomolecules to DNA, proteins, and pathogens.

To bring the AuUNP-based activatable fluorescent assays into the real world, various
fluorophores, for example, organic dyes, fluorescent proteins, QDs, metal nanoclusters, and
water-soluble fluorescent polymers, were usually first immobilized on the surfaces of
AUNPs by chemical binding or electrostatic interaction, leading to fluorescence quenching
of the fluorophores. The target molecules then can bind selectively to the activatable probes
and cause detachment of the fluorophores from the AuNP surfaces.117 The restored
fluorescence intensity is proportional to the concentration of the target of interest. In recent
years, much attention has been paid to these highly fluorescent assays.

Biothiols play a central role in reversible redox reactions and cellular functions including
detoxification and metabolism. Zhang and co-workers18 developed an off—on fluorescent
probe for biothiols using a Ru(ll) polypyridyl complex-coated AuNP composite. The Ru(ll)
complex is known for its high fluorescence, high photostability, and outstanding two-photon
properties. Upon loading of the Ru(Il) complex onto surfaces of AuNPs via Au-N bonds,
the fluorescence of Ru(ll) complex was almost completely quenched by AuNPs (up to
99.8%). In the presence of biothiols, the Ru(ll) complexes can be removed from the AuNP
surface because the coordination capability of Au-S bond is stronger than that of the Au-N
bond. As a result, the displacement reaction causes the turn-on fluorescence of Ru(ll)
complexes. The two-photon property of this probe allows the detection of biothiol levels in
living cells and tissues at depths of 80-170 gm. Similarly, the highly soluble PEGylated
pyrene was noncovalently adsorbed onto the surface of AuNPs to form a nonfluorescent
nanocomposite. Biothiols such as cysteine can trigger the release of PEGylated pyrene from
the AuNP surfaces; thus the restored fluorescence can be employed to detect cysteine with a
detection limit of 11.4 nM, along with a linear range from 1.25 x 1078 to 2.25 x 10~/ M.119

Glucose is an important carbohydrate in biology and is related to many physiological and
pathological processes. It is highly desirable to accurately determine the level of glucose in
biological samples such as blood and CSF. The conventional platforms for glucose detection
are mainly dependent on the enzymatic reaction catalyzed by GOx. For these glucose assays,
their detection sensitivities are insufficient in many cases where the concentrations of
glucose are very low. Tang et al.120 reported an AuNP-based FRET sensor for glucose based
on a functionalized AUNP-QD assembly. The AuNPs were modified with thiolated -
cyclodextrins (8-SH-CDs), and QDs were conjugated with Con A. The specific recognition
of 5-SH-CDs and Con A induced the formation of AUNP-QD assemblies, resulting in the
energy transfer from QD to AuNP indicated by a quenched fluorescence. The fluorescence
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of QDs can be recovered in the presence of glucose due to its competition with f-SH-CDs
for the binding sites of Con A. This FRET probe has a high sensitivity for glucose with a
detection limit of 50 nM and an excellent selectivity for glucose over other species in
clinical samples. Because the potential toxicity of QDs makes this assay unsuitable for use
in living organisms, the authors improved the glucose assay by using apo-GOXx (inactive
form of GOx)-modified AuNPs as the FRET acceptor and fluorescein isothiocyanate
(FITC)-conjugated dextran as the FRET donor.221 As shown in Figure 13a, the apo-GOx on
AUNP surfaces is able to interact with dextran labeled with FITC, leading to an efficient
FRET from FITC to AuNPs, and thus no fluorescence can be observed in this
nanocomposite. Glucose competes with dextran-FITC for the binding sites of apo-GOx and
displaces the dextran-FITC segment from AuNP surfaces, resulting in the fluorescence
recovery of FITC. This FRET assay shows good biocompatibility, selectivity, and sensitivity
(5 nM) for quantitative analysis of glucose and imaging of glucose consumption in living
cells.

The FRET mechanism has also been combined with the fluorescent AuNCs to create
ratiometric fluorescent probes for small biomolecule detection. Boronic acid group is one of
the most well-known recognition elements for glucose, and shows a widespread range of
applications in biomolecular recognition. Boronic acid (or its derivatives) can react with
molecules containing 1,2-diols or 1,3-diols through a reversible and covalent ester
formation.122 Mao et al.123 took advantage of this property to construct an AuNC-based
FRET assay for glucose in rat brain microdialysate. They first prepared a polymer
containing boronic acid group that binds with Alizarin Red S (ARS, a fluorescent diol) and
N-acryloxysuccinimide group that can be coupled with ovalbumin-protected AuNCs (Ova-
AUNCSs). Later, the fluorescent polymer was covalently coated onto AuNCs to achieve two
emissions: one at 567 nm was derived from ARS, and the other at 610 nm was derived from
AUNCs, respectively. As shown in Figure 13b, in the presence of glucose, the fluorescence
intensity of the labeled-ARS decreased because of the removal of ARS from the polymer,
while the fluorescence intensity of Ova-AuNCs emission peak at 610 nm showed negligible
changes. This ratiometric fluorescent probe was successfully employed to monitor the
amounts of glucose in the rat brain following the cerebral calm/ ischemia.

The functions of AuNCs similar to those of organic fluorophores have been integrated with
FRET assays. Yan and co-workers24 made use of cysteamine modified AuNPs (cyst-
AUNPs) and trypsin stabilized gold nanoclusters (try-AuNCSs) to detect heparin, a highly
negatively charged polysaccharide playing a significant role in hemorrhage and
thrombocytopenia during the surgery and the anticoagulant therapy. As shown in Figure 13c,
the detection mechanism is based on the surface plasmon enhanced energy transfer between
cyst-AuNPs and try-AuNCs. In the original state, try-AuNCs were attached onto surfaces of
cyst-AuNPs through electrostatic interactions, leading to the significant decrease of
fluorescence of the try-AuNCs. In the presence of heparin, the try-AuNCs were
competitively removed from cyst-AuNP surfaces because of the extremely high affinity
between heparin and cyst-AuNPs. The detachment of try-AuNCs caused the recovery of
their fluorescence and a simultaneous formation of AuNP aggregates. This method was
reported to detect heparin with a linear range of 0.1-4.0 zg mL~1 and a detection limit of

Chem Rev. Author manuscript; available in PMC 2017 January 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 22

0.05 1g mL™L. The FRET from AuNCs to AuNPs was also applied to detect platelet-derived
growth factor AA (PDGF AA) molecules by Chang and colleagues (Figure 13d).125

Molecular beacon is one of the most well-known nucleic acid probes that can report the
presence of specific nucleic acids in homogeneous solutions.126 A typical molecular beacon
is composed of a loop structure and a stem structure. The loop is complementary to the
target nucleic acid and the stem is formed by two complementary arm sequences where a
fluorophore and organic quencher are conjugated on either end of the sequences. Once the
target nucleic acid is reached to hybridize with the looped sequence, the arm sequences are
forced apart so that the fluorophore and quencher are separated and the fluorescence is
recovered. AuUNPs serve as ideal quenchers in molecular beacons due to their high
quenching efficiency. Libchaber and co-workers'27 designed a molecular beacon using 1.4
nm AuNPs as the quenchers with respect to four fluorescent dyes including rhodamine 6G,
fluorescein, Texas red, and Cy5. Their design was based on a hairpin structure where the
fluorescence of the dyes was efficiently quenched by AuNPs. Upon the target binding, the
loop was opened and the fluorescence of the dyes recovered because of the increased
distance between the dyes and AuNPs. By employing AuNPs instead of the organic
quencher (4-((40-(dimethylamino)-phenyl)azo)benzoic acid), 100-fold higher sensitivity was
achieved, allowing one to detect single DNA mismatches. Later, Nie et al.128 developed a
new AuNP-based molecular beacon where a 2.5 nm AuNP served as both a nanoscaffold
and a nanoquencher for fluorophore-tagged oligonucleotides. To realize the concept, a thiol
group and a fluorescent dye were labeled on either end of the oligonucleotide, which was
readily attached onto AuNP surfaces via Au-S bond to form a constrained arch-like
structure (Figure 14a). The fluorescence of the dyes was completely quenched due to the
close proximity of the dyes and AuNPs in the nanostructure. Once the oligonucleotide binds
its target, the constrained confirmation opens because of the formation of the rigid double-
stranded DNA. As a consequence, the arch-like configuration is lost and the fluorescent dye
and AuNP are separated, restoring the fluorescence of the quenched dyes. Unlike
conventional molecular beacons relying on a stem-and-loop structure, the AuNP-based
FRET probes do not require a stem. However, the constrained arch-like confirmation
essentially gave a quenching efficiency of almost 100% when the fluorophore approached
AUNPs, meaning very low background noise, and thus offering higher sensitivity than
conventional molecular beacons using organic quencher.

Activatable probes based on larger sized AuNPs have received a lot of research interest. As
demonstrated by Fan and co-workers,12° larger sized AuNPs show stronger SPR absorption
over smaller particles; for example, 5-20 nm AuNPs absorb strongly at the 300-500 nm
wavelength range, while the absorbance of 2 nm AuNPs at this range is hundreds of times
less intense. The significant overlap between the absorption of larger sized AuUNPs and
fluorophore emission guarantees the high FRET efficiency, allowing a broad range of
fluorophores to be efficiently quenched. In addition, larger sized AuNPs have greater surface
areas to load a larger number of oligonucleotides as well as different oligonucleotides. On
the basis of this hypothesis, Mirkin et al.130 developed an activatable sensor for mMRNA
detection in living cells (Figure 14b). The so-called “nanoflare” sensor consisted of an
AUNP core functionalized with oligonucleotides, which were hybridized with short dye-
terminated fluorescent reporter sequences. The fluorescence was highly quenched because
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of the high quenching ability of AuNPs. In the presence of the target mMRNA, the recognition
oligonucleotides hybridized with the complementary target sequence by forming longer and
more stable duplexes, which caused the release of the fluorescent reporter sequences from
the AuNPs and produced fluorescence signal like flares. The intensity of the restored
fluorescence was closely correlated with the relative amount of the target. This system was
then extended for simultaneous MRNA detection and regulation.131 Later, the same group
advanced this system for multiplexed detection of two different targets in living cells.132
This “nanoflare” system has also been employed to directly quantify intracellular ATP levels
by utilizing ATP aptamer-functionalized AuNPs.133

In some diseases like cancer, the progression of the disease is often associated with the
expression of multiple mRNAs. Therefore, multiplexed detection of targets simultaneously
is of great significance to improve the accuracy of disease diagnostics over single-target
assays. Tang et al.134 adapted an approach similar to Mirkin’s “nanoflare” to monitor the
progression of tumor by detecting three different types of tumor-related mMRNA targets. This
FRET probe was composed of an AuNP core and a dense shell of recognition sequences,
which were hybridized with three short dye-terminated reporter sequences. The recognition
sequences were designed to selectively bind with three mRNA transcripts: c-myc mRNA,
TK1 mRNA, and GalNAc-T mRNA. The probes were incubated with MCF-7 human breast
cancer cells and MCF-10A normal human breast cells as well as HepG2 human liver cancer
cells and HL-7702 normal liver cells. The results indicated that all three mMRNAs in breast
cancer cells were simultaneously determined by three fluorescence signals (green, yellow,
and red), respectively, while no fluorescence signal was observed in healthy breast cells.
Likewise, the three green, yellow, and red fluorescence signals were also observed in HepG2
human liver cancer cells. However, the red fluorescence signal was found to be strong in
healthy liver cells, indicating the expression of GaINAc-T mRNA in healthy liver cells was
also high. These results were further confirmed by RT-PCR, suggesting the capability of this
multiplexed assay in distinguishing cancer cells from normal cells with negligible false
positive results. To measure different levels of mMRNA expressed in the cells, the nanoprobes
were incubated with the drugs tamoxifen and g-estradiol, which inhibit or promote the
expression of TK1, respectively.135 The results indicated that the levels of tumor-related
mMRNA in living cells can be monitored by the multiplexed “nanoflare”, therefore showing
its capability of evaluating the tumor progression. The same group advanced their work by
providing a four-color “nanoflare” that can simultaneously detect and image four types of
mRNAs in living cells (Figure 14c).136 Most interestingly, these functional DNA-AuNP
“nanoflares” not only possess the individual properties of both DNA and AuNPs but also
show some new features including enhanced FRET efficiency, high resistance to enzymatic
degradation, high cellular uptake, and low toxicity. These features make them particularly
suitable for clinical diagnostics.

Besides the “nanoflare” FRET probes, hairpin structure has been employed to design
multicolor molecular beacons. Fan et al.137 reported such a FRET probe to detect three
different tumor-suppressor genes. This probe consisted of a 15 nm AuNP core as the
quencher, and three hairpin sequences labeled with fluorescein, Texas red, and Cy5,
respectively, were bound to the AuNPs via Au-S bonds. The complementary targets were
able to bind in the loop sequences and open the stem-loop structure like conventional
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molecular beads. As a result, the dyes moved away from the AuNP surfaces, turning on the
three fluorescence signals simultaneously. By virtue of different hairpin sequences on single
particles, these molecular beacons hold great promise in multiplexed detection of single-base
mismatched DNA targets. This approach was easily extended to detect adenosine,
potassium, and cocaine simultaneously by using their aptamers as the hairpin sequences
attached on the AuNP quenchers.138

MicroRNAs (MiRNAS), a class of small noncoding RNA molecules (18-25 nucleotides)
found in plants, viruses, and mammals, have emerged as important clinical biomarkers that
not only can signify the presence of relevant diseases but also can be employed to predict the
disease progression.139 Detection of miRNAs in clinical samples is challenging because of
their short sequences, single base differences, and especially extremely low concentrations
(normally <1 pM) in a wide dynamic range.140 Over the past decades, many sensing
strategies have been developed to detect miRNA.141 Among these, AuNP-based activatable
probes are ideal candidates because of their simplicity and high sensitivity. Cai and
coworkers42 developed a hairpin-structured probe using AuNP as quencher and FITC as
reporter. The target miRNA can hybridize with the loop of the oligonucleotide, forcing it to
open and leading to the recovery of the quenched fluorescence. This activatable probe
provides a limit of detection of 0.01 pM (at a signal/noise of 3) with a linear range from 0.05
to 50 pM. Recently, enzymatic catalysis-based amplification method was successfully
incorporated into AuUNP-based activatable assays for absolute and direct miRNA
quantification. Fiammengo et al.143 designed such an assay by taking advantage of the
specific property of duplex specific nuclease (DSN), which displays a strong preference for
cleaving double-stranded DNA or DNA in DNA-RNA heteroduplexes and remains inactive
to either ssSDNA or single-/double-stranded RNA (Figure 15). To realize the concept, 5’-
FAM-labeled oligonucleotides were first immobilized onto the passivation layer of
PEGylated AuNPs via a heterobifunctional linker, and the fluorescence was highly quenched
because of the vicinity of the fluorophores to the surfaces of AuUNPs. The target miRNASs in
standard solutions or clinical samples are capable of binding to the oligonucleotides on the
AUNPs to form a double-stranded DNA-RNA heteroduplex, where the DNAs can be
selectively and effectively hydrolyzed by the DSN enzyme while the target miRNAs are not
degraded. The hydrolysis of the DNA probes leads to a gradual release of the fluorescence
dyes from the AuNP surface, causing a persistent and dramatic increase of fluorescence in 2
h before reaching a plateau. Interestingly, the released target miRNAs can rehybridize to the
DNA-AuUNPs complexes for many times until the DNAs are completely degraded. The
enzyme amplification approach allows one to quantify the absolute amount of target
miRNAs in total RNA extracted from cultured cells with a method detection limit of 1 x 104
copies/ ngrna (or 100 copies/cell) in cancer cell lysates.

The rapid and efficient identification of abnormal expression of proteins in clinical samples
is essentially critical to disease diagnosis. Most protein assays rely on antigen—antibody
interactions, meaning that a specific antibody is inevitably required for the
immunodetection. The FRET-based “chemical nose” strategy serves as a useful alternative to
detect proteins of interest without the involvement of a specific antibody. Rotello et al.144
developed a protein sensor using such a chemical nose strategy. This prototype sensor array
was made up of an AuNP core and a fluorescent polymer monolayer. The AuNP core was
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functionalized with a layer of thiolated ligands terminated in six cationic groups (Figure 16).
The electrostatic interactions of the cationic AuUNPs and the anionic fluorescent poly(p-
phenyleneethynylene) (PPE) polymers result in fluorescence quenching of the polymers
through a FRET process. The quenching efficiency can be modulated by choosing an
appropriate cationic group, thus adjusting the binding ability of the fluorescent polymers
with the AuNPs. Addition of protein analytes is able to competitively bind with the cationic
AUNPs, thus displacing the fluorescent polymers from Au surface and the restored
fluorescence can be observed. The different binding constants of various proteins to certain
cationic AuNPs allow the chemical nose technology to be a fingerprint fluorescence
response pattern for individual proteins characterized by linear discriminate analysis (LDA).
This FRET-based chemical nose sensor has been successfully used to identify 52 unknown
protein samples (including BSA, cytochrome c, lipase, subtilisin A, ALP, acid phosphatase,
and p-galactosidase) with an accuracy of 94.2%. The same group extended the chemical
nose sensors to identify 12 types of bacteria including both Gram-positive (e.g., A. azurea,
B. subtilis) and Gram-negative (e.g., £. coli, P. putida) species in buffered solutions.14°
Furthermore, normal, cancerous, and metastatic cells were successfully differentiated by the
AuNP-conjugated polymer systems.146

Rotello and co-workers improved their chemical nose systems by utilizing arrays of green
fluorescent protein (GFP) instead of the PPE fluorophores.14” GFP shows a similarly high
binding constant to the cationic nanoparticles as do PPEs. However, GFP has defined size
and molecular weight, which can prevent the nonspecific interactions with each other, thus
significantly reducing aggregation. Therefore, unlike the above-described AuNP-conjugated
polymer systems that can merely differentiate targets of interest in clean buffered solutions,
the GFP-AUNP hybrid was able to discriminate specific proteins (like human serum
albumin, IgG, transferrin, fibrinogen, and a-antitrypsin) in more biologically relevant
samples, such as buffer and human serum with 100% and 97% accuracy, respectively. As the
plasma/serum proteome contains tens of thousands of different proteins, it is of great
significance to verify the practicability of any bioanalytical method in complex biological
samples. Recently, Rotello et al. further advanced this GFP-AUNP conjugate sensor to
profile chemotherapeutic mechanisms.148 This sensor is composed of a benzyl head-group-
terminated AuNP core and three different fluorescent proteins (EBFP2, EGFP, tdTomato).
The drug-induced physicochemical changes on cancer cell surfaces can be “snified out” by
the restored three-channel fluorescence. Different chemotherapeutic drugs can induce
different changes of cell surfaces, thus generating different fluorescence response patterns.
These fingerprint patterns were in turn used to identify the specific mechanisms of cell death
induced by drugs. The fingerprint patterns were obtained by using a simple microplate,
making this nanosensor applicable to high-throughput screening of unknown drugs that have
not been commercially available yet.

Determination of the protease activity is vital to many physiological and pathological
processes. Because of the unique properties of AuNPs, the AuUNP-based FRET assays
display several advantages over traditional fluorescent probes. It can be easily predicted that
the FRET assays based on fluorescence quenching by AuNPs are designed exclusively for
the enzymes that cleave their substrates. In principle, the fluorophore-labeled substrates are
initially conjugated with AuNPs to turn off the fluorescence of the fluorophores. In the
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presence of the target enzymes, the substrates are cleaved specifically, thus turning on the
fluorescence. In one study, for example, Lee and coworkers4® developed such a FRET assay
to measure the activity of matrix metalloprotease (MMP) for both in vitro and in vivo tests.
To minimize the signal background, a near-infrared fluorescence dye, Cy5.5, was labeled to
the MMP substrate, and then anchored onto the surface of AuNPs. In the presence of MMP,
the Cy5.5-labeled substrates were selectively degraded, releasing the Cy5.5 dyes from Au
surfaces and thus restoring the near-infrared fluorescence. The AuNP-based FRET system
can be applicable to other proteases by choosing an appropriate peptide substrate spacer. In
addition, such simple protease-detection systems can be employed for high-throughput
screening of drugs and early diagnosis of protease-relevant diseases.

The FRET assays based on organic fluorophores are usually limited by their insufficient
quantum yield and photostability in clinical samples. To overcome these constraints, great
efforts have been made in the past years to develop metallic or semiconducting
nanostructures as a substitute of organic fluorophores. QDs are such a perfect candidate
possessing many unique and advantageous optical properties, such as high brightness, robust
photostability, and a large Stokes shift. The high quantum efficiency and photostability of
QDs make them particularly useful for constructing AuNP-based FRET assays for protein
detection.150

QDs were first introduced into AuNP-based FRET assays for protein detection in 2005 by
Kim and co-workers.151 They found that the fluorescence of QDs was significantly
quenched by the AuNPs due to the specific biotin—streptavidin interactions. Avidin can
competitively bind to the biotin-AuNPs and block the fluorescence quenching of QD by
AUNPs. Later, this FRET assay was performed in a chip format where the QDs were
immobilized onto a glass substrate.152 By virtue of a variety of QDs with different emission
profiles for each specific substrate peptide, multiplexed detection of three types of proteases
(MMP-7, caspase-3, and thrombin) was achieved. Yet the analogous strategies have further
been designed to measure the activity of many other enzymes.1>3 When combining peptide-
AUNP conjugates with FRET acceptor dye-labeled antibodies, the emission spectra of QDs
can be finely adjusted, by which multiplexed detection of different classes of enzymes is
likely. This concept was successfully demonstrated, for the first time, by Stevens and co-
workers.1®* The multiplexed sensing system was allowed to simultaneously detect the
protease activity of urokinase-type plasminogen activator at concentrations >0.9 nM and the
kinase activity of human epidermal growth factor receptor 2 (HER?2) at concentrations >7.5
nM. Both of the concentrations are clinically relevant for breast cancer prognosis, making
this system useful for rapid disease diagnosis as well as high-throughput drug screening.

The AuNP-QD assembly system was also employed to detect pathogens like hepatitis B
virus (HBV).1%> The AuNP-QD conjugates were easily formed through immunological
interaction between the HBV surface antigen epitope coated on the AuNP acceptors and the
Fab antibody decorated on the QD donors. The fluorescence of the QDs in the immuno-
mediated 3D-oriented complex was greatly quenched due to the enhanced energy transfer
from QDs to AuNPs. The HBV viral surface protein preS2 competitively displaces the
epitope-carrying AuNPs bound on the Fab-carrying QD core, and thus disrupts the assembly
of the AUNP-QD complex in a specific manner, causing the fluorescence restoring of QDs.
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Similarly, a FRET assay based on graphene QDs and AuNPs was developed for pathogen
detection by analyzing specific gene sequences of Staphylococcus aureus. 1

The most well-known method for protein biomarker detection in clinical tests is ELISA
format. However, the detection sensitivity of ELISA is insufficient in many clinical cases
especially in their earlier stages or after treatment, where the concentrations of the
biomarkers are generally very low. Fluorescent assays are widely used as high-sensitivity
strategies in both in vitro detection and in vivo bioimaging. It is expectable to create
fluorescence-based immunoassays with higher sensitivity than conventional ELISA.
Typically, the fluorescent tags are labeled onto Ab2, and each Ab2 is usually allowed to
conjugate with 3-5 fluorophores because higher conjugations may cause internal quenching
between the dyes and influence the immunogenic activity of Ab2. AuNPs serve not only
perfect fluorescence quenchers but also ideal carriers for loading many thousands of
fluorophores per AuUNP because of their very high surface area-to-volume ratios. The two
features of AuNPs enable this type of platform for ultrasensitive detection of protein
biomarkers. Liu et al.1> developed an activatable probe to augment the detection sensitivity
of fluorescent ELISA for serum protein biomarker PSA. In this study, Rhodamine B
isothiocyanate (RBITC) was loaded onto AuNP to form RBITC-AuNP conjugates. In this
state, the fluorescence of RBITC was completely quenched by AuNPs through the NSET
mechanism. Because the RBITC-AuNP conjugates are positively charged, they are able to
bind with the negatively charged Ab2 through electrostatic interactions, thus retaining their
biological activity toward the target antigen PSA. With the typical immunoassay procedures,
the Ab2-RBITC-AuNPs complexes were pulled down onto the surface to form a sandwich
structure. By adding 1 mM of cysteamine, the loaded RBITC molecules were competitively
displaced from AuNP surfaces, thus leading to a significant restoration of RBITC
fluorescence (Figure 17a). The intensity of the recovered fluorescence is well associated
with the concentration of PSA spiked in serum samples. The detection limit of the
activatable probe for PSA was down to 0.032 pg/mL, 2-3 orders of magnitude lower than
the conventional fluorescent immunoassays as well as the current HRP-based immunoassays
(Figure 17b, c).

3.3. Outlook of AuNP-Based Fluorescent Assays

AUNP-based fluorescent assays such as AUNC-based assays and AuNP-based activatable
assays have been summarized in this section (Table 2). Several enhanced features of the
AuUNP-based fluorescent assays, including high sensitivity, biocompatibility, ease of
synthesis, and finely controlled sizes, make them attractive fluorescent probes for various
biomedical applications. Despite the progress made in the past decade, AuNP-based
fluorescent assays are still facing several challenges, which hamper the clinical translation of
many of the technical advances into routine practice.

For AuNC-based fluorescent assays, the major challenge lies in the lack of uniform
synthetic chemistry to prepare AuUNCs in high yield. The quality of AuNCs directly
determines the quantum yield, which, up to now, is still below 10%, much less than those of
semiconductor QDs and organic dyes.930 Additionally, the crude products produced by
current synthesis routes are often mixtures containing various sizes of clusters. The precise
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control of the size and purity of AuNCs is critical for both fundamental studies and real
applications. In addition, the accurate characterization of AUNCs is also a challenge. We still
do not know how the gold atoms are connected to form clusters. Furthermore, the surface
ligand is also a huge factor to influence the brightness of AuNCs. Jin et al.9 found that the
ligands with electron-rich atoms (e.g., N, O) or groups (e.g., -COOH, NH>) can remarkably
enhance the fluorescence of AUNCSs. Because of the recent huge advances in the synthesis
and characterization of AuNCs, we believe that it is feasible to obtain truly monodisperse
AUNCs with precisely controlled nanoparticle size, without the need of tedious purification
operations for various sizes of AUNCSs. In addition, advanced tools such as X-ray
crystallography will significantly help us understand the correlation of electronic properties
of the AuNCs with their nanostructures, thus guiding scientists to develop AuNC-based
fluorescent assay with enhanced analytical features.

For AuNP-based activatable assays, the NEST quenching mechanism is accepted as the
model to explain the fluorescence quenching over a broad range of fluorophores on AuNPs
in a large range of distances. However, it is still quite challenging to precisely control the
distances between the fluorophores and large sized AuNPs because intrinsic SPR may
interfere with fluorescence signals. Last, like other fluorescent assays, it still remains a
major task to minimize the background signals of the AuNP-based fluorescent assays when
bringing them into clinical use. This issue can be somewhat addressed by diminishing the
nonspecific adsorption of AuNP sensors to biological samples and/or by using NIR dyes.

4. AUNP-BASED ELECTROCHEMICAL ASSAYS

Electrochemical biosensors are used for VD testing because they are portable, simple, easy
to use, cost-effective, and, in most cases, disposable. The electrochemical instruments used
with the biosensors can be miniaturized to small pocket size devices, which make them
applicable for 1\VD tests. Recently, nanomaterial-based electrochemical detection strategies
offer new opportunities for highly sensitive biomarker detection.158 Because of their
excellent conductivity, high surface area, and catalytic properties, AuNPs are ideal platforms
for electrochemical detection.1582159 The Au surface area is suitable for binding of
biomolecules, and the metal facilitates direct and fast electron transfer that decreases the
overpotentials of many electroanalytical reactions, thus maintaining the reversibility of
redox reactions. In this section, we will summarize the use of AuNPs in electrochemical
sensing for 1VD testing (Table 3).

4.1. AuNPs as Electron Wires

Electron transfer in proteins, especially enzymes, generally occurs through metal centers or
tunneling events. Yet efficient electrical communication between proteins and electrodes is
often largely insulated by the surrounding globular protein structures. Promoting the electron
transfer process between a redox protein and an electrode is important for developing
biosensor devices and advancing their applications. AUNP-based electrodes acting as
“electron wires” can facilitate electron transfer between redox proteins and bulk electrode
materials, thus avoiding the use of redox mediators. Moreover, adsorption of biomolecules
onto AuNP surfaces can preserve their bioactivity using biocompatible AuNPs. For example,
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improved electrical contacting of flavoenzymes, apo-GOXx, with the electrode support was
achieved by incorporating the cofactor flavin adenine dinucleotide (FAD) functionalized
AUNPs into the reconstituted apo-GOx molecules and integrating with a conductive film
(Figure 18).160 AuNPs acted as an electron relay or “electrical nanoplug” for the alignment
of the enzyme and for the electrical wiring of its redox-active center. Incorporation of
AUNPs in the reconstituted enzyme greatly increased its maximum turnover rate, and the
value was 7 times higher than the electron-transfer rate constant of native GOx with O, as
electron acceptor. This concept was further used to demonstrate the electrical contacting of
pyrroloquinoline quinone (PQQ)-dependent enzymes by the reconstitution of apo-glucose
dehydrogenase (apo-GDH) on the PQQ-functionalized AuNPs assembled on an Au
electrode surface.161

Similarly, the reconstituted enzyme revealed direct electrical contact with the electrode
surface, and the bioelectrocatalytic oxidation of glucose occurred with a turnover rate of 11
800 s~2. In addition to the reconstituted methods, native GOx was also covalently connected
to Au electrode surface by an AuNP monolayerl®2 or by a layer-by-layer covalent
attachment processt®3 to construct multilayer films of GOx/AuNP to improve the electron
transfer between analytes and electrode surfaces. Moreover, application of AuNPs as an
“electron wire” was further extended from only monolayers of the “wired” enzyme
electrodes to cross-linked three-dimensional AuNP/enzyme composites by
coelectropolymerization of thioaniline-functionalized metallic AuNPs and thioaniline-
modified enzymes on electrode surfaces.164 The electro-synthesized bis-aniline-cross-linked
enzyme/AuNPs composites allow efficient electrical contact with the electrode surface,
resulting in an effective bioelectrocatalytic oxidation of glucose. Particularly, the O,-
insensitive GDH/AUNPs composite electrode was employed as an anode in a membraneless
glucose/O, biofuel cell.1642 To bypass the complex chemical synthesis and reconstitution of
native enzymes around modified cofactors, a protein-engineering approach was
demonstrated to bind glucose/galactose receptors (GGR) that sense glucose on the surface of
AuNPs.165 The alanine in GGR was replaced by cysteine at the N-terminal position to
provide a thiol group for linking the protein molecules to the Au surface. The challenge in
the development of these AuNP-based “wired” enzyme electrodes is how to overcome the
long electron-tunneling distance between the redox-active cofactor of enzymes and
electrodes. Atanassov and Banta reported a successful site-specific modification of GOx
with AuNPs via another protein engineering approach.166 The native cysteine in GOx was
mutated to valine to prevent the attachment of AuNPs to the native free thiol, and then site-
directed mutagenesis was applied to create additional single mutations to add cysteine side
chains at strategic locations at distances from the FAD cofactor ranging from 13.8 to 28.5 A.
The result showed that only the H447C mutant with the shortest distance between the newly
introduced cysteine group and the FAD center exhibited direct electron transfer activity.

In the development of electrochemical immunosensing strategies, stability or activity of the
immobilized biocomponents and signal amplification of the immunoconjugates are two key
factors. The latter has been achieved by using enzymes to label immunocomponents on the
transducer surfaces. As one of the widely used enzyme labels, HRP has been utilized to
produce the electrochemically active species for amperometric immunoassay. To avoid the
use of substrates, a reagentless immunosensor was prepared in a hydrophilic, nontoxic, and
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conductive colloidal AuNP/titania sol-gel composite membrane encapsulated with HRP-
labeled hCG antibody to detect hCG in serum samples.167 The presence of AuNPs in the
sol-gel matrix played a role similar to that on a conducting wire, which decreased the
electron transfer impedance, leading to a direct electrochemical behavior of the immobilized
HRP. Similar strategies based on AuNP/chitosan composites were used to promote the
electron transfer process between HRP and electrode to detect CEA168 and H,0,.169 A
biocompatible film containing colloidal AuUNPs and chitosan was used to encapsulate P450
enzymes and CYP2B6 on an electrode to study its electrochemistry and electrocatalysis to
the common clinically used drugs.1’% The Au-chitosan composite provided a favorable
bioenvironment for enzyme immobilization and accelerated the direct electron transfer
between the immobilized enzyme and electrode. Another electrochemical immunosensor
array was prepared by immobilizing HRP-labeled antibody modified AuNPs in biopolymer/
sol-gel modified screen-printed carbon electrodes (Figure 19). In the presence of AUNPs,
the HRP showed direct electrochemical responses, and the formation of immunocomplexes
led to a decrease in the electrochemical signals due to the increased spatial blocking and
impedance. This method could simultaneously detect carbohydrate antigens 153, 125, 199,
and CEA.171

A series of biochemical and physiological processes in a living cell involve electron
generation and transfer. Therefore, numerous studies have focused on electric behavior and
characters of living cells using electrochemical methods. For example, strategies for
immobilizing cells on electrode surface and accelerating electron transfer between electrode
and the immobilized cells were proposed by Ju’s group to study the electrochemical
behavior of cells.172 AuNPs were used to retain the activity of immobilized living cells and
promote electron transfer between electroactive centers of cells and electrode, which
resulted in a well-defined anodic peak of guanine. HIV-1 protease (HIV-1 PR), an aspartic
protease that functions to cleave the nascent polyproteins synthesized during the viral
replication cycle, has attracted much attention. Picomolar-level electrochemical detection of
human HIV-1 PR was achieved by using ferrocene (Fc)-pepstatin conjugate self-assembled
on thiolated single walled carbon nanotubes/gold nanoparticles (SWCNT/AuUNP) surfaces on
Au electrode.1”3 The synergistic effect of AUNPs and SWCNT facilitates electron transfer
between the redox Fc-pepstatin conjugate and the substrate. Thus, the resistance ohmic
contacts of these composites were obviously decreased, and a more sensitive sensor was
obtained than sensors only modified with AuNPs. This idea was further extended to
construct a highly sensitive screening assay for detecting HIV-1 PR and subsequently
evaluating its corresponding inhibitors at picomolar levels based on electrochemical
impedance spectroscopy (EIS) methods (Figure 20).174

As another member of the carbon material family, graphene also has been widely applied
due to the unique physical and chemical properties, such as high surface area, excellent
conductivity, and ease of functionalization. Fu et al. constructed a novel reagentless and
mediatorless electrochemical aptamer-based sensor (aptasensor) for PDGF detection based
on the direct electrochemistry of GOx with poly-(diallyldimethylammonium chloride)
(PDDA)-protected graphene-AuNPs composite assembled on glassy carbon electrode
(GCE).17 The cooperation of graphene and AuNPs not only assists direct electron transfer
between active sites of GOx and electrode but also provides a favorable microenvironment
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for immobilizing enzymes. A similar graphene-AuNPs nanocomposite was synthesized by
Liu and co-workers and successfully used as a matrix for GOx immobilization in glucose
sensing.176

4.2. AuNPs as Electrodes

Electrochemical detection methods combined with nanostructured sensor surfaces offer
potentially low-cost, high-throughput solutions for I\VD tests. Particularly, AUNP-modified
electrodes have attracted great attention due to the excellent properties of AuNP, such as low
cytotoxicity and high affinity with a wide range of enzymes and biomolecules containing
thiol or amine groups. Thus, AuUNPs have been involved in various electrode fabrications as
a part of electrode substrate, signal transduction probe, or nanolabel. For example, by
covalently attaching AuNPs to the surface of a carbon fiber microdisk electrode, an AuNP-
network microelectrode sensor was developed for amperometric detection of dopamine
secretion from single PC12 cells.17” As compared to the existing carbon fiber
microelectrodes, this probe showed comparable or even better performance in terms of
kinetic peak parameters and prolonged storage stability. Fan et al. demonstrated that a new
type of electrochemical DNA sensor with highly specific hybridization of target DNA
occurred at the Au nanoelectrode surface.1’® Moreover, the interactions between an
anticancer drug daunomycin and cancer cell membrane components have been studied using
an aptamer probe immobilized on conducting polymer-AuNP composite substrates in
Shim’s group.1”® Merkoci et al. developed another electrocatalytic platform/sensor for
specific identification of tumor cells (Figure 21).180 In their system, molecules on cell
surfaces were recognized by antibodies conjugated with AuNPs with catalytic hydrogen
reduction used for cell detection. AuNP as electrode substrate was also applied to construct
electrochemical immunosensors for thrombin, 181 P-glycoprotein on cell membrane, 182
human 1gG,183 and antipeanut antibodies.184

In addition, commercially available AuNP electrodes were employed as substrates to
fabricate a three-mode electrochemical sensor for detection and quantitation of ultralow
levels of miRNA in a wide dynamic range (Figure 22).185 MiRNAs are an emerging class of
biomarkers that are frequently deregulated in cancer cells and have shown great promise for
cancer classification and prognosis. Signal amplification strategies based on AuNPs have
drawn much attention to the development of ultrasensitive assays for miRNAs.188 Liu et al.
presented a label-free and sensitive electrochemical sensor for miRNA detection with a triple
signal amplification by combining 3-aminophenylboronic acid (APBA)-biotin-AuNPs, SA-
ALP, and the p-aminophenol (pAP) redox cycling reaction together. A detection limit of 3
fM was ultimately achieved.1862 The recently developed DNA-AUNP biobarcode assay
provided PCR-like sensitivity for nucleic acid and protein targets without the need of
enzymatic amplification. Xing et al. described electrochemiluminescence (ECL)
determinations of telomerase8” and DNA188 based on the biobarcode amplification strategy.
A signal amplification ECL method based on AuNP was also demonstrated to detect BSA
and 19G.189

Biomarker levels in serum, for example, can detect and monitor diseases such as cancer.
Conventional methods for biomarker detection such as ELISA often involve complicated
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instrumentation, limited sensitivity, and time-consuming operation procedures. Thus, there is
a real need for simple, rapid, sensitive, and inexpensive methods for biomarker
measurements in VD fields. AuNPs offer enhanced electron transfer efficiency and
biocompatible interfaces to retain the activity of the adsorbed biomolecules. Therefore,
AUNP electrodes were intensely investigated to measure protein biomarkers with sandwich-
type formats. A HRP-labeled osteoproteogerin (OPG) immunosensor was fabricated by
covalently immobilizing anti-OPG on the surface of AuNPs deposited onto conducting
polymers. The immunosensor gave a detection limit of 2.0 pg/mL.190 Furthermore, specific
antibodies were immobilized onto AuNP-modified pyrolytic graphite (PG) disks®! and
inkjet-printed AuNP electrodes92 to detect human cancer biomarker IL-6 in serum. The
detection was based on sandwich immunoassays using multiple HRP labels conjugated to a
secondary antibody, providing clinically relevant detection limits of 10 pg/mL (with the PG
disks assay) and 20 pg/mL (with the inkjet-printed AuUNPs assay), respectively. To further
improve detection sensitivity, an electrochemical immunosensor of PSA was constructed
using magnetic beads coated by 7500 HRP labels along with detection antibodies!® (Ab2)
per particle as the tags, and densely packed AuNP-modified PG electrodes as substrates. The
sandwich structure was illustrated in Figure 23.193 The detection limit can be as low as 0.5
pg mL~1in 10 £ of undiluted serum, which is near or below the normal levels of most
cancer biomarkers in human serum. The PSA determination in cell lysates and human serum
of cancer patients gave excellent correlations with standard ELISA assays.193 Recently,
another nanostructured sandwich immunosensor for attomolar detection of interleukin-8
(IL-8) using massively labeled superparamagnetic particles was reported.1%4 The sensor
electrode was coated with a dense film of GSH-AuNPs with attached primary antibodies to
capture human IL-8 from the sample. When coupled to superparamagnetic beads massively
loaded with about 500 000 HRP labels and secondary antibodies, an ultralow detection limit
and very high sensitivity were achieved in sandwich immunoassays for IL-8 in serum.
Moreover, a microfluidic technique was introduced to construct a microfluidic
electrochemical sandwich immunoassay with HRP label for ultrasensitive and simultaneous
detection of two or more cancer protein biomarkers in serum.19° An ultra-sensitive
electrochemical microfluidic assay optimized to measure a panel of four protein biomarkers
was reported.1992 The protein panel was validated for accurate oral cancer diagnostics. An
unprecedented ultralow detection in a 5-50 fg mL~1 range was achieved for simultaneous
measurements of proteins IL-6, IL-8, vascular endothelial growth factor (VEGF), and
VEGF-C in diluted serum.

For sandwich-type immunoassays, both signal amplification and noise reduction are crucial
for obtaining high sensitivity in clinical immunoassays. Much attention has been focused on
signal amplification by using an enzyme label, like HRP. It has been demonstrated that
colloidal Au label when involved in an immunoassay can be sensitively detected by anodic
stripping voltammetry (ASV) at a disposable screen-printed electrode (SPE) after oxidative
release of Au3* ions. The method was evaluated for a noncompetitive heterogeneous
immunoassay of 1gG and a detection limit of 3 pM was determined, which is competitive
with colorimetric ELISA or immunoassays based on fluorescent europium chelate labels.196
By using AuNP labels and silver enhancement, an electrochemical metalloimmunoassay has
been presented by Velev and Kaler for 1gG detection based on the direct electric
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conductivity readout.197 Moreover, Shen and co-workers demonstrated a strategy based on
the precipitation of silver on colloidal gold labels, which, after silver metal dissolution in an
acidic solution, was indirectly determined by ASV at a GCE. This method was also
evaluated for an immunoassay of 1gG as a model with a detection limit of 6 pM.198 Later, a
polymer-membrane-based potentiometric method for protein detection was developed
utilizing AuNP labels and silver enhancement. In particular, a silver ion-selective electrode
(ISE) was used as an effective transducer for sandwich immunoassays by a direct
potentiometry without any ion accumulation involved in analogous ASV measurements of
nanoparticle tags.199 By direct adsorption of 1gG on 10 nm AuNPs to form an IgG-
nanocatalyst conjugate, Yang et al. fabricated an ultrasensitive and simple sandwich-type
heterogeneous electrochemical immunosensor for IgG determination, and the detection limit
was further reduced to 1 fg/mL.1%82 Double-codified gold nanolabels consisting of AUNPs
conjugated with HRP-labeled 1gG antibodies for enhanced immunoanalysis based on either
a spectrophotometric or an electrochemical method were developed. The detection limits for
this double-codified nanoparticle-based assay were 52 (spectrophotometric) and 260 pg
(electrochemical) of human IgG/mL, respectively, much lower than those typically achieved
by ELISA tests.200 Thionine-doped magnetic AuNPs modified with HRP-anti-CEA were
assembled on AuNP-modified carbon fiber microelectrode to form a double-codified
nanolabel, which was used for electrochemical detection of CEA. The electrochemical
signal is efficiently amplified both by magnetic bionanosphere labels and by the bound HRP
toward the catalytic reduction of H,0,.201 Similar strategies were also demonstrated to
detect CEA202 and human lung cancer-associated antigen a-enolase (ENO1)2%3 by using
HRP-encapsulated nanogold hollow microspheres as labels (Figure 24).

The scope of the sensitive AUNP label-based electrochemical detection was further extended
to analysis of DNA hybridization, proteins, etc. Velev and Kaler have shown how to create
an array of biosensors by in situ assembly of colloidal particles onto micropatterned
electrodes.197 Sequence-selective DNA detection has become increasingly important as
scientists unravel the genetic basis of disease and use this new information to improve
medical diagnosis and treatment. Mirkin and Letsinger described a method for analyzing
combinatorial DNA arrays using oligonucleotide-modified AuNP probes and a conventional
flatbed scanner.294 This work was further extended to an electrical DNA array in which the
binding of oligonucleotides-functionalized AuNP label and the subsequent silver
enhancement led to direct measurable conductivity changes. As shown in Figure 25,
concentrations of target DNA as low as 500 fM with a point mutation selectivity factor of
~100 000:1 were successfully detected.29% Recently, Nilsson et al. described another
electrical sensor that uses rolling circle amplification (RCA) of DNA to stretch across the
gap between two electrodes. By adding target DNA sequences, the RCA products were able
to interact with AuNP seeds and accelerate the silver enhancement to generate an electrically
conductive nanowire, thus producing electrical conductivity signals.2%6 Different forms of
electrochemical methods with AuUNP labels were also developed for DNA or enzyme
detection. For example, Wang et al. have introduced a chronopotentiometric method with a
nanoparticle-based protocol to detect DNA hybridization with a magnetically induced solid-
state electrochemical stripping detection signals.20” Another chronocoulometric DNA sensor
was fabricated in Fan’s group for sequence-specific detection of the femtomolar level of
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DNA.298 The strategy was based on the effects of AuNPs-mediated amplification and
nanoscale control of DNA assembly at electrodes. In addition, Limoges2°9 and
Surareungchai?1% made use of the voltammetry method ASV to indirectly determine the
solubilized Au3* ions releasing from the AuNP label to analyze specific DNA sequences.
Another voltammetry method of Differential pulse voltammetry was used to detect protein
phosphorylation?!1 and human serum albumin in clinical samples.?12

4.3. AuNP-Incorporated Composite Electrode Matrixes

The incorporation of nanomaterials into composite electrode matrixes presents another
approach to develop electrochemical biosensors with low background currents and improved
electrocatalytic activity, electron conduction path, and stability. It is predictable that the
incorporation of AuNPs into nanocomposites could promote electron transfer kinetics and
will likely result in improved sensing characteristics. For example, AuNPs conjugated with
CNT provide excellent electrocatalytic ability, enabling electrochemical biosensors for
detection of a-fetoprotein (AFP),213 CEA 214 and cholesterol.21> A strategy based on the
unique characteristics of Azure I/multiwalled carbon nanotube (Azure I/MWNT) composite
membranes and AuNPs was developed to construct a highly sensitive amperometric
immunosensor for AFP. HRP instead of BSA was employed to block sites against
nonspecific binding and amplify the signal of the antigen—antibody reaction with a detection
limit of 0.04 ng mL~1-2132 Another approach for fabrication of reagentless immunosensor
for CEA was demonstrated by immobilizing Prussian blue nanoparticles on a three-
dimensional structured membrane of AuNP-doped chitosan-MWNT homogeneous
composite. The electrodeposition of AuNPs on the surface of the composite can be used to
immobilize antibody biomolecules and avoid the leakage of Prussian blue nanoparticles.214a
Lee et al. also presented a novel amperometric biosensor for cholesterol detection based on
the immobilization of cholesterol oxidase (ChOx) onto MWNT-AuUNP composite covered
with a layer of chitosanionic liquid network. The synergistic influence of MWNT, AuNP,
chitosan, and ionic liquids contributes to the excellent performance of the biosensor with
good sensitivity, low response time, repeatability, and long-term stability.215

Graphene, a single layer of carbon atoms in a two-dimensional honeycomb lattice, has
potential applications in the electrical detection of biological species due to its unique
physical properties. As compared to CNTSs as a support for electrochemical biosensors,
graphene possesses very small thickness, good thermal conductivity, mechanical strength,
and larger surface area. Therefore, graphene is a very promising candidate as a new
carbonaceous support, and the integration of graphene with AuNPs is beneficial to develop
highly sensitive electrochemical sensors for proteins,?16 amino acids,?}” and DNA.218 For
example, Chen et al. reported on the fabrication and characterization of a specific 1gG
detection biosensor using thermally reduced graphene oxide (TRGO) sheets decorated with
AuNP-antibody conjugates. This immunosensor avoids nonspecific protein immobilization
on graphene/TRGO and provides a stable binding for probe proteins on the robust
AuNPs.216a Wang and co-workers provided an electrochemical sensor to distinguish
enantiomers of vasopressin by using a designed split aptamer as a new chiral selector and
graphene-mesoporous silica-AuNP hybrids (GSGHSs) as electrochemical sensing platform.
The introduction of GSGHs can enrich a number of aptamers, which effectively reduces the
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detection limit of vasopressin.216b Li et al. described an aptasensor for detection of L-
histidine based on the switching structure of aptamer and AuNP-graphene nanosheet
composite. The proposed sensing protocol exhibits excellent sensitivity and reasonable
selectivity for its target molecules.?” Yang and coworkers demonstrated an electrochemical
DNA biosensor based on graphene-three-dimensional nanostructure gold nanocomposite-
modified GCE for detection of survivin gene. A “sandwich-type” detection strategy was
employed, and the detection limit was as low as 3.4 fM.218

Dendritic nanostructures are highly branched polymers showing unique properties, including
structural homogeneity, integrity, and ease of functionalization. Encapsulating conducting
nanomaterials such as AuNPs into the interior of the dendrimer can increase the conductivity
of the dendrimer by accelerating the electron transfer process. Combining the properties of
AUNPs and the surface reactivity of dendrimers for immobilizing a large amount of
antibodies and mediators makes them an excellent immunosensor platform. For example, a
chronoamperometric immunosensor for lung cancer biomarker Annexin 1l and MUC5AC
detection was developed by covalently binding hydrazine and antibodies to the AuNP-doped
dendrimers, which was then attached to a conducting polymer layer on AuNP/GCE surface.
The use of dendrimer increased the sensitivity of the sensor by several folds.21° Also, a
highly sensitive electrochemical immunosensor was developed for CEA detection by means
of dendrimer/AuNP as a sensor platform and MWNT-supported multiple bienzymes as
labels. As indicated in Figure 26, the encapsulation of AuNPs in the interior of the
dendrimer increased the conductivity of the sensor probe, thus accelerating the electron
transfer reaction as well as the immunosensor’s response.220 In addition, PAMAM and
poly(propyleneimine) (PPI) dendrimers combined with AuNPs have been fabricated to
detect glucose, 221 AFP,222 and DNA.223 Salimi et al. constructed an electrochemical
immunosensing platform based on PAMAM-AuUNP for the detection of AFP by sequentially
immobilizing ethyleneamine viologen molecule as redox marker and AFP antibody as
recognition element.222 An electrochemical DNA nanobiosensor was also prepared by
immobilization of probe DNA on electrodeposited dendrimer PPl doped with AuNP as
platform on GCE.223

Another biopolymer chitosan has been used by several groups to serve as an immobilization
matrix due to its biocompatibility and high mechanical strength. Using this approach,
amperometric biosensors have been fabricated to measure drug sensitivity?24 and detect
protein biomarkers.225 A novel in situ interfacing of AUNPs with a chitosan hydrogel was
achieved by one-step electrochemical deposition of tetrachloroauric(l11) acid and chitosan on
Au electrodes. With AChE as a model enzyme, rapid amperometric sensing of the pesticides
malathion and monocrotophos was achieved with a detection limit of 1 ng mL=1-224 Another
experimental methodology based on chitosan-branched Fc and AuNPs was developed to
design a label-free immunosensor for the sensitive detection of HBsAg. The controllable
electrodeposition of chitosan-branched Fc formed a three-dimensional robust film for the
assembly of AuNPs and further immobilization of hepatitis B surface antibody.2258 AuNPs
combined with nafion and gelatin or polyvinyl butyral as matrixes were also developed by
Yuan and his co-workers to construct electrochemical immunosensors for HBsAg
determination.226
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In addition to the above-mentioned carbon nanomaterials and polymers, Fc,227 silica,228
magnetic particles,?29 and dyes230 were also used to fabricate AuNP-based composite
electrode matrixes to construct electrochemical sensors for DNA, miRNA, and protein
biomarkers. For example, Zhou et al. developed enhanced voltammetric assays for detecting
DNA 2278 p53 227b and miRNA227¢ hased on Fc-capped AuNP/streptavidin conjugates. For
the determination of miRNA, a biotinylated miRNA with the same sequence as that of target
was introduced into samples of interest and allowed to compete with the target to combine
with the oligonucleotide probe preimmobilized onto electrodes. Voltammetric quantification
of the miRNA target was accomplished after complexation of the biotin-miRNA with Fc-
capped AuNP/streptavidin conjugates. The Fc oxidation current was inversely proportional
to the concentration of target miRNA, and the low detection levels allowed direct
quantification of miRNA-182.227¢ The highly enhanced ECL from a hybrid gold/silica/QD
nanostructure was reported by Zhang’s group, and successfully applied to develop an
ultrasensitive ECL immunosensor for the detection of CEA.228 Yang et al. developed an
electrochemical immunosensor for CEA detection by self-assembled nanogold coatings on
magnetic core/shell particles. The limit of detection (1 pg/mL) is approximately 500 times
more sensitive than that of the traditional ELISA methods.?2° Meanwhile, Yuan et al.
reported a series of reagentless and label-free amperometric immunosensors with enhanced
analytical features. These electrochemical sensors were employed to detect protein
biomarkers like CEA, HBsAg, and AFP by integrating AuNPs with various nanocomposites
containing matrixes such as thionine, 23920 toluidine blue,230¢d cysteine,230¢ BSA, 230
porous organic material, 2399 and tris(2,2’-bipyridyl) cobalt(l11)-BSA.2300

4.4, Outlook of AuNP-Based Electrochemical Assays

Over the past decades, intensive research effort has been made to design electrochemical
biosensors capable of providing better analytical characteristics in terms of sensitivity,
selectivity, reliability, ease of fabrication, and low cost. AUNPs were employed to be an ideal
substrate to immobilize biomolecules without reducing their biological activity as well as an
efficient conducting matrix with electrocatalytic ability, both of which make them a
powerful tool to construct robust and sensitive biosensors for IVD tests. Despite the rapid
development in this field, the ultimate goal of achieving long-term, accurate, and continuous
target monitoring in patients has not yet been reached. For example, a major challenge for
electrochemical biomarker sensors is the reliable, simultaneous detection of multiple
biomarkers in complex biological samples. The past decade has witnessed great progress in
developing various detection devices, especially those coupled with microfluidics.23! These
platforms may soon enable accurate detection of panels of biomarkers of interest in various
clinical samples. It is not surprising that the detection results of any nanosensor are sensitive
to the size, shape, composition of nanomaterials, or bioconjugation efficiency during the
preparation of tags. Therefore, it is critical to keep the physiochemical properties of
nanomaterials consistent in Different batches. To realize this, huge effort is still required to
standardize the quality of the nanomaterials. To date, only a few kinds of nanomaterials can
be prepared in Different laboratories with simple procedures and high reproducibility. Such
a well-known example is AuNPs, which have been commercially available, and the size of
AUNPs can be custom-tailored. More impressively, the commercial AuNPs are usually
stabilized with citrates, which bind on AuNP surfaces through weak chemical bonds and can
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be easily replaced from the AuNP surfaces by thiolate molecules. Also, much attention
should be paid to the nonspecific adsorption issues of electrochemical immunoassays, which
generally govern the detection limit of the assays. Last, the rapid development of these
electrochemical assays should ultimately help physicians make timely clinical decisions and
reduce the healthcare costs and patient stress. It is likely to realize the long-sought goal by
allowing electrochemical assays to be conducted on inexpensive platforms such as papers to
form paper-based electrochemical systems.

5. AuNP-BASED SERS ASSAYS

Because of the development of nanoscience and technology, SERS, surface-enhanced
Raman spectroscopy, has made tremendous progress, and its applications have been
expanded to diverse fields ranging from chemical sensing, materials science, biomedical
studies, to art and forensic science. The Raman spectrum provides unique chemical and
structural information for a specific species, but the sensitivity of the normal Raman
detection is insufficient in most cases because of the relatively low cross section of
inelastically scattered Raman photons. The magnitude of Raman cross sections can be
greatly enhanced when the Raman-active molecules are placed on or near a roughened noble
metal surfaces.232 A wide variety of plasmonic nanoparticles or rough metal substrates have
been found to enhance SERS signals by factors up to 1014233 |n particular, as compared to
cadmium-containing QDs and other toxic or immunogenic nanoparticles, AuUNPs have been
considered as a good candidate in biomedical applications because of their long-term
stability, good biocompatibility, easily controllable size distribution, and high homogeneity.
Moreover, AuNPs can efficiently scatter visible light and do not blink or photobleach, which
are able to amplify the Raman scattering efficiencies of the adsorbed species, achieving
spectroscopic determination of the species even at the single-molecule level under ambient
conditions.234

5.1. AuNP-Based Heterogeneous SERS Assays

Among the various applications of SERS spectroscopy, biochemical detection for IVDs has
drawn considerable research attention because of its high sensitivity and finger-printing
capabilities. Such enhanced properties were obtained as a result of the exploitation of silver
or gold colloids served as the substrates of SERS. In general, AgNP-based substrates show
strong SERS signals. However, AgNPs have some limitations mainly including ease of
surface oxidation and biological toxicity, which hamper their wide applications especially in
biological systems.235 In contrast, AuNPs have been demonstrated as an ideal alternative
because they are biocompatible, stable, and versatile for surface functionalization. As a
result, SERS active substrates can be used for heterogeneous SERS assays by assembling
AUNPs onto a solid surface to construct plasmonic sensors.

So far, it is accessible to obtain AuNPs of various sizes and shapes and even Different
compositions to tune their SPR to maximize the SERS enhancement. The AuNP-based
SERS assays have been widely applied to determine chemical or biological species, such as
pH, small molecules, DNAs, proteins, bacteria, cells, etc.23% For example, Halas et al.236
reported that the reproducibility of SERS spectra of thiolated ssSDNA and dsDNA oligomers
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bound to Au nanoshell-based SERS substrates can be dramatically increased with highly
controllable electromagnetic enhancement. The high quality and reproducible DNA spectra
may provide an opportunity for label-free DNA detection based on SERS. Ren et al.237
prepared a homogeneous SERS substrate by chemical adsorption of iodide on the AuNP-
assembled ITO substrates followed by electrochemical oxidation of the adsorbed iodide.
This SERS substrate was used to study the plasma membrane of Chinese hamster lung
fibroblasts cells with mapping technique. Yu and co-workers made use of Different sized
AuNPs to construct heterogeneous SERS assays for the determination of human I1gG,238
thrombin,239 and bacterial biomarker dipicolinic acid.240 For example, they described a
novel and efficient SERS assay for thrombin using 56 nm sized AuNPs to create the
substrates. SERS signals with the concentrations of thrombin in the range of 0-1 ¢M were
measured, and the linear range and detection limit were 0.1-10 nM and 20 pM,
respectively.239 Ziegler et al.24! reported the SERS spectra of whole human blood, blood
plasma, and red blood cells on AuNP-SiO, substrates. Dinish et al.242 developed SERS for
pH sensing using a Raman reporter, arene chromium tricarbonyl linked aminothiophenol
(Cr-(CO)3-ATP), which was bound to a nanoroughened planar substrates coated with
AUNPs. Reinhard’s group described a series of engineered substrates for SERS with noble
metal nanoparticle cluster arrays (NCAs) and AuNRs to fabricate detectors for bacterial
pathogens,243 bacterial cells,244 and breast cancer cells.245 For example, they benchmarked
NCAs with unpatterned two-dimensional AuNP substrates and regular gold nanodisc arrays.
They found that NCAs offered a good compromise between signal enhancement and
substrate reproducibility, which outperformed the other substrates in SERS measurements of
bacteria (Figure 27).

Recently, DNA origami based on the assembly of AuNP dimers has been described for
SERS.246 Thacker et al. made use of self-assembly technique for accurate positioning of 40
nm AuNP dimers with sub-5 nm gaps on a 40 x 45 nm2 DNA origami platform (Figure 28).
The innovative design leads to strong plasmonic coupling between two 40 nm AuNPs
reproducibly, which was used to demonstrate SERS measurements of both an external
analyte and ssDNA oligonucleotide attached to the nanoparticles. In addition, other
materials such as graphene247 and mesoporous silica?48 have been combined with AuNPs to
construct SERS active substrates. Song et al.?4” developed such a SERS-active substrate
based on AuNP-decorated chemical vapor deposition growth of graphene and used it for
multiplexed detection of DNA. Because of the combination of AuNPs and graphene, the
Raman signals of dyes were dramatically enhanced by this substrate, and a detection limit as
low as 10 pM was obtained. Moreover, SERS active substrates composed of Different
shaped AuNPs including boot-shaped gold nanoparticles,24° gold nanoflowers,250 and gold
nanoplates2°! have also been investigated for SERS-based biodetection.

Because the size, shape, and architecture of metallic nanostructures are highly related to
their surface plasmons, it is likely to create a nanostructure with maximal local
electromagnetic fields. Among various nanostructures, the controllable gap between metallic
nanoparticles is particularly interesting because of the rich plasmonic properties in the gap
caused by the coupling of the localized surface plasmon of the metallic nanoparticles. Abajo
et al.252 reported a zeptomole SERS assay based on the optical hot spots formed in the gaps
between nanostar tips and the planar Au surface. Recently, Mahajan et al.2>3 demonstrated
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that a single gold nanosphere on a metal film junction is capable of detecting a single
molecule with SERS. They showed the ability of this configuration to detect a variety of
biomolecules, such as adenine and oxytocin. Kim et al.2>* reported a biomolecule detection
method using an Au nanowire-nanoparticles configuration. The Raman signal was strongly
enhanced at the hot spots between nanowire and NPs, which were produced by the self-
assembly of biotinylated AuNPs on a biotinylated Au nanowire through avidin. Tian and co-
workers?34¢ reported a so-called shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS), where the Raman signal amplification was provided by AuNPs coated with an
ultrathin silica or alumina shell (Figure 29). To carry out the SERS detection, a monolayer of
such core—shell nanoparticles was spread over a smooth substrate like “smart dust”. High-
quality Raman spectra were obtained for various molecules in the gap of these nanoparticles.
SHINERS was employed for in situ detection of cell wall proteins and pesticide residues on
citrus fruits.

A series of heterogeneous SERS immunoassays based on AuNPs have been developed for
biological species. These SERS assays rely on the immobilization of capture antibodies on a
surface for capturing the target antigens, which subsequently bind with the Ab2-labeled
Raman tags to form sandwiched structures. Porter and co-workers?®® developed SERS tags
based on the coadsorption of reporter molecules and targeting ligands onto the surface of
AUNPs. Later, the same group improved the detection capability of this format using
chemical linkage.2%® In the new strategy, the AuNPs were coated with thiolate-containing
reporter molecules that have a terminal succinimide group, which can react with the amines
of antibodies to form an amide linkage. Sandwich-type heterogeneous immunoassays
combined with the extrinsic Raman labels (ERLs) were demonstrated to detect PSA,2%6 viral
pathogens, 257 rabbit 1gG,2%8 and human 1gG.2%° Another labeling design based on mixed
monolayer on AuNPs was introduced by Lipert et al.26% The mixed monolayer-based ERLs
were employed in 1gG assays and a simple diagnostic test for the potential pancreatic cancer
marker MUC4 (Figure 30). Another unique, sensitive, and photobleaching-resistant SERS-
based immunoassay utilizing AUNPs was described by Chang et al.261 The immunogold
nanoparticle (IgG-AuNP) was manufactured by chemisorption of antibody 1gG on AuNP,
followed by introducing 5,5’ -dithiobis(2-nitrobenzoic acid) (DTNB) as the Raman-active
reporter molecule to the surface of the 1gG-AuNPs. This SERS-based immunoassay was
applied to detect protein A, a specific surface antigen of Staphylococcus aureus. Choo et
al.2%2 created a SERS imaging-based immunoassay technique by means of a gold-patterned
microarray chip and hollow gold nanospheres (HGNs). The HGNs were coated by Raman
reporter molecules and antibodies to sandwich the specific antigens on the surfaces of gold
patterned wells, followed by SERS mapping. Furthermore, Cui’s group developed a series of
SERS-based immunoassays for antigen detection.253 They exploited the concept of the
optical encoding approach, SERS-fluorescence joint spectral encoding method, for
multiplexed detection of antigens with dual readouts.263¢

The SERS signals can also be amplified by using plasmonic bimetallic nanoparticles,
exemplified by silver staining on AuNP labels. Mirkin and co-workers designed Raman dye-
functionalized AuNPs probes with specific biological affinities.264 These probes were
treated with silver enhancement solutions for multiplexed detection of protein—small
molecule interactions and protein—protein interactions. Bai et al.265 demonstrated a method
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based on 4-mercaptobenzoic acid (4-MBA)-labeling of immunogold nanoparticles with the
silver staining enhancement for the quantitative detection of hepatitis B virus surface antigen
with a detection limit of 0.5 zg mL™L. Ren et al.266 presented a seed growth method to
prepare Ag/Au core—shell nanoparticles, which were then labeled with monoclonal
antibodies and SERS probes for analysis of mouse 1gG. Hu et al.2%7 reported that Au/Ag
core-shell nanoparticles were covered with a carbon shell to form triplex Au/Ag/C core—
shell nanostructures. In this hybridized nanostructure, Au/Ag core-shell nanoparticle was
loaded with Raman reporters for optical enhancement, and carbon shell was used for
protection and conjugation of antibodies. The synergic effects of the multicomponent
nanoparticles endow these SERS assays enhanced properties in comparison to those using
single component alone.

In addition to immunoassays, sandwich SERS assays based on AuNP-incorporated
nanostructures are also important for DNA detection. Multiplexed SERS detection of
oligonucleotide targets has been performed by Mirkin et al.268 In their format, AUNPs
probes labeled with oligonucleotides and Raman-active dyes were captured by DNA targets
on an underlying chip. The subsequent silver coating on AuNPs can promote the SERS
signals of the dye-labeled particles. By using a Raman tag as a narrow-band spectroscopic
fingerprint, a large number of highly sensitive and selective SERS assays can be designed
for DNA targets with multiplexing and ratioing capabilities. Kim’s group2%? reported an Au
particle-on-wire system, allowing multiplexed detection of targeting DNAs in a quantitative
manner with a detection limit of 10 pM (Figure 31). Irudayaraj et al.2’0 applied a SERS-
based detection system with nonfluorescent Raman tags to detect the alternative splice
junctions of breast cancer susceptibility gene 1 (BRACL). To do this, ssDNA and
nonfluorescent Raman tags were separately tethered onto AuNPs, and the detection
sensitivity can be up to 1 fM. A similar SERS assay was applied for monitoring multiplex
and quantitative gene expression in cancer cells without an amplification procedure.2’1 To
further detect very low concentrations of DNA targets, some amplification strategies have
been integrated into the SERS assays. Yu et al.2’2 described a subattomolar SERS assay
based on multilayer metal-molecule—metal nanojunctions. This strategy relies on a two-step
amplification procedure. The targeting DNA was first applied to facilitate the
immobilization of AuNP probes, which were then linked with other AuNP probes through
the hybridization of the two complementary AuNP probes. As a result, the distance between
the Raman tags on AuNP probes was drastically shortened, thus generating a great number
of “hot spots” on Au substrates. With the aid of amplification strategy, this enhanced SERS
assay was allowed to detect HIV-1 DNA sequences at concentrations down to 1071° M. In
addition, Zhang et al.2”3 described another amplification strategy for DNA detection. By the
combination of abundantly repeated sequences of RCA products with AUNP and Rox-
modified detection probes, the SERS signal was amplified and the detection limit of 10 pM
can be achieved.

AuUNP-incorporated nanocomposites were also employed as SERS tags for creating aptamer
biosensors. Wu et al.274 presented a reagent-free ATP biosensor using ATP aptamer and
SERS. In the SERS probe, gold nanostar@Raman label@ SiO, core—shell nanoparticles
were fabricated where the Raman reporter molecules were sandwiched between the gold
nanostar core and the silica shell. The detection limit for ATP was determined to be 12.4
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pM, much lower than those from many other methods. Dong et al. and Hu et al.27®
separately developed SERS aptasensors for thrombin detection by means of AuNP-based
Raman tags and promoted core-shell nanoparticles Raman tags, respectively. SERS
aptasensors based on AuNPs labeled with aptamers and Raman reporters have opened a new
era for bioanalysis with high sensitivity and selectivity.

5.2. AuNP-Based Homogeneous SERS Assays

In heterogeneous SERS assays, both the sandwich immunoassay and the sandwich DNA
hybridization assay are performed on a solid substrate. Although this strategy has been
successfully applied to the detection of various analysts, the time-consuming and
complicated preparation of the SERS tags has limited its widespread applications. Recently,
researches have revealed that the SERS signals can be controlled by modulating the
electromagnetic field enhancement in interparticle plasmon coupling. This has offered a new
strategy to design SERS-based homogeneous assays through the controlled assembly of
metallic nanoparticles in solutions. For example, by utilizing the excellent adsorption
property of metal-organic frameworks (MOFs), a AuNP-embedded MOF structure was
applied to preconcentrate analytes of interest in close proximity to the electromagnetic fields
at AuNP surfaces, thus offering strong SERS signals for highly sensitive detection of a
variety of analytes.278 Another strategy was based on the hydrolysis of the enzyme substrate
5-bromo-4-chloro-3-indolyl phosphate (BCIP) to form Raman-active indigo dyes, which
were subsequently adsorbed onto the surface of AuNPs to produce strong Raman signals.2’7
This approach was applied to detect ALP with a detection limit of 4 fM. Ogaidi et al.2’8
developed a SERS biosensor for label-free detection of glucose using GOx enzyme-coated
gold nanostar@silica core—shell nanoparticles. The intermediate product H,O, produced
during the enzyme catalytic reaction near the Au nanostar@silica nanoparticles can generate
a strong SERS signal. Furthermore, the simple mixing of the whole bacterial cells with
AUNP SERS tags allows characterization of bacterial cells, because homogeneous colloidal
nanoparticles can provide much more interaction points with bacterial cell wall than
heterogeneous surfaces.2’?

In nanoparticle-based SERS assays, Raman scattering intensity of a molecule at the “hot
spot”, often located at the junctions and interstices in the interacting metal nanostructures
such as dimers or aggregates, can be several orders of magnitude higher than that on the
surface of single nanoparticles. Thus, the aggregates of colloidal AuNPs are very popular
nanostructures in SERS with wide applications ranging from single molecule Raman
spectroscopy to ultrasensitive imaging in live cells. For instance, AUNP aggregates have
been used to construct SERS-based homogeneous assays for measurement of small
molecules, DNA, cancer cells, etc. Kneipp et al.280 fabricated these nanoaggregates with a
SERS enhancement factor on the order of 10°. Zhang et al.281 developed a single base
extension reaction-based SERS for DNA methylation assay. The single base extension
reaction took place between AuNP-modified capture probes and cyanine 5-
deoxyribonucleoside triphosphate (Cy5-dGTP). The strong SERS signal was produced by
further adding AuNPs to enhance the local electromagnetic field in the AUNP aggregates.
Besides, the addition of AuNPs in the last step of the detection procedure was allowed to
create nanoaggregates to amplify the SERS signal. By means of this strategy, Zhang et al.282

Chem Rev. Author manuscript; available in PMC 2017 January 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 42

and Yang et al.283 have, respectively, demonstrated that the SERS assays can detect the
femtomolar level of specific biomolecules and single-cell level of human cancer cells.

On the other hand, small nanoparticle aggregates can also be prepared by introduction of
aggregation-inducing agents, such as dyes, peptides, salts, or targets, to be probed. A Raman
tag called nanoagregate-embedded beads (NAEBS) was developed by Chau and his co-
workers.284 NAEBs are dye-induced, silica-coated aggregates consisting of a small number
of AuNPs. These small AuNP aggregates can produce enhanced SERS signals for the
recognition and targeted detection of pathogenic microorganism, such as Staphylococcus
aureus cells.284P Causa et al.285 reported that by adjusting the ratio of the number of peptide
molecules to AuNPs, single AuNP to submicrometer AUNP aggregates can be created. The
aggregated particles have been used for SERS detection of adenine. Chu et al.28¢ developed
a homogeneous SERS biosensor for the detection of DNA by utilizing the Difference in
adsorption property of ssDNA and dsDNA on AuNPs, which leads to Different capability of
protecting AuNPs against salt-induced aggregation. In addition, target-induced aggregation
due to the interaction between antibodies and antigens or DNA hybridization has been used
to fabricate SERS “turn on” detection methods. For example, the immunoreaction between
antigen and antibody-modified AuNP tags induces aggregation of AuNPs, thus causing
significant enhancement of SERS signals.287 To provide rapid and accurate detection of
DNA markers, an alternative SERS-based probe was designed by Irudayaraj’s group288 by
covalently attaching both DNA probing sequence and nonfluorescent Raman tags to the
surface of AuNPs. The target DNA is complementary to the probing DNA sequence and can
bring AuNPs together to produce enhanced SERS signals. The same group also presented
thrombin-induced gold nanorod—nanoparticle junctions to detect thrombin at subnanomolar
concentrations in diluted human blood serum.289 By developing indirect sandwich-type
assays in which one target DNA sequence can recognize two AuNP probes,2%0 SERS signals
could be modulated or controlled by long-range plasmonic interactions (Figure 32). The as-
formed SERS beacons showed excellent sequence specificity and were able to discriminate
single-base mismatches. Hwang?%! described a similar strategy to detect glucose and uric
acid using Au@SiO» core/shell nanoparticle assemblage based on the glucose and uric acid-
induced nanoparticle aggregate.

SERS-based “turn off” strategies, as a result of the target-induced protection of AuNPs
against aggregation, have also been studied by several groups. Stevens et al.2%2 demonstrated
a route to enable the SERS detection of disease-specific enzymes using self-assembled
nanoaggregates of peptide-AuNP conjugates. In the presence of the target enzyme, the
peptides were degraded into small fragments, thus converting the state of the AuUNP tags
from aggregation to dispersion. Consequently, a clear decrease of SERS signal was
observed. Similarly, the telomeric elongation-governed SERS effect was applied to detect
telomerase by controlling the aggregation extent of the AUNP SERS tags.

In SERS, it is now well understood that the plasmonic coupling effect at the nanometre gap
junction between particles can induce enormous electromagnetic enhancement that allows
SERS signal to be detected with single-molecule sensitivity. However, it still faces a
problem to prepare nanostructures with high reproducibility, as particle structure and
interparticle spacing can markedly affect Raman signals. To obtain high-quality Au
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nanostructures with as many “hot spots” as possible, quite a few strategies have been
developed. Nam et al. prepared AuNP heterodimers by controlling the number of tethering
DNA molecules on the AuNP surfaces followed by magnetic separation method.2% These
DNA-tethered AuNP heterodimers were allowed to sandwich a single Raman-active Cy3
dye molecule only in the gap of the dimers. With thickness-controlled growth of Ag shell on
the surface of the dimeric AuNPs, gap-tailorable Au/Ag core-shell nanodumbbells (GSNDs)
with structurally reproducible dimetric AuNP tags were obtained. Later, the same group?%*
found that DNA on AuNPs can facilitate the formation of well-defined gold nanobridged
nanogap particles (Au-NNP), which can generate highly stable and reproducible SERS
signals. As shown in Figure 33, the uniform and hollow gap (~1 nm) between the gold core
and gold shell can be precisely loaded with a quantifiable amount of Raman dyes whose
SERS signals showed a linear dependence on probe concentration with a detection limit of
10 fM. Irudayaraj et al.29 reported that the extraction of LSPR spectra from SERS signals
can be applied to measure the interparticle distance from Raman enhancement data. The
developed methodology was applied to calculate the interparticle distance between
nanoparticle dimers from SERS signals and to detect and quantify DNA at the single-
molecule level. Importantly, this approach has the advantage of clearly Differentiating
dimers from nonspecific aggregation.

SERS-based homogeneous immunoassay using antibody-conjugated AuNPs has drawn great
attention because of its rapid and sensitive sensing capability. The combination of magnetic
and optical properties of nanoparticles into a single platform was employed for rapid
immunomagnetic separation (IMS) and detection. For example, Choo et al.2% created a
SERS-based immunoassay technique using HGNs and magnetic beads. The HGNs were
conjugated with polyclonal antibodies and Raman reporter molecules, while magnetic beads
were conjugated with monoclonal antibodies. When they were incubated with CEA
antigens, sandwich immunocomplexes were formed to generate SERS signals with reduced
time and simplified procedures. Similar SERS methods have used to detect protein
biomarkers, such as IgG, AFP, CEA, and BLV antigen gp51.2%7 The combination of
magnetic beads and AuNPs was also extended to aptamer-based SERS biosensors. For
instance, Johnson et al.2% described a paramagnetic nanoparticle assay for SERS detection
of DNA oligonucleotides derived from the West Nile virus genome. The approach was based
on the target-induced hybridization of complementary oligonucleotide probes on the surface
of magnetic beads and Raman reporter tag-conjugated AuNPs. Tamer et al.2% presented a
homogeneous detection method for sensing staphylococcal enterotoxin B (SEB). In this
assay, peptide ligand-functionalized core—shell-structured iron—gold magnetic particles were
used as scavengers to capture SEB molecules, and the resulted sandwich assays were tested
by AuNRs that acted as SERS probes. Other aptamer-based SERS homogeneous assays
were also employed to measure telomerase activity3°C and cocaine.301

Identification of cancer cells has great value in predicting the invasiveness and metastatic
potential of tumors. Circulating tumor cells (CTC) are a hallmark of invasive cancer cells,
which are responsible for the development of metastasis. It is imperative to develop effective
approaches for the detection and quantification of CTCs. Sha et al.,3%2 for the first time,
developed a homogeneous SERS-based assay for CTCs by taking advantage of magnetic
beads and AuNP-based SERS tags (Figure 34). In this format, the SERS-active AuNPs were
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encapsulated in a silica coat, whose surface was conjugated with HER2 antibodies. Magnetic
beads were conjugated with anti-EpCAM antibody molecules to capture CTCs from human
whole blood. The ligand—receptor interactions enable the specific binding of magnetic beads
and SERS tags on CTC, allowing rapid detection of CTCs with a detection limit of 50 CTCs
per mL of whole blood. Later, Nie et al. reported a SERS-based method to directly measure
targeted CTCs in the presence of white blood cells. The AuNP-based SERS tags were
conjugated with EGF peptide as a targeting ligand to identify CTCs in the peripheral blood
of 19 patients suffering from squamous cell carcinoma of the head and neck, with a
detection range of 1-720 CTCs per mL of whole blood.303

5.3. AuNP-Based Cellular SERS Assays

Raman scattering spectra can give molecular vibrational information on scattering objects,
which therefore provide structural and environmental information on the targets in biological
samples without any labeling. However, it remains a challenge for live-cell imaging using
Raman microscopy alone because of the weak Raman signals. AuNP-based SERS can
significantly improve the signals and has the potential to be applied in molecular imaging of
living samples with nanometer-scale resolution. SERS is thought to be a powerful tool for
cell detection and imaging because of its several advantages over traditional detection
methods. First, the Raman signals do not suffer from rapid photobleaching and
autofluorescence in biological samples as do fluorescent assays. Second, SERS can detect
living cells or tissues noninvasively by using NIR excitation with low laser power. Third, the
sensitivity of SERS can be as high as single-molecule level, which makes it possible to
detect cancer cells even in the early stages of the disease.

For in situ cancer cell detection, Different antibody-conjugated AUNP SERS tags have been
used for targeting and imaging specific cancer markers expressed on the surface membrane
of cancer cells. For example, Choo et al. developed both antibody-conjugated HGNs and
antibody-conjugated AuNRs for SERS imaging of HER2-overexpressing MCF7 cells.304
Chang et al. presented a series of SERS nanotags consisting of AUNPs and Raman reporter
molecules for cancer detection.39% They prepared a lipoic acid-containing NIR-active
tricarbocyanine library (CyNAMLA) and tested their SERS properties after chemisorption
on AuNP surfaces. Among the NIR active dyes, CyYNAMLA-381 exhibited strong SERS
intensity and was further applied as an ultrasensitive SERS probe for in vivo cancer
imaging.30%P |rudayaraj and co-workers presented DNA-AUNP reversible networks grown
on cell surface marker sites.396 The SERS tags were used to determine cell surface markers,
CD44 and CD24, in three breast cancer cell lines for sensing a CD44*/CD24~ subpopulation
of breast cancer stem cells. This network nanostructure is capable of detecting a single target
on the membrane of a living cell. Ray et al. synthesized “gold nano-popcorn” for targeted
SERS sensing and photothermal therapy of human cancer cells.3%7 In the presence of
LNCaP human prostate cancer cells, the multi-functional popcorn-shaped AuNPs interacted
with the cancer cells, providing a significant enhancement of the Raman signal intensity (2.5
x 109). As a result, the detection limit by this strategy can be as low as 50 human prostate
cancer cells in PBS. Those popcorn-shaped AuNPs were also employed to detect multidrug-
resistant bacteria as well as HIV DNA with high sensitivity.308
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Recently, AuNP-based intracellular imaging by SERS has gained interest because this
optical tool can provide high temporal and spatial resolution, which allows one to observe
the native chemicals inside living cells and monitor the nanoscale dynamics of cellular
organization. Kneipp’s et al.309 employed 60 nm sized AuNPs as the SERS active substrates
to measure the native chemical constituents of the cells. Strong Raman signals can be
observed especially when larger AuNP aggregates were formed inside the cells. The same
group then proposed another SERS probe by using indocyanine green-modified AuNPs.
This probe provided molecular structural information from the local biological environment
around the particles.310 By measuring the SERS spectra from endosomes in living individual
cells, they observed enhanced Raman signals. As shown in Figure 35, the SERS
enhancement was most likely attributed to the formation of Au nanoaggregates when the
SERS tags were exposed to the changing endosomal environment. The size increase in
morphology was confirmed by complementary TEM studies.3!! Later, they developed an
intracellular SERS assay to reveal the specific interactions of silver and gold nanoparticles
with hemoglobin and red blood cell components.312 In addition, some other intracellular
SERS assays based on AuNPs have been reported to detect cell organelles and monitor
intracellular events. Hu et al.313 reported a SERS assay to probe an original SERS signal
from the living cell nucleus. The AuNPs were functionalized with nuclear localization signal
peptide to selectively locate at the cell nuclei of HeLa cells and deliver the spatially
localized chemical information. Tamiya and co-workers314 employed AuNP-based SERS to
noninvasively monitor the Differentiation of mouse embryonic stem cells, including
undifferentiated single cells, embryoid bodies, and terminally Differentiated
cardiomyocytes, without affecting cell viability or proliferation.

Dynamic SERS imaging of intracellular events was possible by slit-scanning Raman
microscopy. By utilizing this advanced platform, the position and SERS spectra around
AUNPs were simultaneously determined inside living cells with high spatial and temporal
resolution. They also employed the AuNP-based SERS sensor to monitor the interactions of
the particles with the cell membrane and the entry into the cell 315 Cellular transport
pathways then were monitored with the use of the endocytosed AuNPs, providing molecular
maps of organelle transport and lysosomal accumulation.316

Intracellular pH plays a critical role in the function of cells. However, the dynamic imaging
of pH variations inside living cells is still difficult. The pH-dependent SERS spectra of 4-
MBAS37 or 2,5-dimercaptobenzoic acid (2,5-DMBA),318 adsorbed on Au nanoaggregates,
Au nanoshells, or Au nanoparticle silica nanopeapods, were used to create pH sensors for
monitoring changes in local pH in living cells. For instance, Kneipp et al. made use of 4-
MBA-functionalized Au nanoaggregates to image a wide range of pH values in live
NIH/3T3 cells from pH 6.8 to 5.4. This SERS pH sensor was further extended to two-photon
excitation using surface-enhanced hyper-Raman scattering (SEHRS) of 4-MBA on Au
nanoaggregates, which exhibits a spectral signature capable of measuring pH values between
8 and 2.3178 Lawson et al. described a pH-sensitive disulfide reporter molecule named 2,5-
DMBA, which can attach onto AuNPs to induce a controlled aggregation of AuNPs without
the addition of salts. The SERS pH sensor exhibited excellent pH resolution at and below a
pH of 7, with the ability to quantify accurately pH values well below 5.5.318 To enhance the
SERS signals, Joo et al. reported a subnanometer gap-separated linear chain AuNP silica
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nanotube peapod (SNTP), which was fabricated by self-assembly.31° The TEM images
indicated that numerous nanogap junctions with distances of roughly 1 nm were formed
between the AuNPs. Intracellular pH values were examined after the endocytosis of 4-MBA-
coated AuNP-embedded SNTPs in mammalian cells, offering more reliability and
reproducibility of pH measurements than the usage of AuNPs alone.

SERS sensor was also applied to monitor the intracellular drug release and delivery after
cellular internalization of the drug molecules. Particularly, AUNP-based drug delivery
systems were combined with SERS tags to provide effective platforms for real-time
monitoring of the therapeutic responses, thus enhancing the efficacy of treatment. Lee and
co-workers reported a label-free confocal Raman spectroscopy to monitor the GSH-triggered
release of anticancer drug thiopurine molecules from AuNPs inside living cells.320 Tang et
al. reported a NIR-SERS technique using AuNPs to probe the intracellular chemical
information in single osteosarcoma cell with high spatial resolution.32! El-Sayed et al.
presented plasmonic-tunable Raman/fluorescence imaging spectroscopy, to track the release
and delivery of doxorubicin (DOX) from AuNP carriers in real time at a single living cell
level 322 As shown in Figure 36, the anticancer drug DOX was conjugated to the surface of
AUNPs via a pH-sensitive hydrazone linkage, resulting in enhanced SERS signal of DOX
and quenched fluorescence. When the DOX-AuNPs are internalized by cells and enter the
acidic lysosomes, the hydrazone bond breaks to release the DOX from AuNPs, thus greatly
reducing its SERS signal, with a recovered fluorescence. This SERS-based imaging
technique has the potential to be applied in studying dynamic processes of drug release in
living cells as well as cellular response to therapeutics.

It remains a challenge for SERS imaging of living cells with high temporal and spatial
resolution. The key to address this issue is improving signal-to-noise ratio, which can be
realized either by making Au nanostructures with strong electromagnetic enhancement, by
which SERS signals can be greatly increased, or by reducing the background noise of SERS
sensor in biological samples, by which the SERS signals can be also enhanced indirectly.

Flower-like AuNPs have strong SERS enhancement performance due to the rich “hot spots”
on their surfaces.323 The facile preparation of Au nanoflowers (AuNFs) and their application
in live cell imaging were reported by Xu and co-workers.324 Raman reporter molecules and
folic acid were capped onto AuNFs as the SERS tags to offer strong Raman signal in the
living cells, with a high signal-to-noise ratio. Lee et al.32° reported a facile, size-tunable
synthesis method for AuNFs with high yield and good monodispersity. The as-prepared
AuUNFs were developed into Raman-active tags by packaging RhnB@ AuNFs with denatured
BSA molecules and showed much stronger SERS intensity than the spherical AuNPs. The
capability of Raman imaging in living cells was demonstrated by using the RAW?264.7
macrophage cell line.

Another advanced Au nanostructure, Au/Ag core-shell bimetallic nanoparticle, has also
been prepared by making full use of the respective advantages of both Au and Ag
nanoparticles to enhance SERS signals. For example, Choo et al.326 prepared such Au/Ag
core-shell nanoparticles labeled with secondary antibodies (Figure 37). These SERS tags
were used for biomedical SERS imaging of HEK293 cells expressing PLC y1 cancer
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markers. In addition, this assay was able to differentiate cancerous cells from noncancerous
cells. Cai et al. prepared a SERS-active aptamer—Ag—Au bimetallic nanostructure for
specific detection and photothermal therapy of MCF-7 cells.327 This SERS imaging was
achieved on the basis of the specific interactions between S2.2 aptamer and MUC1 mucin
overexpressed on the surface of MCF-7 cells.

In addition to Au/Ag core—shell nanostructures, the core—shell metallic nanoparticles with
nanogaps have also been developed.328 To fabricate this Au core-shell nanostructure, Duan
et al. first prepared an amphiphilic block copolymer, which contains a Raman dye-tagged
hydrophobic block and a hydrophilic block carrying redox-active phenol pedant groups. As
shown in Figure 38, the AuNP-templated self-assembly of the amphiphilic block copolymers
and the subsequently localized reduction of Au led to the formation of the core—shell
nanogapped AuNPs, where Raman dyes were embedded into the gap of the nanostructure.
The width of the nanogap can be tailored by controlling the thickness of polymer shell. They
found that the sub-2 nm interior gap displayed the highest SERS enhancement. These core—
shell nanogapped AuNPs were functionalized with a S2.2 aptamer for MUC-1 targeting.
Singamaneni et al. designed a simple bilayered Raman-intense gold nanostructure where
Raman reporters were trapped in the “hot spots” between the core and shell of the
nanostructure.329 The bilayered structure functions not only as a promoter to significantly
enhance the electromagnetic field, but also as a protector to improve the stability of the
Raman dyes by shielding them from unwanted desorption and degradation in complex
biological samples. These SERS tags allowed for high resolution imaging of SKBR-3 cells
using 785 and 633 nm laser as the excitation source.

In addition to the use of new nanostructures with strong SERS signals, the strategy of
reducing background noise in biological samples is another important means to enhance the
SERS signals. A method of obtaining a high-resolution Raman image is the development of
advanced bioimaging technology and detection system. For example, Fujita et al. presented a
protocol for constructing a Raman microscope equipped with both a slit-scanning excitation
and detection system and a laser steering and nanoparticle-tracking system.330 In addition,
the employment of proper Raman dyes may also reduce background noise. For example,
Kneipp et al. developed a robust and sensitive SERS label for imaging the native
constituents of the cell. In these SERS tags, Rose Bengal or Crystal Violet was attached onto
AuUNPs as Raman reporter molecules exhibiting specific Raman signatures out of biological
samples.331 Porphyrin was also employed as a Raman reporter molecule by Zheng and co-
workers, to allow cellular imaging with strong and specific Raman signals.332

Recently, Raman dyes with strong signals in the cellular Raman-silent region (approximately
1800-2800 cm™1) showed great promise for cell imaging with negligible background noise.
Olivo et al. prepared an organometallic-nanoparticle conjugate biotag by functionalizing
AUNPs with osmium carbonyl clusters, Os3(CO)1o(1-H)2, where the Raman signal of the
CO stretching vibrations appears in the mid-IR (1800-2200 cm™1).333 The inherently weak
CO signal can be significantly enhanced by AuNPs, thus providing interference-free SERS
signals for cellular imaging. To demonstrate their high sensitivity and spatial resolution in
live cell imaging, the SERS tags were labeled with appropriate binding ligands, such as anti-
EGFR, for cell targeting. The results undoubtedly showed that the CO stretching vibration
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Raman signal can be well distinguished from other biomolecular vibrational modes in the
cell. Another series of small chemical groups, like alkyne, nitrile, azide, and deuterium, are
expected to show Raman scattering in the cellular silent region as well.33* Among these
groups, alkyne has clear advantages over the other three candidates in terms of high signal
intensity, narrow line width, and suitable wavenumber of the signal. By combining AuNP-
based SERS and a biorthogonal Raman reporter, the glycans on the membrane of living cells
were measured.334P To effectively amplify the SERS signals, 4-mercaptophenylboronic acid
(4-MPBA) was functionalized on AuNPs to preferentially recognize sialic acids due to the
fact that the phenylboronic acid moiety can react with 1,2- or 1,3-diols of sugars to form
boronate esters. As a result, the biorthogonal Raman reporter in the sialylated glycans was
located in close proximity to the AuNPs, thus inducing strong Raman signals (Figure 39).
This technology was applied to measure the targeting glycans on various cell surfaces such
as HelLa cells and CHO cells, where a SERS peak can be unambiguously observed at about
2100 cm™1. In contrast, no SERS peak was seen in the control cells treated with the same
biorthogonal Raman reporter.

To improve the stability, biocompatibility, and optical properties of SERS tags, the surfaces
of metallic nanoparticles are generally covered with a layer of polymers or silica, in which
the Raman reporter molecules are covalently embedded. For example, Bishnoi et al.
synthesized two Raman-active PEG molecules, one linear and the other branched, to
fabricate SERS tags with high stability in cell culture media.33> These SERS tags can
provide semiquantitative information for tracking the particle localization in mouse
macrophage and human breast cancer cells. Haisch et al.336 reported Au/silica core-shell
SERS tags with high stability in different environments such as extreme pH values, high ion
strength, or in organic solvent. This SERS tag was functionalized with anti- Sa/monella
antibody for cell imaging. Choo’s group337 prepared AuNP SERS tags encapsulated with
two layers of silica (Figure 40), where fluorescent dyes were loaded into the outer silica
shell to offer a SERS-fluorescence dual modal nanoprobe (DMNP). CD24 and CD44
antibodies were then, respectively, labeled onto two different types of DMNPs to prove their
capability of targeting imaging in MDA-MB-231 breast cancer cells where markers CD24
and CD44 are coexpressed. Cui et al.338 reported a dual-mode probe based on mesoporous
silica-coated AuNRs (MS-AuNRs), where Raman reporter molecules were coated onto
AUNRs to generate strong SERS signals and fluorescent dyes were encapsulated into MS as
the generator of fluorescence. The outer surfaces of MS-AuNRs were conjugated with folic
acids as a targeting ligand to detect the HeLa cells overexpressing folate receptors. The same
group provided another switchable dual-mode image probe based on silica-coated Au
aggregates and water-soluble CdTe QDs.339 In this probe, SERS and fluorescence signals
can be separately generated and switched by changing the wavelength of the excitation light.
Similar multimodal imaging methods was also reported by Ren’s group using
Au@organosilica multifunctional nanoparticles.340

5.4. Outlook of AuNP-Based SERS Assays

We herein summarized the AuNP-based SERS assays for sensing various analytes ranging
from small biomolecules to cells (Table 4). The use of AuNPs can significantly improve the
sensitivity of Raman detection up to the single-molecule level, which is of great value in the
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field of biomedical diagnostics. Despite the great progress that has been made, AuNP-based
SERS assays are still facing several challenges. First, it is difficult to prepare SERS-active
nanostructures with structural reproducibility and narrowly distributed high enhancement
factor values. This point is critical when promoting this format in clinical use, as particle
structure and interparticle distance can markedly affect Raman signals. To accomplish this, it
is desirable to reproducibly synthesize probes with a uniform 1 nm gap, and to control the
hot spots and the uniformity of SERS enhancement in the nanostructures. Aside from DNA
or polymer-guided formation of a 1 nm gap between the Au core—shell nanostructures, as
described in this section, inorganic nanolayers with tunable thickness may serve as a
promising candidate for creating uniform ultrasmall nanogaps. Silica shell is such an
inorganic nanolayer that can be prepared on an AuNP core to form Au@SiNPs, where the
thickness of silica shell can be readily modulated. Silica shell is also thought to be an ideal
substrate for the subsequent Au deposition. Therefore, the further Au coating on the
obtained Au@SiNPs may produce a hanogap-controllable Au nanostructure. Second, the
currently developed SERS tags are unable to quantify the SERS signals particularly in
complex biological samples. Third, it remains challenging to prepare SERS tags with
ultrahigh sensitivity and stability, combined with a wide and reliable dynamic detection
range. Future efforts should be devoted to develop SESR assays with enhanced analytical
features such as high signal enhancement, reproducible and uniform signal response, stable
half-life, and ease of preparation and use.

6. AUNP-BASED POINT-OF-CARE ASSAYS

POC biochemical assays are characteristic of portability and automatization, and the
analysis of the readout results does not require a skilled technician. Therefore, these formats
are promising tools for rapid diagnosis and on-site assessment of diseases particularly in
resource-limited settings. In this section, the AuNP-based POC assays are mainly classified
into paper-based assays and biobarcode assays, both of which have been brought into the
detection of various analytes (Table 5).

6.1. AuNP-Based Paper Assays

The microfluidic chip system based on paper has attracted a lot of attention. The pioneering
work using paper as a substrate in microfluidic assays was reported by Whitesides and co-
workers in 2007.341 This cost-effective microfluidic paper analysis device (4PAD) was
employed to detect protein and glucose.342 Later, paper-based assays were extended to
disease diagnosis, environmental monitoring, and analysis of food and beverage
contamination.343 On the basis of the readout model, paper-based assays are mainly
classified into colorimetric assays and electrochemical assays.

AuUNP-based colorimetric paper assays offer high sensitivity and simplicity. Furthermore, the
bleached papers provide higher contrast background than other substrates for colorimetric
detection. It is worth pointing out that most POC assays visualized by the naked eye give a
“yes or no” diagnosis result rather than quantitative analysis. With the rapid development of
mobile phone and related software, the color signals on the paper can be transformed into
digital information, which largely makes quantitative measurements of paper-based assays
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feasible.344 This format has the potential to be widely used as a simple telemedicine
especially in resource-poor settings.342 Because the colors of AuNP solutions are highly
dependent on the interparticle spacing of AuNPs, detection targets are able to specifically
mediate the interparticle spacing, thus causing the color change of the AuNP solutions. This
detection mechanism can be transferred onto papers. Both hydrophobic and hydrophilic
paper substrates are suitable for biosensing, without pretreatment of the paper and avoiding
complex fabrication processes. Li and co-workers developed such an AuNP-based
colorimetric bioassay on paper for sensing DNase | and adenosine. To do this, DNA cross-
linked AuNPs aggregates were first spotted on the paper; upon addition of target analytes
solution, the AuNP aggregates were dissociated into dispersed AuNPs, leading to an intense
red color on paper within 1 min (Figure 41).345 Paper-based ELISAs (P-ELISAs) have been
demonstrated as effective tools for protein detection.3*6 Murdock et al.347 reported an
AUNP-based P-ELISA format for IgG and neuropeptide Y by the naked eye. To further
enhance the signal intensity, silver staining was performed on AuNPs conjugated with
antibodies, and the color showed a concentration-dependent response to protein targets. To
avoid specialized instrumentation and complex analysis, Windows- and Android-based
mobile platforms were integrated with the detection for automated image analysis and
quantification of protein concentrations.3*8 In addition to protein detection, the AuNP-based
paper assays were also designed for rapid diagnosis of tuberculosis, one of the most serious
infectious diseases over the world. The combination of the colorimetric AuNPSs probes on
paper with the geolocation metadata of test images enables this diagnostics strategy fast and
cheap for tuberculosis diagnostics at point-of-need.

The most well-known electrochemical assay for POC testing might be the commercial
home-use glucose measurement systems, which are currently produced on an astonishing
scale, approaching 1010/year.332 Paper-based electrochemical assay is an important detection
strategy due to its small size, low cost, portability, high sensitivity, and selectivity when
choosing proper detection potential and electrode materials. In addition, very low electrical
power requirement of the platforms makes them particularly useful for on-site
measurements.34° Typically, wax printer is used to produce collapsible microfluidic £PADs,
which are combined with screen printed electrodes. Because AuNPs can improve the
electronic transmission rate and increase the surface areas of the substrate, the AuNP-
modified papers are usually employed as a working electrode in microfluidic paper-based
electrochemical devices (4PEDs). For example, Lu et al.3%0 reported an electrochemical
DNA sensor based on the AuNPs/graphene-modified screen-printed working paper electrode
in a three-dimensional folding paper. This paper bioassay allows one to detect DNA in
human serum with a detection limit of 0.2 aM. Ge et al.3>! developed an AuNP-modified
paper working electrode through electropolymerization of molecular imprinted polymer.
Because of the enhanced specific surface area and conductivity of the AuUNP layer, D-
glutamic acid, a biomarker of neurotransmitter associated with brain damage, was detected
in a linear range from 1.2 to 125 nM. The AuNP-assembled paper working electrodes were
allowed to electrochemically detect many other biomolecules such as glucose, ATP, PSA,
CEA, AFP, and DNA, etc.352 These examples indicate that paper-based electrochemical
assays have great potential for rapid diagnostics of diseases especially when the detection
procedures are further simplified.
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The lateral-flow assay (LFA) is a commercially available POC diagnostic format that usually
works on polymer papers. LFA plays vital roles in various biomedical diagnostics, such as
off-the-counter pregnancy tests, screening for infectious diseases and drugs of abuse, and for
measurement of protein biomarkers in blood.3%3 A LFA test strip is typically composed of a
nitrocellulose membrane, sample pad, conjugate pad, absorbent pad, and backing pad
(Figure 42). Capturing molecules, for example, antibodies or nucleic acid fragments, are
immobilized onto the membranes to form test and control lines.3%4 When the assay is
performed, a small volume of sample is first applied to the sample pad. The flow of sample
taking place in the membrane results in the dispersion of the antibody- or nucleic acid-
labeled AuNPs, which specifically bind to the analyte in the sample to form analyte-
decorated AuNP labels. The resulted AuNPs labels are then captured by the immobilized
antibodies or nucleic acid fragments to form test and control lines, which can be quickly
observed by the naked eye, without the need of any advanced instrument. Despite its
strengths as a POC device, the detection sensitivity of LFA is still less than those of the gold
standard diagnostic assays such as ELISA and PCR.

To improve sensitivity, various strategies have been integrated with the LFA platforms,
mainly including enzyme-based and silver (or gold)-based signal enhancement. These
strategies can improve detection sensitivity by 2 orders of magnitude. For example, Mao et
al.3% reported a strategy to enhance the detection sensitivity by taking advantage of a HRP-
catalyzed reaction. The insoluble red products of the reaction can deposit on the AUNP
surfaces to intensify the red lines, thus lowering the detection limit for DNA from 0.5 nM to
50 pM. They subsequently optimized the conjugation of HRP and detection procedures. The
improved LFA assay based on the HRP-AuNP dual labels significantly lowered the detection
limit by 1000 times and was capable of detecting 0.01 pM target DNA.3%6 The same
principle was used to detect miRNA in biological samples.3” The on-site enlargement of
AuUNPs by gold or silver deposition is an effective strategy to improve detection because of
the increased size and corresponding optical extinction. Li et al.358 demonstrated that the
addition of 1% HAuCl, and 10 mM NH,OH-HCI (v/v, 1:5) into the LFA strips can induce
the formation of Au clusters around the immobilized AuNPs, thus increasing the detection
sensitivity by 10-100-fold.

AUNP aggregates have also been employed to improve the sensitivity of LFAs by subsequent
introduction of functionalized AuNPs. In general, the detection limit can be lowered from
several fold to dozens of fold, most likely due to the increased optical extinction of larger
sized of Au clusters. Choi et al.3® used two AuNP-antibody conjugates for signal
amplification, in which the first AuNP-antibody conjugate was allowed to bind with an
analyte for the purpose of the sandwich assay performed in a typical LFA system. The
immobilized first AUNP conjugate was then designed to bind with the second AuNP
conjugates. Under an optimal condition (10 and 40 nm for the first and second AuNP,
respectively), the detection limit of troponin | can be as low as 0.01 ng/mL, which was 100-
fold more sensitive than the conventional LFAs. The oligonucleotide-linked AuNP
aggregates can be employed as an effective strategy for signal amplification in LFAs. Hu et
al.360 demonstrated this concept by using a nucleic acid sequence of HIV-1 as a model
analyte, and observed that the detection limit of the enhanced LFA assay was 0.1 nM, 2.5-
fold signal amplification. This signal amplification strategy was also employed for rapid and
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sensitive immunoassay of histone methylation.361 In this enhanced LFA, one part of AUNP
was dual labeled with both Ab2 and an oligonucleotide (c-DNA) to perform the
immunoassay on the test strip; the other part of AUNP was functionalized with the
complementary strands of c-DNA for the subsequent hybridization between c-DNA and
AUNP-DNA probes. As shown in Figure 43, the formation of the DNA-AUNPs cross-linking
networks enhances the red bands on both test and control lines, thus indirectly improving the
sensitivity of colorimetric LFAs. Other strategies for improving detection sensitivity of LFAs
include the fabrication of two-dimensional paper network LFA, the use of thermal contrast,
as well as the combination with the RT-PCR preamplification process.362

6.2. AuNP-Based Biobarcode Assays

AuUNP-based biobarcode assay was first developed by Mirkin and co-workers to detect PSA
with extraordinary sensitivity.363 In this strategy, targeting antibody-modified magnetic
microparticles were employed to capture PSA. As shown in Figure 44, AuNPs were
functionalized with both target capture antibodies and double-stranded barcode DNAS. In
the presence of target PSA, the magnetic microparticles and AuNPs formed sandwich
structures, which were magnetically separated from the solution. Thermal dehybridization
was conducted to release the single-stranded free barcode DNAs from the barcode DNAS on
AUNPs. The free ssDNAs were measured by PCR amplification to determine the presence of
the target PSA. Because one protein binding event was transformed into the strong PCR
amplification signals induced by a large number of barcode DNAS, the detection limit of this
assay was as low as 3 aM. To eliminate the PCR step, larger sized AuNPs were employed to
load a larger absolute amount of barcode DNAs. By integrating with silver amplification, a
high sensitivity assay was still possible. This approach was further employed to detect PSA
in the serum of prostate cancer patients who have undergone radical prostatectomy.384 The
sensitivity of the assay is around 300 times higher than conventional immunoassays
clinically used. The AuNP-based biobarcode assay has been applied to detect other specific
protein targets for disease diagnostics. For example, this assay was used to measure the
concentration of amyloid-S-derived diffusible ligands (ADDLS), a potential soluble
pathogenic Alzheimer’s disease marker in the cerebrospinal CSF.365 The biobarcode assay is
a semiquantitative approach for ADDLs in CSF that provides a detection range of 3 orders
of magnitude, with a limit of detection at around 100 aM, much lower than the clinically
relevant concentrations (<1 pM). The biobarcode assay was also employed to detect human
telomerase activity with as few as 10 HeLa cells.368 Mirkin et al.367 also demonstrated that
the biobarcode assay can be utilized for multiplexed detection of proteins at low-femtomolar
concentrations.

The same principle of the AUNP-based biobarcode assay was also employed to detect target
DNA. The DNA biobarcode assay was designed by replacing the antibodies on magnetic
microparticles and AuNPs in the protein detection system with specific sSDNAs.368 When
the target DNA hybridizes with the complementary ssDNA sequences on magnetic
microparticles and biobarcoded AuNPs, sandwich structures are formed and the unreacted
biobarcoded AuNPs are easily removed by magnetic separation. With thermal
dehybridization, the biobarcode DNAs are released from the sandwich assemblies, which are
then analyzed by a scanometric method with a detection limit of 500 zM. This sensitivity is
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comparable to many PCR-based assays. To realize multiplexed detection of DNA targets of
interest, both the magnetic microparticles and the AuNPs probes were loaded with barcode
DNA sequences specific to a given target.369 This assay was employed to detect four DNA
targets simultaneously with high selectivity at midfemtomolar concentrations.

To reduce the detection time of the assay and eliminate the use of barcode sorting, some
other analytical methods such as fluorescence,370 color change,37! electrochemistry,372 and
gel electrophoresis3’3 have been integrated with the biobarcode assays. Mirkin et al 3702
demonstrated that fluorophores can be conjugated with the DNA barcodes, many thousands
of which were loaded on a polystyrene microparticle probe. Thermal dehybridization was
carried out to release the fluorophore-labeled barcode ssDNAs, whose intensity was
employed to quantify the amount of target. The fluorescence-based biobarcode amplification
method can detect PSA in the range from 300 aM to 3 pM. Additionally, the released
barcode DNA can also be measured by an AuNP-based colorimetric assay through a barcode
DNA-directed AuNP assembly process.3712 The formation of AUNP assembly induces a red-
to-purple color change, which can be visualized by the naked eye. The colorimetric
biobarcode method allows the detection of cytokines down to 30 aM. This sensitivity is ~3
orders of magnitude higher than conventional nonenzymatic cytokine detection assays.
Recently, Nam and co-workers373 improved the readout methods by using a conventional gel
electrophoresis platform and potassium cyanide chemistry. This biobarcode gel assay was
employed to detect miRNA in cancer cells at attomolar levels without any enzymatic
amplification strategy.

6.3. Outlook of AuNP-Based POC Assays

Over the past decade, a number of innovative POC assays have been presented in both
academic research and commercial products. The representative examples are the well-
established glucose and pregnancy POC tests. Those POC assays are changing the situation
of human health, diagnosis, and therapy. An ideal POC assay should have the following
properties: rapid diagnostics, ease of use, low cost, and reliability. Because of their unique
properties, AUNPs may serve as an ideal candidate for creating POC platforms. For example,
the high optical extinction coefficient of AuUNPs makes high-sensitivity colorimetric
detection possible in a POC platform. The high sensitivity means that the assays are
promising for use in early diagnosis and monitoring the disease progression after treatment.
The diversity of surface functionalization of AuNPs directly boosts the development of
various signal amplification strategies. The advanced POC assays have been demonstrated in
the research setting for ultrasensitive detection of targets of interest. However, only very few
of them are commercially launched in the market, most likely due to the above-mentioned
challenges. In addition, because the POC tests are often self-administered by the patients
themselves, it is essential to further improve the reliability of the POC platforms. The
sampling procedures and readout analysis are required to be standardized and familiarized
by the users. The rapid development of advanced fabrication technologies, such as
microelectro-mechanical system (MEMS), can be coupled with the basic principles of
analytical chemistry to provide high-performance POC devices for disease diagnostics.374
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7. CONCLUDING REMARKS

Diagnostic procedures are fundamental for disease management and treatment, and therefore
the development of effective diagnostic tools is of great importance. IVDs show great value
in different economic settings. In developed areas, VD tools are typically used in bedside
diagnostic tests, in-home tests, and bioemergency response. In resource-poor settings, IVD
tools are mainly used in clinical laboratories or isolated village health service providers.
There is still a long way before the extensive application of 1\VVD tools to offer effective
diagnostic capability. These requirements include the following: (1) High sensitivity. For
many diseases such as cancer, metabolic diseases, infectious diseases, and cardiovascular
diseases, the biomarker levels at the early stages of the diseases are generally below the
critical threshold concentrations, at which point the biomarkers are often undetectable by
means of current platforms. The high-sensitivity sensors make it possible for early diagnosis
of the diseases as well as monitoring recurrence of the diseases after treatment. (2) Low-cost
and sufficient simplicity. To meet the demands of personalized clinical diagnostics especially
in developing countries, the VD platforms should be cost-effective and easy to use. (3)
Portability. A portable IVVD device should not rely on sophisticated instruments and skilled
technicians, making diagnostics faster and easier. In recent years, some of the requirements
have been met because of the cross-disciplinary integration among physics, chemistry,
biology, electrical engineering, and micromanufacturing technology. It is foreseeable that
more 1D platforms will become available in the future market.

Undoubtedly, the rapid development of nanotechnology provides significant improvement in
IVD systems. Among the nanomaterials, AuNPs have received considerable research interest
due to its virtues, including unique enhanced electromagnetic field, ease of synthesis and
functionalization, and excellent biocompatibility and stability. The unique physicochemical
properties of AuUNPs provide various specific signal transducers (like LSPR and SERS) and
amplification strategies (like electrochemical signal and fluorescence enhancement), both of
which can be harnessed to create 1VD assays with appropriate clinical features.

Although much exciting progress in AuNP-based 1D systems has been successfully made,
they are still facing several challenges. First, the combination of fundamental research with
new technologies is insufficient. For example, a variety of AuNP-based assays show
unsurpassed sensitivity and multiplexing capabilities; however, these characteristics have not
been demonstrated in portable devices like microfluidics.393P:375 |_ow-cost substrates such
as papers and polymers are also impressive if they are coupled with AuNP sensors. To
produce simple 1VD platforms that are robust in settings outside of the lab and toward POC
devices, manufacturing skill is further needed for the design and fabrication of the whole
systems. Second, the reproducibility of VD platforms has to be demonstrated using clinical
samples before they are formally used in the clinic. The core of the IVD platforms is the
AUNP probes. As discussed in this Review, variation of the probes in size, shape,
composition, or surface coating could lead to significant variation in detection results. The
current nanoprobes have been prepared under highly optimized conditions in laboratories,
and their mass production with high reproducibility remains a great challenge. To bring the
AuNP-based 1D assays into real clinical applications, it is highly desirable to prepare
extremely reproducible AuNP probes to achieve reproducible detection signals. It is critical
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to simplify the procedures of synthesis and functionalization of probes to minimize the
variation in different batches. Third, most IVD assays were prepared in academic
laboratories. Many bench researchers may not really know the clinical demand; thus many
platforms are unrealistic for clinical translation. Therefore, future advances in creating
reliable IVD platforms should involve close collaborations between scientists, engineers, and
clinicians. Only their combination work could drive more IVD assays forward from
laboratory bench to bedside.
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Ab2 detection antibody
AChE acetylcholinesterase
ADDLs amyloid-g-derived diffusible ligands
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ALP
apo-GDH
ARS

ASV

ATC

ATP
AuNCs
AuNFs
AuNPs
AuNRs
Au-NNP
BCIP

BSA

CEA
ChOx
CNT

Con A
CRP

CSF

CTC
cyst-AuNPs
try-AuNCs
CyNAMLA
2,5-DMBA
DMNP
DOX
dsDNA
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silver nanoparticles

alkaline phosphatase

apo-glucose dehydrogenase
Alizarin Red S

anodic stripping voltammetry
acetylthiocholine

adenosine triphosphate

gold nanoclusters

gold nanoflowers

gold nanoparticles

gold nanorods

gold nanobridged nanogap particles
5-bromo-4-chloro-3-indolyl phosphate
bovine serum albumin
carcinoembryonic antigen
cholesterol oxidase

carbon nanotubes

concanavalin A

C-reactive protein

cerebrospinal fluid

circulating tumor cells

cysteamine modified AUNPs
trypsin stabilized gold nanoclusters
lipoic acid-containing NIR-active tricarbocyanine library
2,5-dimercaptobenzoic acid

dual modal nanoprobe

doxorubicin

double-stranded DNA

duplex specific nuclease
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DTNB
ECL
EIS
ELISA
ENO1
EV71
FRET
ERLs
FAD
Fc
FITC
GCE
GGR
GOx
GSGHs
GSH
GST
H202
HBsAg
HER2
HGNs
HIV-1PR
HRP
IgA1P
1gG

IL

ITO
IVDs

LCR

5,5’ -dithiobis (2-nitrobenzoic acid)
electrochemiluminescence
electrochemical impedance spectroscopy
enzyme-linked immunosorbent assay
a-Enolase

enterovirus 71

Forster resonance energy transfer
extrinsic Raman labels

flavin adenine dinucleotide

ferrocene

fluorescein isothiocyanate

glassy carbon electrode
glucose/galactose receptors

glucose oxidase

graphene-mesoporous silica—AuNP hybrids
glutathione

S-transferase

hydrogen peroxide

hepatitis B surface antigen

human epidermal growth factor receptor 2
hollow gold nanospheres

HIV-1 protease

horseradish peroxidase

immunoglobulin Al protease
immunoglobulin G

interleukin

indium tin oxide

in vitro diagnostics

ligation chain reaction
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LDA

LFA

LSPR
4-MBA
MEMS
MMP
MNAzyme
MOFs
MS-AuNRs
11-MUA
MWNT
NAEBs
NCAs
NSET
Ova-AuNCs
OPG
UPAD
UPEDs
PCR
PDDA
PDGF

PG

MPBA
PMPC
POC

PPE

PPI

PSA

PTM

linear discriminate analysis
lateral-flow assay

localized surface plasmon resonance
4-mercaptobenzoic acid
microelectro-mechanical system
matrix metalloprotease
multicomponent nucleic acid enzyme
metal-organic frameworks
mesoporous silica-coated AUNRs
11-mercaptoundecanoic acid
multiwalled carbon nanotube
nanoagregate-embedded beads
nanoparticle cluster arrays
nanoparticle surface energy transfer
ovalbumin-protected AuUNCs
osteoproteogerin

microfluidic paper analysis device

microfluidic paper-based electrochemical devices

polymerase chain reaction

poly(diallyldimethylammonium chloride)

platelet-derived growth factor
pyrolytic graphite

4-mercaptophenylboronic acid

poly(2-methacryloyloxyethyl phosphorylcholine)

point-of-care
poly(o-phenyleneethynylene)
poly(propyleneimine)
prostate-specific antigen

post-translational modification
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PKA protein kinase A
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Figure 1.

Schematic illustration of AuNP-based assays for various detection targets in the applications
of IVDs.
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Figure 2.
Schematic illustration of a localized surface plasmon. The electric field induces polarization

of the free electrons on the surface of the metal sphere. Reprinted with permission from ref
25. Copyright 2003 American Chemical Society.
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Schematic representation of the enzymatically amplified LSPR detection of target proteins.
(a) Streptavidin-HRP conjugates can bind the biotinylated AuNPs, thus catalyzing a
precipitation reaction on the particle surfaces. The precipitate in turn leads to a detectable
shift in the LSPR Amax. (b) A great number of AuNPs are measured simultaneously using
dark-field imaging and a tunable narrow band-pass liquid crystal filter. (c) Images recorded
at discrete wavelengths are combined so as to obtain scattering spectra for each individual
AUNP. Reprinted with permission from ref 45. Copyright 2011 American Chemical Society.
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Figure 4.
LSPR detection of protein biomarkers by means of enzyme-guided nanocrystal growth. ()

Scheme of detection mechanism. GOXx catalyzes the generation of H,O5, which reduces
silver ions to grow a silver coating around Au nanostars. The concentration-dependent
nanocrystal growth favors either the nucleation of AgNPs in solutions (at high
concentrations) or the epitaxial growth of Ag around the Au nanostars (at low
concentrations). (b) TEM image of Au nanostars (scale bar, 50 nm). (c) Visible/near-infrared
spectra of the Au nanostar probe (black), and those treated with 10714 g mL~1 GOx (green),
10720 g mL~1 GOx (red), and without GOX (blue). (d) Blueshift of the LSPR Ay of the Au
nanostar probes treated with various concentrations of GOx in the absence (black) or in the
presence (red) of the enzyme substrate glucose. Reprinted with permission from ref 56.
Copyright 2012 Nature Publishing Group.
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Figure5.
Complementary target DNA can induce the aggregation of AuNPs (a), leading to color

change of the solution from red to blue (b). The aggregation process can also be monitored
by using UV-vis spectroscopy. Reprinted with permission from ref 63. Copyrights 2005
American Chemical Society.
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Plasmonic DNAzyme strategy for genetic detection of infectious pathogens. (a) Mechanism
of MNAzyme catalysis. (b) The linker hybridizes to the DNA strands A and B to cause the

cross-linking of AuNPs, turning the solution purple. (c) The target-activated MNAzyme can
degrade the linker DNA, allowing the dispersion of AuNPs. In the absence of the target, the

linker remains intact and induces the aggregation of AuNPs. (d) Scheme outlining the

detection procedures of the multiplexed assay in real samples. Reprinted with permission
from ref 68. Copyright 2013 Wiley-VCH Verlag & Co. KGaA.
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(a) Schematic representation of the colorimetric assay based on asymmetrically
functionalized AuNPs. (b) Photographs and corresponding UV-vis spectroscopy of the
asymmetrically functionalized AuNP solutions added with various concentrations of target
DNA (samples 1-6 are 0, 1 pM, 10 pM, 100 pM, 1 nM, and 10 nM, respectively). (c) The
dose-response curve for (b). (d) A representative SEM image of the dimeric AuNPs treated
with 10 nM target DNA. Reprinted with permission from ref 71. Copyright 2013 American
Chemical Society.
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Figure8.
AuUNP-based immunoassay with the combination of CuO-labeled antibody and click

chemistry. The CuO label was dissolved by acid to liberate copper ions, which act as a
catalyst of click chemistry, thereby inducing aggregation of AuNPs functionalized with
azide and alkyne groups. The resulted red-to-blue color change in turn reflects the presence
of the target antigen. Reprinted with permission from ref 78. Copyright 2011 Wiley-VCH
Verlag & Co. KGaA.
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Figure.
(a) AChE catalyzes the hydrolysis of acetylcholine to generate acetate and choline. (b)

Colorimetric detection of EV71 based on two rounds of signal amplification. In the first
round, the labeled AChE can catalyze the generation of thiocholine, which is able to induce
aggregation of citrate-AuNPs through electrostatic interactions. This aggregation event can
be transformed into a red-to-purple change of the AuNP solutions. In the second round,
many thousands of AChE and Ab2 were loaded onto a magnetic bead to further enhance
detection signals. Reprinted with permission from ref 80. Copyright 2013 Wiley-VCH
Verlag & Co. KGaA.
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(a) Steady-state absorption for Aups, Auss, Auq4g, and Aupygg Clusters and Mie theory
calculation using parameters similar to those of Au,s. (b) Transition-energy diagram for the
emissions for MPCs using data from steady-state emission, fluorescence upconver-sion, and
transient absorption. Reprinted with permission from ref 94b. Copyright 2010 American

Chemical Society.
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Figure 11.
Ilustration of the mechanism for the peptide-templated AUNCs as a label-free sensor for

PTM enzyme. The peptides act as a compacting coating to protect the AUNCs from
contacting with O, thus diminishing O,-mediated fluorescence quenching. In the presence
of target enzyme, the deacetylation of the substrate peptides destroys the interactions
between the peptides and the AuNC core, thus allowing the diffusion of O into the peptide
layer to contact with the AuNC cores. As a result, the fluorescence of AUNCs was quenched.
Reprinted with permission from ref 109. Copyright 2013 American Chemical Society.
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Figure 12.
(a) A fluorescein moiety (FAM) and AuNC (&= 1.4 nm) were tethered by a ds-DNA of

length R varying from 15bp to 60bp. Addition of M. £coRI bends the ds-DNA to produce a
new distance R’. (b) Energy transfer efficiency plotted versus separation distance between
FAM and AuNC. Filled circles (@) represent DNA lengths of 15bp, 20bp, 30bp, and 60bp.
The measured efficiencies of these strands with the addition of M. EcoRlI are represented by
the open circles (O). The error bars reflect the standard error in repeated measurements of
the fluorescence as well as the systematic error related to the flexibility of the C6 linker as
illustrated in (a). The dashed line is the theoretical FRET efficiency, while the solid line is
the theoretical NSET efficiency. Reprinted with permission from ref 116. Copyright 2005
American Chemical Society.
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Figure 13.
Several representative AuNP-based activatable assays. (a) Glucose sensing principle based

on the assembled AuNPs-apo-GOx-dextran-FITC nanoprobe. Reprinted with permission
from ref 121. Copyright 2013 American Chemical Society. (b) Principle of the fluorescent
probe based on AuNCs and ARS-boronic acid for monitoring glucose. The glucose can
displace the ARS in the fluorescent probe PNAS-APBA-ARS. Reprinted with permission
from ref 123. Copyright 2014 American Chemical Society. (c) Schematic illustration of the
selective detection of heparin based on try-AuNCs and cyst-AuNPs. Reprinted with
permission from ref 124. Copyright 2013 American Chemical Society. (d) Schematic
representations of PDGF and PDGF receptor sensors based on the modulation of the
quenching process. Reprinted with permission from ref 125. Copyright 2008 American
Chemical Society.
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Figure 14.
Several representative AUNP-based activatable assays for DNA detection. (a) Target DNA

induces the opening of the constrained conformation of the fluorophore-labeled DNA on
AuUNPs, allowing the fluorescence to be restored. Reprinted with permission from ref 128.
Copyright 2002 American Chemical Society. (b) Target mMRNA is capable of displacing the
short Cy5 labeled reporter strand from the hybridized sequence on AuNPs, inducing the
fluorescence recovery. Reprinted with permission from ref 130. Copyright 2007 American
Chemical Society. (c) The principle of the four-color nanoprobe for detection of multiple
intracellular mRNAs. Reprinted with permission from ref 136. Copyright 2013 American
Chemical Society.
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(a) The principle of DSN-catalyzed hydrolysis for direct and absolute quantification of
miRNAs. (b) Real-time monitoring of assay mixtures containing different concentrations of
miRNA. Reprinted with permission from ref 143. Copyright 2014 American Chemical

Society.
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(a) Schematic illustration of the displacement reaction between protein and quenched
polymer-AuNP complexes, which leads to unquenching of the fluorescent polymer. (b) The
combination of an array of sensors generates fingerprint response patterns for individual
proteins. Reprinted with permission from ref 144. Copyright 2007 Nature Publishing Group.

Chem Rev. Author manuscript; available in PMC 2017 January 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 103

a &~ =rsphat Q =AuNPs @ =Psa * = RBITC

<> =BSA jr = Ab1 ~||' =Ab2 /W = Cysteamine
x X
)=¥‘ 1r Cys:t/e\e/lvm)ine * \’__.‘& ~"¢ *
XEX KK =
® ra
é' 2 e 2 o
/'3@& )ch Cﬂ"rjt )Cj/\
PR SRS
b Blank 0.1 1.0 10 100 1000 104 105(pg/mL)
Ab2-RBITC —
Ab2-RBITC
-AuNPs 7
Cc X X
7500 * My %
® Ab2-RBITC < >
%
3 5500+ ® Ab2-RBITC . o I'j &
© -AuNPs o L %
= = -
f 3500 &
< )
1500 X
[ e 2 re @ ,}/ﬁ/\ ¢ éﬂ
-500 S —— o1
100 1000 10* 10° Cg'g S—:;

o
Blank 0.1 1.0 10
[PSA] (pg/mL)

Figure17.
(a) Schematic illustration of the fluorescence-activatable immunoassay for PSA performed

in a 96-well microplate. (b) Comparison of conventional fluorescent immunoassay and the
activatable immunoassay for sensing various concentrations of PSA. (c) Plotted AFmax
versus the same concentrations of PSA in (b). AFmax = F— Fy, where Fis the emission
fluorescence intensity at 590 nm and A is the background fluorescence. Reprinted with
permission from ref 157. Copyright 2013 American Chemical Society.
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Fabrication of GOx electrode by assembling the reconstituted GOx on a FAD-functionalized
AUNP: (a) The adsorption of AuNP-reconstituted apo-GOx on a dithiol monolayer-modified
gold electrode and (b) the adsorption of FAD-AuUNPs on a dithiol-assembled Au electrode
followed by reconstitution of apo-GOx on AuNPs. Reprinted with permission from ref 160.

Copyright 2003 American Association for the Advancement of Science.
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Figure 19.

Schematic representation of electrochemical multiplexed immunosensor based on HRP-
labeled antibody-modified AuNPs with an electric field-driven incubation process. (a) Nylon
sheet, (b) silver ink, (c) graphite auxiliary electrode, (d) Ag/AgCl reference electrode, (e)
graphite working electrode, and (f) insulating dielectric. Reprinted with permission from ref

171. Copyright 2008 American Chemical Society.
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Figure 20.

Schematic illustration for the preparation of SWCNT/AuNP-modified electrodes coating
with Fc-pepstatin conjugates and their use for detecting HIV-1 PR and the subsequent assay
of HIV-1 PR inhibitors. The prethiolated SWCNTSs were coated on the electrode surface, and
AUNPs were subsequently immobilized on the SWCNTS by electrochemical deposition. A
monolayer of Fc-pepstatin conjugate was formed on the SWCNT/AuNP modified electrode
surface through Au-S bonds. The obtained electrode was incubated in a buffer containing
HIV-1 PR in the absence or presence of its inhibitors. Reprinted with permission from ref

174. Copyright 2008 American Chemical Society.
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Figure 21.
(a) An AuNP-based electrochemical sensor for identification of HMy2 cell line expressing

surface HLA-DR markers (top) and a PC-3 cell line that is negative to this marker (bottom).
The specific binding of AuNPs with cells catalyzes hydrogen evolution in the acidic
environment, generating electrochemical responses. (b) The corresponding SEM details of
the HMy?2 (top) and PC-3 cells (bottom) on the carbon working electrode. Inset images
correspond to cell growth on the plastic area of the electrode. Reprinted with permission
from ref 180. Copyright 2009 American Chemical Society.
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Figure 22.
Schematic representation of the three-mode electrochemical sensor for miRNA detection. (a)

A thiol-modified complementary probe for miR-21 was self-assembled onto an AuNP-
modified screen-printed carbon electrode (SPCE). (b) The binding of the target miR-21
caused an increase in the current intensity, with a linear detection range from 1 fM to 10 pM.
(c) The binding of the p19 protein caused a large decrease in current density, with a linear
detection range from 10 aM to 10 fM. (d) The hybridization product of miR-200 and its
complementary probe forced the p19 protein to dissociate from the previously immobilized
hybrid, causing a shift-back in the signal with a linear detection range from 100 pM to 1 xM.
Reprinted with permission from ref 185. Copyright 2013 American Chemical Society.
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Figure 23.
Electrochemical immunosensor based on Ab2-magnetic bead-HRP conjugates performed on

AUNP electrode, allowing detection of PSA with a detection limit of 0.5 pg/mL. Reprinted
with permission from ref 193. Copyright 2009 American Chemical Society.
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Schematic illustration of the operation of the electrochemical immunosensor for the
detection of ENO1 by means of anti-ENO1-tagged AuNP congregates. Reprinted with
permission from ref 203. Copyright 2010 American Chemical Society.
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Figure 25.
(a) Schematic illustration of the electrical detection of DNA based on the target-induced

sandwiched hybridization, followed by silver enhancement. (b) Sequences of capture, target,
and probe DNA strands. Reprinted with permission from refs 205 and 16f. Copyright 2002
American Association for the Advancement of Science and 2012 American Chemical
Society.
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Figure 26.
(a) Preparation of AuNP-encapsulated dendrimer. (b) Modification of MWCNT with HRP,

GOx, and anti-CEA (Ab2). (c) Detection principle of the electrochemical assays. In brief,
the labeled GOx catalyzes its substrate glucose to generate H,O,, which is measured by the
multiple HRP labels through the mediating ability of the loaded multiple thionine (Th). The
ultimately generated electrochemical signals reflect the presence of CEA. Reprinted with
permission from ref 220. Copyright 2013 American Chemical Society.
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Figure 27.
(a) Fabrication procedure of NCAs using template-assisted assembly on glass substrate. E-

beam lithography is used to create binding sites in a PMMA mask. These binding sites are
functionalized with polylysine. Negatively charged AuNPs are then bound to these cluster
binding sites. In a final process step, PMMA is removed and the NCA is obtained. (b) SEM
images of the fabricated NCAs with various AuNP diameters (&= 40, 60, and 80 nm).
Reprinted with permission from ref 244. Copyright 2010 Wiley-VCH Verlag & Co. KGaA.
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Figure 28.
(a) Schematic of AuNP dimer assembled on the DNA origami platform. (b) Gel

electrophoresis of the AUNP dimers in the presence of other free AuNPs or aggregates. The
dimer structures were imaged by TEM (scale bar, 50 nm). (c) Schematic of the custom built
setup for measuring the scattering spectra of single dimer nanostructures. KG, heat
absorbing filter; ND, neutral density filter; LP, linear polarizer; BB, beam block; and BS,
beam splitter. Reprinted with permission from ref 246. Copyright 2014 Nature Publishing
Group.
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Figure 29.
Working principles of SHINERS as compared to other modes. Schematic of the contact

mode. (a) Bare AuNPs: contact mode. (b) Au core-transition metal shell NPs adsorbed by
probed molecules: contact mode. (c) Tip-enhanced Raman spectroscopy: noncontact mode.
(d) SHINERS: shell-isolated mode. () SEM image of a monolayer of Au/SiO, NPs on a
smooth Au surface. (f) HRTEM images of Au/SiO, core—shell NPs with Different shell
thicknesses. (g) HRTEM images of Au/SiO, NP and Au/Al,0O3 NP with a continuous and
completely packed shell about 2 nm thick. Reprinted with permission from ref 234c.
Copyright 2010 Nature Publishing Group.
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Figure 30.
Representation of ERLS prepared with (a) coimmobilization, where the antibody and Raman

label are immobilized directly onto the surface of the AuNPs; (b) bifunctional reporter,
where a bifunctional Raman reporter molecule is used to covalently conjugate the antibody
to the AuNPs and thus prevent antibody exchange between ERLS; and (c) mixed monolayer,
where the surface of AuNPs is modified with two Different thiolates. One thiolate is derived
from the bifunctional compound dithiobis (succinimidyl propionate) (DSP), which can tether
the antibodies onto AuNP surfaces. The other thiolate consists of molecules that have large
Raman cross sections and serve as the Raman reporter. Reprinted with permission from ref
260a. Copyright 2009 American Chemical Society.
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Figure 31.
(a) Working principle of Au particle-on-wire system. (b) SERS spectra of Au particle-on-

wire system in the presence (blue) and absence (magenta) of complementary target DNAS.
(c) SEM image of a typical Au particle-on-wire system by adding complementary target
DNAs (top) and that of a clean nano wire (bottom). Reprinted with permission from ref 269.
Copyright 2010 American Chemical Society.
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Figure 32.
(a) AuNPs were encoded with Raman reporter molecules (e.g., malachite green) and

functionalized with thiolated DNA probes. Each AuNP contains ~500-1000 Raman reporter
molecules and 2500-7000 thiol-DNA molecules, depending on the particle sizes. (b)
Schematic representation of target-induced aggregation of AuNPs, leading to significant
enhancement of Raman signals.
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Figure 33.

(a) Fabrication of Au nanogapped particles (Au-NNPs) using DNA-modified AuNPs as
templates. (b) Photogragh and corresponding UV-vis absorption spectra of DNA-AuUNPs,
intermediate (panels 1-3), and Au-NNPs (panel 4) in the process of the Au growth in (a). (c)
HRTEM images of intermediate (panels 1-3) and Au-NNPs (panels 4 and 5). Nanobridges
within the Au-NNP are indicated by red arrows in panel 5, and elemental line mapping and
the 1.2 nm gap in the Au-NNP structure are shown in panel 6. Reprinted with permission
from ref 294. Copyright 2011 Nature Publishing Group.

Chem Rev. Author manuscript; available in PMC 2017 January 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Zhou et al.

Page 120

Tumor cell

EpCAM antibody

.

1 Anti-her2 antibody
<+ Biotag

*

Magnetic bead

_ —— SKBR3+Blood+Bead+biotags
& — Blood+Bead#biotags

- ——Blood

Raman Shift (cm)

Figure 34.
(a) Schematic of the complex formed by nanoplex biotags and magnetic bead conjugates

binding to the model tumor cell. (b) Raman detection of SKBR3 spiked into whole blood.
Raman spectra of whole blood (red) and of beads and biotag reagents in blood without a cell
spike (blue) and with SKBR3 cells spike (green). Reprinted with permission from ref 302.
Copyright 2008 American Chemical Society.
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Figure 35.
(a) Procedure of SERS imaging by incubating SERS tags into cell culture medium for

Different times. (b) TEM image of AuNPs immersed in cell culture medium (scale bar, 500
nm). (c) TEM image showing the endocytotic uptake of an individual AuUNPs by an IRPT
cell (scale bar, 500 nm). (d) Schematic of the SERS measurements inside the endosomal
compartment. Reprinted with permission from ref 311. Copyright 2006 American Chemical
Society.
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Figure 36.

(a) DOX-functionalized AuNPs tethered by a pH-sensitive hydrazine linkage. (b) Schematic
of pH-triggered drug release tracking in acidic lysosomes by monitoring both the SERS
spectra and the fluorescence signal from the DOX molecules. Reprinted with permission
from ref 322. Copyright 2013 American Chemical Society.
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(a) Au/Ag core-shell nanoparticle with Rhodamine 6G sandwiched in the gap. SERS images
and corresponding spectra of single normal cell (b) and cancer cell (c). Reprinted with
permission from ref 326. Copyright 2007 American Chemical Society.
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Figure 38.
(a) The preparation of nanogapped AuNPs, based on AuNP-templated self-assembly of

amphiphilic block copolymers and the subsequently localized reduction of Au precursor by
phenol group-containing polymer brushes. Reprinted with permission from ref 328.
Copyright 2014 American Chemical Society.

Chem Rev. Author manuscript; available in PMC 2017 January 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Zhou et al. Page 125

OH
b / MPBA-AUNP

HO’B
a QL B -

8

OH COy

S
<VWW\ R o"f‘w
i : IS0
SiaNAI SiaNAz o NH cor

R: Raman Reporter  HO

JWNH TNH

SiaNCy [D;]Sia

liiiiiiisitiiiiissssiitiisim iiiisd
$6884400608084808000088884| hidddé

[ d

2128
oy 3
‘©
©
§ 2127
«n WM
o
wl
(/)]
2124 1

1900 2000 2100 2200 2300 2400
Wavenumbers /cm™

Figure 39.
(a) Monosaccharide analogues containing a Raman reporter highlighted in red. (b)

Schematic illustration of SERS detection of cell-surface sialylated glycans using MPBA-
AUNPs as the Raman signal amplifier. (c) Dark-field image of HeLa cells treated with the
Raman reporter-labeled monosaccharide analogues, followed by incubation with MPBA.-
AUNPs. (d) Representative SERS spectra of the HeL a cells taken at three locations as
indicated in (c). Reprinted with permission from ref 334b. Copyright 2013 Wiley-VCH
Verlag & Co. KGaA.
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Figure 40.
(a) Step-by-step fabrication of SERS-fluorescence DMNP. The 40 nm sized AuNPs are first

functionalized with Raman reporters, and a layer of silica is then coated on the AuNPs. The
silica encapsulated SERS tags are labeled with fluorescent dyes. The resulted SERS-
fluorescence probes are further coated with an outer silica shell. (b) lllustration of cancer
marker detection using fluorescence-SERS DMNPs. The functional DMNPs are selectively
targeted onto cancer markers expressed in live cells. Fluorescence and Raman signals are
emitted simultaneously. Reprinted with permission from ref 337. Copyright 2012 Royal
Society of Chemistry.
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(a) Schematic representation of the DNase I-sensing system based on the redispersion of

AuNPs. AuNPs modified with S1 and S2 (b) tend to aggregate via DNA hybridization. The
aggregates can be redispersed by the addition of DNase | that is able to cleave DNA cross-
linkers, resulting in a red color (c). Left tube: a clump of AuNP aggregates. Right tube:
DNase | (0.1 unit/gL) was added to the left tube. The right tube was scanned at 20 s after the
addition of DNase I. (d) DNase I-sensing assays on hydrophobic paper as functions of assay
time and DNase | concentration. As expected, more red color is observed when more target
analyte is added (red box) or longer assay time was utilized (green box). Reprinted with
permission from ref 345. Copyright 2008 American Chemical Society.
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Figure 42.
(a) Schematic illustration of a lateral flow test. (b) Start of assay by adding liquid sample, in

which analytes bind the antibody-conjugated AuNPs. With the flow of sample, the analyte-
bound particles are captured by antibodies in test line (positive result) and control line (proof
of validity), respectively. Reprinted with permission from ref 354a. Copyright 2010 Royal
Society of Chemistry.
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Figure 43.
Schematic of the LFA using DNA-AUNPs cross-linking networks to further enhance the

detection sensitivity. (a) In the conventional strip biosensor for H3K9me3 detection, the
AUNPs on the conjugate pad are only labeled with an anti-histone H3K9me3 monoclonal
antibody. (b) In the enhanced strip biosensor, the AuNPs are labeled with anti-histone
H3K9me3 antibodies and c-DNAs simultaneously. Mouse monoclonal antibody against
histone H3 and goat antimouse 1gG antibody are immobilized on the membrane to form the
test zone and control zone, respectively. In the presence of histone extract, the dual-labeled
AuNPs are immobilized on the test zone and control zone to form two red bands. Ten
minutes later, AUNP-DNA solution is loaded onto the strip to hybridize with the c-DNA on
the dual-labeled AuNPs. The enhanced signals can be observed within 15 min by the naked
eye. Reprinted with permission from ref 361. Copyright 2013 American Chemical Society.
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Biobarcode assay technique. (a) The preparation of AuNP barcode and antibody-modified
magnetic microparticle. (b) The detection procedures of the biobarcode assay for target
protein. The antibody-modified magnetic microparticle probes capture the target protein
(step 1). The probes are magnetically separated from the buffer and resuspended in a fresh
buffer where the AuNP barcodes are introduced. These probes sandwich the protein target
(step 2). The hybrid particles are separated by magnet again and the barcode DNA is
dehybridized (step 3). The isolated barcode DNA can then be amplified by PCR (step 4,
top), or the probes undergo scanometric DNA detection (step 5). Reprinted with permission
from ref 363. Copyright 2003 American Association for the Advancement of Science.
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