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Gold nanoparticles as sensitive optical probes
Zhigin Yuan,*®* Cho-Chun Hu,? Huan-Tsung Chang*© and Chao Lu?

Gold nanoparticles (Au NPs) have become one of the most popular materials for sensing of analytes of
interest in the last decade, mainly because of their ease in preparation and conjugation, stability, bio-
compatibility, and size-dependent optical properties. We have witnessed many sensitive and selective
Au NP based optical systems for the quantitation of metal ions, anions, proteins, and DNA, based on
analyte induced changes in their absorption, fluorescence, and scattering. In this tutorial review, we
briefly discuss wet chemical approaches for the preparation of Au NPs. Sensing mechanisms and strat-
egies of Au NP based optical systems are provided to show basic concepts in designing sensitive and
selective sensing systems. Strategies for signal amplification applied in Au NP based systems are empha-
sized for the analysis of trace amounts of analytes in real samples. Many excellent Au NP based optical
sensing systems are discussed to highlight their practicality for the analysis of complicated biological and
environmental samples. The tutorial review ends with the discussion of the challenges and future trends

www.rsc.org/analyst

Introduction

Quantitation of analytes of interest from real samples is impor-
tant in many fields such as medical, environmental, material,
pharmaceutical and food sciences.”” To develop highly sensi-
tive and selective sensing systems, probes having high affinity
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of Au NP based optical sensing systems.

toward analytes of interest and large signal changes induced
by the analytes are required. Although a number of organic
and biochemical probes have been applied successfully to
quantitation of various analytes, they are sometimes limited by
complicated preparation/fabrication processes of the probes,
sophisticated and costly detection systems and/or the require-
ment of highly costly reagents. Therefore, simple, cost-
effective, sensitive and selective probes for the quantitation of
chemical and/or biological analytes from complicated samples
are in demand.

Nanomaterials have special physicochemical properties that
offer a suitable platform for the design of sensitive and selec-
tive sensing systems for various analytes through integrating
nanotechnology and biotechnology.>® Gold nanoparticles

Cho-Chun Hu is currently an
Associate  Professor of  the
Department of Applied Science,
National Taitung University. He
received his PhD from the
Department ~ of  Chemistry,
National Taiwan University, in
1995 with Dr Chuen-Ying Liu.
His major interest is to under-
stand important chemical pro-
cesses in analytical chemistry,
synthesis of nanomaterials and
polymer chemistry.

Cho-Chun Hu

Analyst, 2016, 141, 1611-1626 | 1611


www.rsc.org/analyst
http://crossmark.crossref.org/dialog/?doi=10.1039/c5an02651b&domain=pdf&date_stamp=2016-02-15
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5an02651b
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN141005

Open Access Article. Published on 26 January 2016. Downloaded on 3/5/2026 3:45:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

(Au NPs) have been extensively studied in many fields like
analytical chemistry because of their unique optical, electrical
and catalytic properties, which can be readily controlled by
varying their size, shape, composition and surrounding
environment.” The simple preparation, excellent biocompati-
bility, wide surface conjugation chemistry, as well as the attrac-
tive plasmonic coupling of Au NPs make them excellent
candidates for the development of probes for numerous
analytes with desired properties.®® The high surface-to-
volume ratio of Au NPs allows their multifunctionalization via
assembling multiple organic or biological ligands onto their
surfaces, which strengthens their interactions with target
analytes and enhances their capability for real-time multiplex
analysis of multiple targets.”'® Various detection modes such
as absorption, fluorescence, and surface enhanced Raman
scattering (SERS) are commonly used in developing Au NP
based sensing systems."'™® These systems have shown that Au
NPs are ideal for developing simple, sensitive, selective and
cost-effective sensing systems for the quantitation of various
target analytes in environmental and biological samples."?
Although many excellent review articles on Au NP based
sensing systems have been published in the past decade,” " a
tutorial review will facilitate junior researchers (potential
users) to understand the fundamental principles and to select
a proper system for the analysis of samples of interest. In this
tutorial review, the syntheses and properties of Au NPs are
discussed briefly. Optical sensing systems using Au NPs,
including absorption, fluorescence and SERS, are provided,
emphasizing their sensing strategies/mechanisms. Recent
advances in Au NP based optical sensing systems for various
analytes, including ions, small molecules and biopolymers,
are provided to show their practicality in the analysis of bio-
logical and environmental samples. Owing to a space limit in
this review article, only a few examples are selected to highlight
the potential use of Au NPs in sensing and cell imaging.
Current challenges and future outlooks of Au NP based
sensors for real-time and high-throughput analysis of complex
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biological and environmental samples are discussed based on
our experience in developing Au NP based optical systems.

Brief overview of Au NPs
Syntheses of Au NPs

Numerous physical and chemical methods for the synthesis of
Au NPs have been reported, and much effort has been dedi-
cated to the synthesis of Au NPs with controllable size, stability
and functionality during the last two decades.”"® Nevertheless,
the wet chemical approach has overwhelmingly attracted
growing attention because of their advantages over physical
methods with respect to scalability, reproducibility, and versa-
tility."” The synthesis of Au NPs with different sizes and func-
tionality is well established through wet-chemistry in both
aqueous and organic solutions.

Citrate reduction. In a typical synthesis proposed by Turke-
vich in 1951, Au salts are reduced by adding citrate as a redu-
cing agent, leading to the nucleation to form seeds and then
growth of the seeds to form NPs.'® To reduce local concen-
tration of gold ions (Au®") and to accelerate the reaction speed,
the reaction is often conducted under high-speed stirring at
100 °C. The as-formed Au NPs are stabilized by charged citrate
ions as a stabilizing agent. By controlling the molar ratio of
sodium citrate to Au®*, Au NPs with controllable sizes can be
prepared; for example, Au NPs with a size of 13 nm can be
prepared at the citrate/Au®" molar ratio of 3.88."° At a high
citrate/Au®" molar ratio, nucleation is dominant, leading to the
formation of small size Au NPs. On the other hand, large size
Au NPs are formed at a low citrate/Au’*, mainly because the
growth of Au seeds becomes dominant. Having advantages of
simplicity and reproducibility, this method is most commonly
applied to the preparation of Au NPs with sizes ranging from 5
to 100 nm.

Brust-Schiffrin method. To obtain small Au NPs (<5 nm), a
strong reducing agent such as sodium borohydride is usually
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needed. Although small Au NPs (3.5 nm) can be produced by
using sodium borohydride, the trend of aggregation of the as-
prepared Au NPs limits their storage and further application.
By taking advantage of the strong thiol-gold bonding, Brust
and Schiffrin developed a two-phase synthetic strategy to
synthesize small and stable Au NPs.>® Using a surfactant such
as tetraoctylammonium bromide, Au salt is firstly transferred
from the aqueous phase to toluene, in which they are reduced
by sodium borohydride in the presence of a thiolate com-
pound such as dodecanethiol. Unlike in a citrate mediated
reduction, a quick solution color change from yellow/orange to
brown appears within one minute after the addition of sodium
borohydride. The size of as-formed Au NPs is usually in the
range of 1.5-5 nm. Because of the thiolate ligand shell formed
through strong thiol-gold interactions on the surface of each
Au core, these Au NPs show superior stability.

Fluorescent Au NPs. Various types of fluorescent Au NPs
have been synthesized in the presence of thiolates, polymers
and biomacromolecules (e.g., amino acids, peptides, proteins
and DNAs).”"?** Generally, the synthetic routes can be classi-
fied into two categories: bottom-up and top-down methods.*
In the bottom-up method, fluorescent Au NPs are formed
through chemical reduction or photoreduction of Au®* in the
presence of ligands/scaffolds that have strong interaction with
Au atoms/ions and thus can stabilize as-formed Au NPs. For
example, glutathione is used as a ligand to prepare fluorescent
Au NPs in the absence or presence of another reducing agent
(e.g., carbon monoxide).>** In the top-down approach, non-
fluorescent Au NPs are prepared first. Etching ligands such as
thiolates, polymers and DNAs are then added to etch the non-
fluorescent Au NPs to form fluorescent Au NPs. For instance,
11-mercaptoundecanoic acid has been used to etch tetrakis-
(hydroxymethyl)phosphonium chloride protected Au NPs to
form green-emissive fluorescent Au NPs.>**”

Localized surface plasmon resonance of Au NPs

One of the most interesting optical properties of Au NPs is
their localized surface plasmon resonance (LSPR), which
results from the resonant oscillation of conduction electrons
at the Au NP surface with the incident electromagnetic field.>®
The LSPR contains absorption and scattering, and thus extinc-
tion instead of absorbance is used in most studies. The electro-
magnetic field at the Au NP surface allows enhanced optical
properties, leading to an extremely high extinction coefficient
of the LSPR band that is generally several orders of magnitude
larger than that of traditional organic dyes.” The LSPR
resonance of Au NPs is located in the visible range, leading to
their bright colors. The high extinction coefficient and the
bright color lead to development of versatile Au NP based
optical sensing systems."?

The LSPR of Au NPs is largely affected by the particle size,
interparticle distance and local environment.'* For instance,
the maximum LSPR absorption wavelength is related to the
diameter of Au NPs, mainly because increased Au NP size
causes the decrease of discrete energy gaps.*® In addition, the
number of conduction electrons increases with increasing
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particle size, leading to higher extinction coefficient and
stronger scattering intensity of larger Au NPs. The interparticle
distance dependence of LSPR is through the interparticle
plasmon coupling effect. Therefore, aggregation of Au NPs
results in dramatic red-shifts in their absorption spectra and
thus changes in the solution color from red to blue. Mie et al.
elucidated the origin of LSPR by solving Maxwell’s electro-
magnetic equation based on a spherical particle model in a
magnetic field.*" According to the equation, the refractive
index can also affect the electromagnetic field appearing on
the Au NP surface, resulting in changes in the LSRP properties
of Au NPs. Thus, LSPR properties of Au NPs depend on the
solution composition and ionic strength, as well as surface
ligands. Consequently, Au NP based sensing systems are com-
monly developed through analyte induced changes in their
particle size, interparticle distance and/or local environment.

Colorimetric assays

The aggregation of Au NPs results in color changes of the
colloid solution from red to blue, while redispersion of the
aggregated Au NPs leads to a color recovery from blue to red.
The color change during Au NP aggregation or redispersion
provides a general platform for absorption-based colorimetric
detection of analytes that can induce the Au NP aggregation or
redispersion directly or indirectly. Having an extremely high
extinction coefficient and a strong interparticle distance-
dependent LSPR absorption property, Au NPs are ideal for
colorimetric assays. Moreover, the readout of Au NP based
assays can be recorded with a UV-vis spectrophotometer or
even observed by the naked eye. Accordingly, a lot of Au NP
based colorimetric chemo/biosensors for the detection of
inorganic ions, small molecules, oligonucleotides and proteins
have been successfully fabricated based on three categories:
aggregation induced colorimetric detection, disassembly
mediated colorimetric sensing and colorimetric assays on
single Au NPs.”'*'*

Aggregation induced colorimetric detection

DNA. Targets can trigger the aggregation of Au NPs directly
or indirectly, resulting in a red shift of the absorption wave-
length in the visible region and thus a colloid solution color
change from red to blue. DNA mediated Au NP assembly was
demonstrated by Mirkin et al., and this character was applied
to colorimetric DNA detection later with a classical sandwich
design.’> Using this strategy, two thiolated single-stranded
DNA (ssDNA) were conjugated onto the surface of Au NPs
through strong Au-S interactions. Target DNA induces the for-
mation of double stranded DNA (dsDNA) through its hybridi-
zation with the two ssDNA on the surfaces of Au NPs, resulting
in the generation of large Au NP aggregates and dramatic color
changes (Fig. 1a).>® Based on this sensing mechanism, many
sensitive and selective assays for the quantitation of DNA have
been demonstrated in the last three years.>** For example,
Kaposi’s sarcoma and Bartonella DNA could be detected using
thiolated DNA functionalized Au NPs with LODs of 2 and
1 nM, respectively.*®*” Recent studies show the existence of
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Fig. 1 Schematics of colorimetric DNA hybridization detection systems.
Duplex (a) and triplex (b) DNA crosslinking and non-crosslinking of (c)
thiolated DNA—Au NPs and (d) non-thiolated DNA and Au NP.

triplex DNA beyond dsDNA and ssDNA.*® This specific DNA
conformation has been used for developing Au NP based
sensing systems for DNA detection.*®*° Target DNA hybridizes
with two ssDNA probes to form a triplex DNA structure,
causing the Au NP aggregation and the corresponding solution
color change (Fig. 1b).*" By taking advantage of the fact that
dsDNA over ssDNA exhibits a stronger salting-out effect, sensi-
tive colorimetric DNA sensing systems have been developed
based on non-crosslinking DNA hybridization (Fig. 1c).*?
However, the opposite behavior was observed with decreased
density of surface ssDNA. That is, the stability of functiona-
lized Au NPs with low ssDNA density in high ionic strength
solution becomes better after hybridization.”®> Since non-
thiolated ssDNA shows high affinity for citrate protected Au NP
due to base-gold affinity and electrostatic forces,**** non-
thiolated ssDNA functionalized Au NPs exhibit high stability in
high-ionic-strength solution (e.g., 120 mM NaCl). Interestingly,
Rothberg et al. found that adding complementary DNA results
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in the formation of dsDNA that has negligible affinity toward
Au NPs, leading to the aggregation of Au NPs (Fig. 1d). On the
basis of this finding, they developed a label free colorimetric
DNA detection method using bare Au NPs and ssDNA.*® This
strategy does not require the attachment of ssDNA onto the
surface of Au NP, and the change of the solution color takes
place in less than 1 min because of the ultrafast binding of
ssDNA and Au NP. Liu et al. demonstrated that a reduction of
pH can reduce the charge repulsion between ssDNA and Au
NPs and accelerates the adsorption kinetics of ssSDNA.*” On
the basis of this phenomenon, they reported a facile method
for instantaneous attachment of thiolated DNA to Au NPs
using a low pH buffer (Fig. 2).***° The whole process takes just
a few minutes, and the DNA adsorption can be quantitated.
Addition of target DNA leads to the formation of dsDNA and
the occurrence of Au NP aggregation.’”>! The simple sensing
mechanism has been applied for the detection of dengue gene
and viral RNA, with high sensitivity (down to 120 nM and
2 ng mL™") and selectivity.”>*

Having high specificity of base-pair hybridization and high
extinction coefficient of Au NPs, DNA-Au NP based sensing
systems provide selective DNA detection with LODs at the
nanomolar and even subnanomolar levels. However, these
assays are not sensitive enough for the analysis of disease
related genes with concentrations usually ranging from
attomolar to picomolar. To further improve the detection
sensitivity, polymerase chain reaction (PCR) amplification is
generally applied to amplify the concentration of the target
gene.! Typically, the target DNA serves as primers/templates
for DNA replication in the presence of DNA polymerase. The
resulting DNA number increases in an exponential manner
with the amplification cycle, allowing highly sensitive DNA
detection in femtomolar and even attomolar levels. In combi-
nation with PCR and Au NPs, many sensing systems have been
developed for the quantitation of disease related genes, i.e.,
anthrax.>® A colorimetric assay in conjunction with a reso-
nance light scattering technique provides a LOD of 10 pM for
DNA, showing a potential for the analysis of single nucleotide
polymorphisms in breast cancer.>

Another way to improve DNA detection sensitivity is
through the control of the size of Au NP aggregates. Huge
aggregates lead to precipitation of Au NPs and a decrease of
absorbance, diminishing the sensitivity. To overcome this

Citrate capped
Au NPs

@

Thiol-modified
DNA

pH 3.0 citrate buffer

3 min, quantltatl\e
adsorption

NaCl

Fig. 2 Schematic illustration of attaching negatively charged thiolated
DNA to negatively charged Au NPs using the low pH assisted method.
Reprinted with permission from ref. 48. Copyright 2012, American
Chemical Society.
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problem, Chen et al. designed a Janus Au NP based colori-
metric system with high sensitivity and a wide dynamic
range.56 The Janus Au NP possesses an asymmetrical surface
that allows the formation of dimers rather than large aggre-
gates and a reduction of the interparticle distance, providing
picomolar sensitivity.

Proteins. The presence of irregular protein concentrations
or protein alternation may be associated with diseases such as
atherothrombosis and Alzheimer’s disease, thereby precise
and rapid protein detection is of great importance in proteo-
mics and diagnostics.>”*® A diverse range of ligand functiona-
lized Au NPs have been reported for the detection of proteins
based on protein-ligand binding-induced Au NP aggregation,
protein-catalyzed ligand cleavage/polymerization-induced Au
NP aggregation or protein-promoted generation of product-
induced Au NP aggregation/growth.”'*>°"®" For example, a
series of carbohydrate functionalized Au NPs have been
prepared for detecting carbohydrate binding proteins such as
communis agglutinin 120 and lectins.®*®® Through the
specific interaction of biotin with streptavidin, biotin modified
Au NPs were used for the detection of streptavidin with a LOD
of 24 nM.** Protein functionalized Au NPs have been exploited
for the detection of various proteins through the specific
protein-protein interaction (ie., antigen-antibody
reaction).®>®® For example, troponin I antigen, anti-Listeria
monocytogenes monoclonal antibodies and anti-HIV-1
P24 monoclonal antibody functionalized Au NPs were used for
the detection of cardiac troponin I, Listeria monocytogenes,
HIV-1 p24 antigen, with LODs of 15 pg mL™", 3.5 CFU mL ™"
and 1.49 pg mL™, respectively.””*® On the basis of aptamer-
protein interactions, Chang et al. achieved a sensitive detection
of platelet derived growth factors (PDGFs) using aptamer-Au
NP probes.”’ Combining aptamer modified Au NPs (13 nm)
and fibrinogen adsorbed Au NPs (56 nm), they realized PDGF
detection with improved sensitivity at the picomolar level.”*
Such an aptamer-mediated recognition strategy has also been
used for sensing other proteins like thrombin.”*

Proteases are special proteins that can selectively catalyze
the hydrolysis or polymerization of their substrates, including
peptides, proteins and DNA. Therefore, substrate stabilized Au
NPs can act as reporters for the analysis of proteases such as
phosphatase, thrombin and trypsin.”>”’> Proteases catalyze the
hydrolysis or polymerization of surface substrates and dimin-
ish the stability of Au NPs, thereby inducing aggregation of Au
NPs and changes in the color of the solution from red to blue.
For instance, Chang et al. disclosed a novel and label-free
colorimetric assay for selective and sensitive detection of
thrombin using fibrinogen modified Au NPs.””> Fibrinogen
conjugates and stabilizes Au NPs through electrostatic and
hydrophobic interactions, but adding thrombin in the
presence of excess fibrinogen induced the formation of in-
soluble fibrillar fibrin-Au NP aggregates through the polymeri-
zation of the unconjugated and conjugated fibrinogen. The
high catalytic performance allowed highly sensitive
thrombin detection with a LOD of 0.04 pM. They also
applied this system to plasmin detection based on plasmin

This journal is © The Royal Society of Chemistry 2016

View Article Online

Tutorial Review

mediated cleavage of fibrin structures, with a LOD of 0.4 nM
in serum. The idea has been applied to the detection of other
proteins, including adenosine deaminase, methyltransferase
and acetyltransferase.”®”®

Some of hydrolysis products can cause aggregation of
citrate stabilized Au NPs directly, which can be transformed
into a color change of Au NPs solution. In the light of this
principle, acetylcholinesterase was easily detected using Au
NPs.”®  Acetylcholinesterase catalyzes acetylthiocholine to
produce thiocholine, which binds to the citrate Au NP surface
via Au-S interactions and induces Au NP aggregation through
electrostatic attraction. Similarly, S-adenosylhomocysteine
hydrolase was detected using fluorosurfactant-capped Au NPs
and S-adenosylhomocysteine, with a LOD of 6 nM.*°
Hydrolysis of S-adenosylhomocysteine in the presence of
S-adenosylhomocysteine hydrolase yields homocysteine and
subsequently causes the aggregation of the functional Au NPs.

To improve the sensitivity for the detection of proteins
(enzymes), exonuclease-assisted cascaded recycling amplifica-
tion has been applied for developing Au NP based sensing
systems.®"®> Without the addition of exonuclease, two sSDNA
probes hybridize and form dsDNA, resulting in the aggregation
of Au NPs. Adding exonuclease digests the formed dsDNA and
releases the individual Au NPs into solution. As a conse-
quence, the solution color turns from blue to red. TATA
binding protein can form a complex with dsDNA and inhibit
its digestion. This colorimetric assay provides a LOD of 10 nM
for TATA binding protein.®" With the assistance of magnetic
nanoparticles, highly sensitive (LOD, 5.6 pM) thrombin
detection was achieved by applying a similar strategy.®*

Small analytes. Functional Au NPs have been used for the
quantitation of various small analytes, including organic
molecules, anions and cations.®* ® Cysteamine functionalized
Au NPs were used for the visualization of trinitrotoluene at the
picomolar level through the donor-acceptor interaction
between cysteamine and trinitrotoluene.*®* The analyte
induced the aggregation of cysteamine functionalized Au NPs,
resulting in a significant solution color change from red to
purple. Based on a similar sensing mechanism, the positively
charged Au NPs were also applied to colorimetric detection of
melamine in milk products, eggs and feeds.®” By reducing
cysteine stimulated Au NP aggregation in 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid buffer solution at pH 7.0, a
sensitive colorimetric method was developed for the detection
of hydrogen peroxide.*® Polyethyleneimine modified Au NPs
containing copper ions and hemin on their surfaces were used
for colorimetric monitoring of f-amyloid peptides via the for-
mation of a copper-p-amyloid peptides-hemin complex.®®
Using antigen functionalized Au NP probes, an immuno-
chromatographic assay was developed for the simultaneous
screening of five antibiotics in milk, including lincomycin,
gentamicin, kanamycin, streptomycin and neomycin, with
cutoff values for the strip test of 25, 25, 50, 50 and 100 ng
mL™", respectively.”® Aptamers functionalized Au NPs are sen-
sitive and selective for the detection of small analytes based
on the specific interaction of the aptamer with its corres-

Analyst, 2016, 141, 1611-1626 | 1615
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ponding analyte.”* Aptamer functionalized Au NPs were used
for the detection of adenosine through the formation of an
intact aptamer tertiary structure and thus aggregation of Au
NPs.”” By taking different stabilities of aptamer functionalized
Au NPs in various solutions, sensitive (LOD, 10 nM) and selec-
tive detection of adenosine triphosphate (ATP) was demon-
strated.”® Although aptamer functionalized Au NPs are more
stable than citrate stabilized Au NPs, they are unstable in solu-
tion containing 300 mM NaCl. Once ATP interacts with the
aptamer, the surface negative charged density increases,
leading to greater repulsion among the functional Au NPs. As
a result, the functional Au NPs become more stable in the
presence of ATP. More recently, other aptamer functionalized
Au NPs have been demonstrated for the detection of various
analytes, including abrin, 17p-estradiol and bisphenol A.**™°
During the target recognition process, aptamers usually
undergo a conformation change, which alters the binding
affinity between DNA and Au NPs. Liu et al. developed a non-
DNA attached approach for colorimetric thallium ion (Ti")
sensing with a LOD of 59 uM using Ti'-selective aptamers and
Au NPs.”” Aptamer molecules adsorb onto the surface of Au
NPs and stabilize them in salt solution. However, the addition
of Ti" changes the conformation of Ti'-selective aptamers from
a coiled form to a quadruplex structure that has negligible
affinity for Au NPs, leading to aggregation of Au NPs in salt
solution.

Chemical reaction mediated Au NP assembly has been
applied in sensing of small molecules, with advantages of
sensitivity, selectivity and rapidity.”®°? Thiolated active ester
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and phenylboronic acid functionalized Au NPs were used for
colorimetric detection of dopamine through analyte
induced aggregation of Au NPs.'”’ More recently, thiolated
azido derivatives and active ester cofunctionalized Au NPs
(AE-Au NPs) were prepared for colorimetric detection of
hydrogen sulfide (H,S), with a LOD of 0.2 pM.'°" The azide
groups on the surface of each AE-Au NP were reduced to
form primary amines by H,S. The as-formed amines then
interacted with the active esters through a crosslinking reac-
tion, inducing the aggregation of Au NPs (Fig. 3). The AE-Au
NP based nanosensors possess high selectivity towards H,S
over other anions and thiols due to the specific azide-H,S
chemistry.

Heavy metal ions such as mercury (Hg>*), lead (Pb*") and
copper (Cu*") can cause damage to organisms and even
nervous systems, and thus sensitive and selective approaches
for their detection are of great importance. A large number of
Au NP-based colorimetric systems have been developed for
sensing of heavy metal ions based on coordination chemistry,
aurophilic interactions and specific chemical reactions.®'*?
For example, thiolated ligand or DNA modified Au NPs have
been utilized for the colorimetric Hg>*, Pb>" and Cu**
detection through ligand-metal coordination.® In particular,
colorimetric detection of Hg>" using DNA functionalized
Au NPs based on thymine-Hg*'-thymine coordination
chemistry has been widely studied.'®® Without the addition of
Hg>", thymine rich ssDNA adsorbs onto the surfaces of Au
NPs and stabilizes them in saline solution through
electrostatic repulsions. However, introduction of Hg>*

spontaneous
crosslinking

—s on _SWE
MV
ﬂ s \O\
o OH NH,

Fig. 3 Schematic representation of the sensing principle of AE-Au NP probes for the detection of H,S. Reprinted with permission from ref. 101.

Copyright 2015, American Chemical Society.
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induces the conformation change of thymine rich ssDNA and
reduces the surface negative charged density, resulting in
aggregation of the functional Au NPs. Combining this system
with a paper device, an on-field colorimetric Hg>* sensing plat-
form was developed, with a LOD of 50 nM, which is ~5 times
lower than that obtained by using a conventional DNA-Au NP
strategy.'* Ligands containing amino or carboxy groups have
been used to functionalize Au NPs, which have been shown to
be sensitive and selective for sensing of Hg*" via ligand-Hg>"*
coordination.'>'%>'%® Similar sensing mechanisms have been
applied to the detection of Pb** and Cu”* using ligands such
as glutathione and cysteamine that recognize the analytes to
functionalize Au NPs, with LODs of 0.1 and 0.4 uM, respecti-
vely.'971%  Alternatively, by taking advantage of the high
affinity of Hg>" and Pb** toward Au NPs through the aurophilic
interactions because of their similar electronic structures, a
sensitive assay for the detection of the two analytes has been
reported.'’®® Once the analytes adsorb onto the surface of each
Au NP, surface ligands are released to the bulk solution and
induce aggregation of the Au NPs. Colorimetric visualization
of Cu®* has been demonstrated by taking its catalytic activity
(Cu'-catalyzed click chemistry) on the reaction of thiolated
azide and alkyne functionalized Au NPs, with a LOD of
20 uM."° The functional Au NPs form aggregates after the
reaction, mainly due to Cu'-catalyzed cyclization of azide and
alkyne. Similarly, azide and alkyne conjugated DNA
modified Au NPs have also been applied to detect Cu**
through Cu'-induced crosslinking between adjacent DNA, with
a LOD of 20 pM.""* Although using DNA instead of a thiolate
ligand to functionalize Au NPs is time-consuming, the result-
ing functional Au NPs provide high stability and reaction rate.

Disassembly mediated colorimetric sensing

Aggregation of Au NPs induces colloidal solution color
changes from red to blue, while disassembly of aggregates
leads to the reverse color variation. When compared to
aggregation approaches, disassembly strategies show higher
sensitivity due to the lower possibility of false positive signals.
Several methods have been established for the colorimetric
analysis of target analytes based on disassembly
strategies."'>'"* A colorimetric Pb*" sensing system was
proposed based on DNAzyme-directed assembly of Au NPs,
with a LOD of 100 nM.""* The sensing system consists of DNA
functionalized Au NPs, substrate ssDNA and DNAzyme. The
substrate ssDNA contains complementary sequences in its
head and tail ends to hybridize with the DNA on the surface of
Au NPs, while its middle sequences hybridize DNAzyme.
Mixing these three components leads to aggregation of Au
NPs, leading to a blue solution color. The DNAzyme specifi-
cally interacts with Pb*>" to form a certain structure that
catalyzes hydrolytic cleavage of substrate ssDNA, leading to
disassembly of the Au NP aggregates and thus a solution color
change to red after heating. This Pb** mediated detachment
process can be accelerated (within 10 min) by adjusting the Au
NPs size and distance between Au NPs.'"” The cleavage speed
is greatly accelerated by replacing the small Au NPs (13 nm)
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with larger ones (42 nm) and extending the distance between
Au NPs, mainly because of reduced steric hindrance and
aggregate size. Similarly, the rate of disassembly is further
accelerated by using a short length of DNA to hybridize with
the cleaved substrate ssDNA fragments, which reduces the
amount of free ssDNA fragments and promotes the cleavage of
the substrate."**""”

An approach based on enzymatic disassembly of DNA-Au
NP aggregates was developed for the colorimetric detection of
the restriction endonuclease EcoRL.''® DNA-Au NP aggregates
were formed through the classical sandwich DNA structure
that contains a recognition site for EcoRI. EcoRI induced clea-
vage of the rigid dsDNA, leading to disassembly of the Au NP
aggregates into monodisperse Au NP and thus a corresponding
shift in the absorption maximum from 534 to 524 nm. In
addition to the determination of the activity of enzymes, a
similar approach has been applied to quantitation of DNA,
with a LOD of 200 nM.""° To avoid the use of large size Au NP
aggregates, dimers of aptamer functionalized Au NPs were
prepared and used for sensing of microcystin-LR, a toxic
peptide produced by cyanobacteria, with a LOD of 0.05 nM."*°
Upon the specific interaction of the aptamer with microcystin-
LR, the dimers of aptamer functional Au NPs dissociate to
form monomers. Having a smaller size of the dimer compared
to conventional Au NP aggregates, this assay is complete
within ~5 min, which is about 12 times faster than conven-
tional approaches.

Analyte induced disassembly of aggregates of Au NPs
functionalized with small ligands or polymers has also been
reported.””"'*> A colorimetric system using piperazine-
bisdithiocarbamate and citrate-Au NPs was developed for
sensing of glutathione."” Bridge-linking coordination of
piperazine-bisdithiocarbamate on the Au NP surface leads to
aggregation of citrate-Au NPs. Through strong Au-S inter-
actions between glutathione and Au NPs, surface replacement
of the piperazinebisdithiocarbamate occurs, leading to dis-
assembly of Au NP aggregates. Assembly of Au NPs through
metal ion-ligand coordination can be disassembled after
removal of the metal ions.'**'** Aggregates of thiolated
naphthalimide functionalized Au NPs induced by Hg>* were
used for screening of biothiols including glutathione, cysteine
and homocysteine."”* Addition of biothiols removes the Hg**
and liberates individual Au NPs. The LODs of this approach
for glutathione, cysteine and homocysteine are 17, 9 and 18
nM, respectively. To detect pyrophosphate anions, aggregates
of thiolated dipycolylamine functionalized Au NPs induced by
Mn*" were used.'®® The assay provides different sensitivities
for the three metal ions tested: Mn?" > Ni*" > Cu?', with a
decreasing order that is in good agreement with their decreas-
ing interaction strength with pyrophosphate anions.

Colorimetric assays on single Au NPs

Sensing systems based on the monitoring of the shift in the
absorption wavelength have been applied for various analytes
using functional Au NPs."**'** Monitoring of the formation of
dimers of DNA functional Au NPs by dark field microscopy
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Fig. 4 DNA sandwich assay on single Au NPs. Reprinted with
permission from ref. 126. Copyright 2010, American Chemical Society.

provided a LOD of 0.02 pM for target DNA, which is ~5 orders
of magnitude lower than that obtained by conventional
approaches.'*® Formation of the Au NP dimer results in inter-
particle coupling, leading a red-shift of scattering spectra and
a color change that was observed using dark field microscopy
(Fig. 4). By recording the number ratio of the dimer of Au NPs
to the monodisperse Au NPs, the assay is sensitive for the
detection of target DNA, with a LOD of 100 fM."*” Quantitation
of Cu** and monitoring of a click reaction were achieved by
taking advantage of Cu’ catalyzing the formation of dimers of
thiolated azide and alkyne functionalized Au NPs.'*® The
simple assay provides a LOD of 0.1 nM for Cu**, based on the
changes in the peak of scattering spectra of Au NPs. When
using a laser instead of a white light source in a dark field
microscopic system, a ~10 fold increase in the sensitivity for
Hg>" detection was achieved.'*®

The scattering color and absorption wavelength of single
Au NPs can be altered by changing its morphology and/or size.
For example, the catalytic deposition of Cu** on single Au NPs
by the reduced nicotinamide adenine dinucleotide cofactor
results in an increase of scattering maxima and a color change
in dark field microscopy.* Such significant changes are
mainly due to the change of the structure from sphere to core-
shell after copper deposition onto the Au NPs. The assay holds
potential for the study of reduced nicotinamide adenine
dinucleotide dependent intracellular metabolic enzymatic
pathways. To detect DNA, a single Au NP colorimetric system
was developed based on the catalytic activity for the conversion
of glucose and oxygen to form gluconic acid and hydrogen
peroxide in the presence of glucose oxidase.'*® The as-formed
hydrogen peroxide then catalyzes the decomposition of Au®*
on the surface of single Au NPs, leading to a gradual size
enlargement of Au NPs and thus the scattering color change
can be monitored with a dark field microscopic system. The
catalytic activity of Au NPs is significantly inhibited by ssDNA
that possesses strong binding affinity toward the Au NP
surface. Adding complementary target DNA induces the
formation of dsDNA, leading to the release of surface sSDNA
and thus an increase in the catalytic activity of Au NPs.
Similarly, single Au NP colorimetric systems were developed
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for the detection of dopamine based on dopamine mediated
surface Au** decomposition, with a LOD of 0.25 pM,"*" and for
the detection of Pb*>" based on Pb>* accelerated Au NPs
leaching in the presence of thiosulfate and 2-mercaptoethanol,
with a LOD of 0.2 pM.'*?

Binding of small molecules to single Au NPs also causes
the variation of the refractive index and changes in the scatter-
ing color of single Au NPs. By monitoring the changes in
scattering light intensity of Au NP solutions, avidin was
detected using biotin functionalized Au NPs, with a LOD of
1 nM."*? The sensitivity can be further improved by using
Au@Ag core-shell NPs as probes, mainly because of its greater
extinction coefficient when compared to that of Au NPs. In vivo
and in vitro H,S detection was demonstrated using Au@Ag
core-shell NPs, with LODs of 0.01 and 50 nM, respecti-
vely."**"3> Through the interactions of H,S with the surface Ag
on the Au@Ag NPs, a Ag,S shell was formed on each core of
Au NP, resulting in a red-shift of scattering maxima and color
changes in dark field microscopy. Alternatively, a technique
based on imaging observation of color changes and counting
of individual Au NPs through SPR microscopy was applied for
sensitive detection of melamine and ATP, with LODs of 1 and
5 nM, respectively.'*®

Fluorescence detection

Au NP based fluorescence sensing systems have become more
popular in analytical chemistry, mainly because of their sensi-
tivity.>"*”'*® When compared to Au NP based colorimetric
approaches, interference from the color sample matrix is mini-
mized in the fluorescence system. The fluorescence approach
also holds greater potential for cell imaging. Three kinds of Au
NP based fluorescence sensing systems are discussed in this
section: surface plasmon enhanced energy transfer, metal
enhanced fluorescence and fluorescent Au NPs.

Surface plasmon enhanced energy transfer

Fluorescence resonance energy transfer (FRET) is an electro-
dynamic phenomenon that occurs between a donor fluoro-
phore in the excited state and an acceptor fluorophore in the
ground state. The donor molecules typically emit at shorter
wavelengths that overlap with the absorption spectrum of the
acceptor. The efficiency of FRET depends on several para-
meters, such as the spectral overlap of the emission spectrum
of the donor with the absorption spectrum of the acceptor, the
quantum yield of the donor, the relative orientation of the
donor and acceptor transition dipoles, and the distance
between the donor and acceptor molecules. Au NPs possess
high extinction cross-section and surface electron density,
which allows efficient energy transfer of fluorophores to their
surface through dipole-surface interactions when they become
close.”® This so-called surface plasmon enhanced energy
transfer (SPEET) has a higher efficiency than that of FRET,
mainly because the isotropically distributed conducting
electrons on the Au NP surface can interact strongly with the
oscillating dipole of fluorophores.*® Because dipole-surface
rather than dipole-dipole interactions occur in SPEET, spectral
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overlap between the emission spectrum of the donor and the
absorption spectrum of Au NPs is not necessary.

Over the past few years, Au NP based SPEET systems have
been extensively used for in vitro and in vivo detection of
analytes of interest."*"'*> Compared with fluorescence turn-off
approaches, target induced turn-on strategies have attracted
growing interest because of their high sensitivity and low
background. To achieve such a target induced fluorescence
turn-on process, fluorophores are firstly adsorbed or im-
mobilized on the Au NP surface to have maximum fluorescence
quenching. The fluorescence recovers after the target interacts
with the Au NPs/surface fluorophore as a result of increased
distance between the fluorophore and the Au NP surface.'**'**
Higher sensitivity is usually achieved if the fluorophore mole-
cules are released from the surface to the bulk solution. Rhoda-
mine B absorbed Au NPs were used for the detection of Hg>"."*>
Because Hg”" has a strong affinity toward Au NPs, it interacts
strongly with Au NP through d'°-d'® interactions, resulting in
the release of rhodamine B from the surface to bulk solution
and thus fluorescence restoration. This system allows selective
Hg”" detection over 50 fold that of other metal ions (e.g., Pb>",
Cd*" and Co*"), with a LOD of 10 nM. Similar approaches have
been applied to sensing of various analytes such as thiolates,
iodide anions, glyphosate and melamine."****°

A protein sensing system using six cationic Au NPs and an
anionic poly(p-phenylene ethynylene) fluorescent polymer was
designed for the detection of seven proteins.'*® The electro-
static attraction between cationic Au NPs and the anionic
polymer causes the fluorescence quenching of the fluorescent
polymer. Proteins disrupt the Au NP-polymer complex via
competitive binding and thus modulate the fluorescence
quenching efficiency (Fig. 5). The fluorescence response
pattern of individual proteins was characterized using linear
discriminant analysis, providing a fingerprint for differen-
tiation of seven proteins. Using the fluorophore conjugated
DNA functionalized Au NP based sensing system, discrimi-
nation of eleven proteins was achieved.'”" DNA can be detected
using Au NPs functionalized with fluorophore derivatized DNA
having a hairpin structure.®*'>* In the hairpin structure on
the Au NP surface, the fluorophore is close to the Au NP,
leading to efficient fluorescence quenching. Once the con-
strained conformation changes in the presence of target DNA,
the fluorophore is separated from Au NPs and the fluorescence
is restored. A four-color nanobeacon sensing system using Au
NPs conjugated with four different molecular beacons was
developed for multiplexed detection and imaging of intracellular
mRNAs (Fig. 6)."°* The four molecular beacons were derivatized
with four different fluorophores. Hybridization between target
mRNA and molecular beacons opens the hairpin structure and
restores the fluorescence of the fluorophore. Different mRNAs
generate unique fluorescence spectra (colors), which facilitate
the discrimination of mRNA. This nanobeacon shows rapid
response, high specificity, nuclease stability and good bio-
compatibility. With the assistance of a duplex-specific nuclease
enzyme, quantification of as little as 0.2 fmol of miRNA-203 was
achieved."™ Direct quantification of cancer-related miRNA-203

This journal is © The Royal Society of Chemistry 2016

View Article Online

Tutorial Review

£ Fluorescent
polymer

Fluorescence “OFF"

b ¢,

\-® NP1:R=-CH:

R4

Fluorescence “ON"

NP2: R= - Ethyl
Iy - R=
Au S’ftfo'\}N—R NP3: R= - Hexyl i
- NP4: R= - Cyclohexyl e BSA
,,7’1R NP5: R= - Ph £ Subtilisin A o
NP NP6: R= - (CHzpOH  — 9

g 0 Acid phosphatase
= »

2 Qcytocmwle c

5 ]

Lipase p-Galactosidase

25
Factor (1), 96.4%

Fig. 5 Schematic depiction of the “chemical-nose” protein sensor array
based on Au NP/fluorescent polymer conjugates. (a) Competitive
binding between protein and Au NP-polymer induced fluorescence
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array against proteins. Reprinted with permission from ref. 150. Copy-
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Fig. 6 Schematic diagram of multiple intracellular mRNA detection
using four DNA—-dye conjugate functionalized Au NP probes. Reprinted
with permission from ref. 154. Copyright 2013, American Chemical
Society.

and miRNA-21 in samples of extracted total RNA from cell cul-
tures could be realized.

The fluorescence of fluorophores on the surface of Au NPs
can be recovered by etching the Au core. Fluorescent polymer
functionalized Au NP probes have been applied to sensing of
cyanide, mainly because the cyanide anion is able to etch gold
atoms to form Au(CN),” complexes.’®® Similarly, graphene
oxide and amino pyrene-grafted Au NPs were used for the
detection of Pb*>"."*” In the absence of Pb**, the fluorescence
of amino pyrene-grafted Au NPs is quenched by graphene
oxide. Through the oxidation of Au NPs accelerated by Pb** in
the presence of both thiosulfate and 2-mercaptoethanol,
amino pyrene was released into aqueous solution and
fluorescence was recovered.
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Metal enhanced fluorescence

Au NPs can be used to enhance the fluorescence intensity of
fluorophores that do not directly contact with Au NPs through
the so-called metal enhanced fluorescence (MEF) effect.'*® SPR
enhanced excitation and emission induced plasmon are
responsible for the MEF effect.">® The former causes an
increase of the absorption cross-section of the fluorophore
near the metal surface and subsequently an increase of
fluorescence intensity. The latter results in an increase of
induced plasmon scattering around the metal surface by
partial energy from fluorophores and thus enhances the
fluorescence intensity. In MEF, the proximity of the metal
surface is necessary to ensure fluorescence enhancement. The
optimal distance should be larger than ~11 nm to prevent the
SPEET effect.'®>'®" Fig. 7 shows the difference between SPEET
and MEF. Since MEF is also based on the interaction between
molecular dipole orientation and electric field around the
metal surface, excitation wavelength and Au NP size show a
magnificent influence on MEF efficiency."®>

Using 100 nm of Au NPs as the substrate, MEF has been
applied to the detection of DNA, with a LOD of 0.1 nM.'°"
Upon DNA hybridization, the formation of duplex DNA makes
fluorophores stay away from the Au NP surface, resulting in an
increase of fluorescence. Several MEF approaches have been
developed for enhanced sensitivity in the detection of various
analytes such as levofloxacin (LOD, 0.2 nM), Hg>" (LOD,
4.5 nM) and p-galactosidase (LOD, 100 nM)."®*'%> Although
MEF allows for improved sensitivity, the enhancement is
usually limited to 10 fold.
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Fig. 7 Fluorescence quenching and enhancement by Au NP size and
dye—Au NP distance. (a) Quenching efficiency as a function of Au NP
size and DNA length. (b) Enhancement factor as a function of particle
size and dye—Au NP distance. Reprinted with permission from ref. 161.
Copyright 2011, American Chemical Society.
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Fluorescent Au NPs

Some Au NPs with sizes smaller than 3 nm emit fluorescence,
which are called gold nanoclusters (Au NCs) or gold nanodots
(Au NDs).”*'®® They bridge the gap between individual atoms
and large nanocrystals and display molecule-like properties.
Because the size of fluorescent Au NPs is comparable to the
Fermi wavelength of electrons, they show discrete electronic
energy levels and unique physical and/or chemical properties
different from large Au NPs. When compared with
cadmium chalcogenide quantum dots and transition-metal-
ion-doped quantum dots, fluorescent Au NPs show greater bio-
compatibility, but lower quantum yields.

It is believed that the fluorescence of fluorescent Au NPs
originates from the correlation between metal centered
electron transition and ligand-metal/metal-metal charge
transfer.'®”"**® Thus, the fluorescence of fluorescent Au NPs is
primarily related to their size, structure, charge and surface
ligand. Fig. 8 displays various colors of fluorescent Au NPs
prepared using thiolates, polymers and biomolecules as
ligands/scaffolds when excited with UV light."**"° Some
review articles on fluorescent Au NPs have been published in
the last three years,>'>* thus only a brief discussion of their
analytical applications is provided in this article. Most of the
sensing methods using fluorescent Au NPs are based on a
fluorescence turn-off strategy. Through the strong 5d'°-5d'°
interaction between Hg”>* and Au’, a sensitive and selective
turn-off sensing system has been developed for the detection
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Fig. 8 Photographs of fluorescent Au NP solution under UV light illu-
mination. (a) Dual-thiolate ligand cofunctionalized fluorescent Au NPs,
from 1 to 8: GSH/MUA, TSH/MUA, MH/MUA, MPA/MUA, MSA/MUA,
MEN/MUA, MBA/MUA, and NSH/MUA, respectively (MUA: 11-mercap-
toundecanoic acid, GSH: glutathione, TSH: 1-(10-mercaptodecyl)-5-
methylpyrimidine-2,4-dione), MH: 6-mercapto-1-hexanol, MPA: 3-mer-
captopropionic acid, MSA: mercaptosuccinic acid, MEN: (2-mercap-
toethyl)amine, MBA: 4-mercaptobenzoic acid, and NSH: (11-
mercaptoundecyl)-N,N,N-trimethylammonium bromide). Reprinted with
permission from ref. 169. Copyright 2015, American Chemical Society.
(b) BSA protected fluorescent Au NPs containing Ce with different Ce/
Au ratios, from | to VIII: 1000/0, 975/0.25, 950/0.5, 900/1.0, 800/2.0,
700/3.0, 500/5.0 and 0/10.0 uM/mM, respectively. Reprinted from ref.
170 with permission from the Royal Society of Chemistry.
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of Hg”*, with LOD at the nM level.'”* Fluorescence quenching
through the surface ligand-analyte interaction has also been
utilized for the detection of Pb*", Ag", H,S or
trinitrotoluene.’”>'”® Bovine serum albumin (BSA) stabilized
fluorescent Au NPs have been applied for the detection of
thiolates and acetylcholinesterase through a surface ligand
exchange strategy.”">®* Both thiolate and protein stabilized
fluorescent Au NPs have been used for the detection of hydro-
gen peroxide, with LODs of 27 and 30 nM, respectively.'”®*””
The sensing mechanism is mainly based on the oxidation of
Au atoms in the fluorescent Au NPs, leading to fluorescence
quenching. Fluorescent Au NPs containing cerium (Ce) were
used for intracellular pH monitoring based on a ratiometric
approach.'””® The emission of the fluorescent Au NPs at
650 nm is insensitive to pH, while that for the BSA-Ce
complex at 410 nm decreases with decreasing pH value. The
fluorescent Au NPs containing Ce were further applied to
sensing of CN™, with a LOD of 50 nM."”®

Fluorescent Au NPs have been used to detect biopolymers
such as proteins, DNAs, cells and bacteria.>>7*'%® BSA
templated fluorescent Au NPs have also been used to
determine the activity/concentration of enzymes, such as
trypsin, phosphatase and proteinase K, with LODs of 86, 210
and 5 pM, respectively.'®' % The sensing mechanism is based
on BSA degradation catalyzed by the enzymes, leading to
fluorescence quenching. We note that the BSA template shell
is very important to minimize fluorescence quenching by
quenchers such as oxygen. Through different interactions of
proteins with ligands on the surface of fluorescent Au NPs,
fluorescent Au NPs conjugated with ligands such as proteins
and thiolates have been wused for the detection of
proteins.'®*'8%185 For example, dual-ligand cofunctionalized
fluorescent Au NPs were used for the differentiation of eight
proteins.'® Using dual-ligand cofunctionalized fluorescent Au
NP sensor arrays, eight proteins could be discriminated by
analyzing the fluorescence response patterns via linear discri-
minant analysis. The protein induced fluorescence response of
the fluorescent Au NPs is likely through the electrostatic as
well as hydrophobic interactions between the surface thiolate
ligands and protein amino acid residues.

SERS based sensing

Raman scattering is inelastic scattering of photons from a
quantized vibrational signature. Both Raman shift and scatter-
ing intensity are sensitive to vibrational modes and provide
feasibility for fingerprint sensing of target molecules. Unfortu-
nately, direct use of Raman scattering for sensitive analyte
detection is seriously restricted by the inherently weak Raman
scattering intensity as a result of the small Raman scattering
cross-section, which is 10-15 orders of magnitude smaller
than that of fluorescence. The Raman scattering intensity
can be enhanced dramatically (up to 14 orders of magnitude
theoretically) by using plasmonic metal (e.g., silver and gold)
nanoparticles or films.'*>'®” Such a physical phenomenon is
called surface enhanced Raman scattering (SERS). Although
the actual enhancement mechanism has not been completely
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understood, electromagnetic enhancement from LSPR/SPR
and chemical enhancement through charge-transfer are
generally accepted to be the two main contributions to SERS.
The enhancement factor of SERS is related to the size, shape
and surface properties of metal nanoparticles and also
the interaction between the Raman reporter and metal
nanoparticles.

Using Au NPs as substrates,
inorganic/organic ions, small molecules and biopolymers has
been achieved by SERS."®*'9* For example, SERS was applied
to the detection of CN™ by monitoring the SERS signal at
2154 em™' of Au(CN),” formed on the surface of Au NPs
through etching of Au atoms by CN~.'”* This approach
provided a LOD of 100 ppt for CN". Using Raman dye conju-
gated DNA functionalized Au NPs, sensitive detection of Hg>"
was obtained, with a LOD of 0.1 nM."®*> Thymine-thymine mis-
match in DNA templates hinders the formation of duplex
DNA, which separates the Raman dye and Au NPs. In the
presence of Hg*", thymine-Hg>*-thymine coordination causes
the hybridization of two DNA templates and promotes the
formation of heterojunctions that can act as an excellent SERS
platform.

SERS approaches using Au NPs have been applied to the
detection of DNA."”® Both DNA probes and Raman tags were
functionalized onto the Au NP surface first, hybridization with
target DNA results in the variation of Raman tags-Au NPs and
thus change in the SERS intensity. To enhance the sensitivity
of SERS for DNA, surface silver coating on Au NPs was
prepared as a SERS promoter to generate strong SERS signals
of Cy3 dye molecules.'”” This approach provided a LOD of
20 fM for target DNA. In conjunction with a chip device, this
approach provided sensitive spectroscopic DNA fingerprinting
for discrimination of six dissimilar DNA targets labeled with
six Raman dyes. SERS approaches using Au NPs have also been
demonstrated for the detection of proteins.'*®'%? pearl neck-
lace Au nanomaterials (Au PNNs) showing high enhancement
factor of Raman signals of rhodamine 6G up to 9 orders of
magnitude has been reported.'®® Aptamer and 4-mercapto-
benzoic acid (Raman reporter) functionalized Au NPs and Au
PNNs (substrate) were used for sensitive detection of PDGF
that is a potential marker of cancer diagnosis. The functiona-
lized Au NPs first bind to PDGF through a specific aptamer-
PDGF interaction, leading to purification and concentration of
PDGF from the sample matrix as shown in Fig. 9. Then, PDGF
containing Au NPs interact with Au PNNs through electrostatic
attraction, and subsequently form aggregates with Au
PNNs, leading to an enhanced Raman scattering signal of
4-mercaptobenzoic acid. Having a LOD of 0.5 pM for PDGF,
this approach allowed quantitation of PDGF in urine samples.

The distance (gap) between adjacent Au NPs plays an
important role in determining the magnitude of the SERS
signal; the SERS signal increases as the gap decreases.??*>!
With ultrathin silica or alumina coating, shell-isolated Au NP
probes provided enhanced SERS signals of pesticide
residues.””® The ultrathin coating prevents the Au NPs from
aggregation, separates them from direct contact with the

sensitive detection of
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Fig. 9 Schematic representation of the Au PNNs based SERS assay for
the sensing of PDGF protein. Reprinted with permission from ref. 199.
Copyright 2014, American Chemical Society.

probed material and allows the Au NPs to conform to different
contours of substrates. A tip coated with a monolayer of shell-
isolated Au NPs provided SERS signal of Si-H stretching
vibration with 2-3 orders of magnitude higher than that of an
Au tip. This dramatic enhancement is attributed to the
association of single shell-isolated Au NPs; each of them acts
as an individual Au tip. Alternatively, methoxy-mercaptopoly
(ethylene glycol) was used to conjugate Au NPs to form dense
monolayer films with 5 nm gaps, which provides a large SERS
enhancement with an enhancement factor of ~10”.>> The gap
between adjacent Au NPs can also be controlled by the modifi-
cation of the surface of each Au NP with DNA. Compared to
bare Au NPs, DNA-Au NPs as a substrate yield higher SERS
signals for the tested analytes, including rhodamine 6G,
trinitrotoluene and 4-aminothiophenol, leading to at least one
order of magnitude lower LODs.>**> When the gap
between DNA-Au NP was shortened to 1-3 nm, SERS signals
of 4-aminothiophenol with enhancement factors up to ~10°
were achieved.”®* Such a high SERS active substrate provided
sensitive 4-aminothiophenol detection with a LOD of 0.5 nM.

Because the enhancement factor of shell-isolated Au NPs is
largely dependent on its core size and shell thickness,**> SERS
signals of analytes can be further controlled by varying the
sizes of the core and the shell of shell-isolated Au NPs. More
importantly, the chemically inert shell avoids direct contact
between the adsorbates and bare Au NPs, which allows
observation of the true vibrational information of probed
materials. Thus, the shell-isolated Au NP substrates provide
more unfeigned Raman signal when compared to that of bare
Au NP substrates. The shell-isolated Au NP substrates have
been shown to be powerful for the analyses of cell walls and
single molecules, food inspection, and monitoring of adsorp-
tion processes.??°7>%8

Conclusion and outlooks

In this review, we have presented an overview of the progress
of absorption, fluorescence and SERS-based optical sensing
systems using Au NP probes. Most of these Au NP probes show

1622 | Analyst, 2016, 141, 1611-1626
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enhanced sensitivity and selectivity toward chemical and bio-
logical agents, based on analyte induced changes in absor-
bance, fluorescence or Raman signals. These sensing systems
are dependent on the analyte induced changes in the size or
morphology of Au NPs or the distance between Au NPs. Most
of the sensing systems provide LOD at the nM level for tested
analytes. With signal amplification or special detection
systems, some Au NP based optical systems allow detection of
analytes down to pM and even fM levels.

Although many Au NP based optical systems have been
shown to be practical for the analysis of various samples, most
reported systems can only be applied for the analysis of
samples with low interference and ionic strength. Matrix and
salt effects are still problematic for most developed sensing
systems. False results occur commonly as a result of serious
matrix interference. For the analysis of complicated samples,
sample dilution and preconcentration of analytes are needed.
They may however suffer from the change in the species of
analytes, loss of the sample, contamination, and/or being time
consuming. It is extremely difficult to achieve quantitation of
trace amounts of analytes such as proteins in blood samples
containing abundant proteins. For example, aptamer functio-
nalized Au NPs cannot be applied to quantitation of PDGF in
blood samples without sample pretreatment. Many signal
amplification strategies applied in Au NP based sensing
systems are time consuming or require the use of expensive
enzymes. Special detection systems such as those used for
monitoring single Au NPs require operators with a special
skill.

Although single Au NP based approaches provide higher
sensitivity than traditional Au NP based ones, sophisticated
optical systems and Au NPs with a very narrow size distribution
are needed. Thus, low-cost and automatic optical systems such
as high-throughput microarrays and droplet-based micro-
fluidics are in demand. Strategies such as using mild reducing
agents with stronger capping strength than citrate for prepa-
ration of Au NPs with a narrow size distribution are worth
trying. Cofunctionalization of Au NPs with ligands having
different chemical/physical/recognition properties can be used
to further improve the selectivity of the analyte, with
minimum matrix interference. Functional magnetic nano-
particles have been shown to be effective for removal of the
matrix and concentration of trace analytes before applying Au
NPs for detection.>*>*'° However, the process is usually
tedious and requires large sample volumes. It would be more
effective if multifunctional Au NP composites can be prepared.
For example, most of the matrix and salt are excluded by the
shell and only analytes can interact with Au NPs inside the
composites, leading to signal changes. It is also interesting to
design Au NPs having enzyme-like properties and interesting
optical properties as a new type of sensing system with
enhanced selectivity and sensitivity.”"' "> To speed up signal
amplification, micro analysis systems in conjunction with Au
NP based systems are a possible solution. Multichannel detec-
tion approaches (ie., absorption/fluorescence, absorption/
Raman or fluorescence/Raman) will be useful to further

This journal is © The Royal Society of Chemistry 2016
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improve their reliability and practicability for the analysis of
complicated biological and environmental samples.
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