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Nanosize materials have been widely available in various research fields as an advanced
technology. Gold nanoparticles (GNPs) have unique optical, electrical, and magnetic
properties. Especially, the optical spectrum of GNPs shows a localized surface plasmon band

in the region of 520-550 nm. The wavelength of spectrum of GNPs change drastically longer
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for medical and industrial use.

Nanopartides of metals and semiconductors are
generally considered to be useful because of their optical,
optoelectronic and material properties resulting from
their small size [1-4]. These properties may be valuable in
applications such as sensors, spectroscopic enhancers and
quantum dots [5-6]. Gold nanoparticles (GNPs) have
unique properties in electrical, magnetic, and especially
optical characteristics [4,7-9]. GNPs in the range of 5-20
nm are usually red in color, as the optical absorption of
the nanoparticles due to a localized surface plasmon band
is at around 520-550 nm. Because of this property, GNPs
have been used in glass staining since the 17th century.
When GNPs aggregate within interparticle distance
approximately less than the average GNP diameter, the
color of the GNP solution changes to purple-blue. This
indicates that the absorption peak is shifted towards
longer wavelengths. Michael Faraday published a
research paper on this widely known phenomenon,
constituting the first study on GNPs [10].

Biomolecules, such as DNA, proteins, and antibodies, are
used as the molecular recognition element of a biosensor
or bioassay because of their specific binding and reaction
properties. A convenient optical assay can be comprised
using these capabilities combined with the unique
properties of GNPs. The utilization of GNPs in
colorimetric analytical methods used for various
applications is based on their distinctive distance-
dependent optical property [7,9,11,12]. Therefore, the
GNP-based colorimetric assays have attracted extensive

when several particles come close to each other. Various types of GNP based assays that was
conjugated with functional biomolecules have been developed to take advantage of the optical
property. This review introduces the optical assays using GNPs conjugated with biomolecules

fast-growing interest in recent years because of the
potential of visual detection. Various types of GNP
bioassays conjugated with biomolecules have been
developed and reported by many researchers (Table 1).
These biomolecules have exhibited superior molecular
recognition ability. By using and conjugating with DNA,
antibodies, peptides and proteins, a surprisingly simple
assay can be realized. This review presents the highlights
of optical assays using GNPs by classifying the
conjugated biomolecules.
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Figure 1. Colorimetric bioassays based on DNA-GNP.
(A) Cross-linking method, (B) Non-cross-linking method.
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Table 1 Typical types of conjugated biomolecule on GNPs and their
target analytes for GNP-based colorimetric bioassays

Recognition elements

on GNPs Target analysis References
DNA DNA [13-16,18,19,22]
Enzyme activity [17]
Metal ion [20-21]
ATP [23]
Antigen-antibody Antigen [24-25]
Antibody [26-27]
Peptide Photon [31]
Metal ion [33-35]
Receptor [36]
Enzyme activity [39-42]
Protein Protein [45-47]
Substrate [48-50]

DNA-Functionalized Gold Nanoparticles

Colorimetric bioassays based on DNA-GNP conjugates
are divided into two types according to the aggregation
function (Figure 1) [13-15]. One type of aggregation
method is cross-linking of the GNPs via hybridization
(Figure 1A). 'This cross-linking method is used to not
only detect target DNA sequences, but also to identify
metal ions or small molecules recognized by DNases
[16-21]. The other type of aggregation is the GNP non-
cross-linking method which is useful in the detection of
genetic polymorphisms (Figure 1B).

Mirkin et al have developed a DNA-based method for
assembling colloidal gold nanoparticles rationally into
macroscopic aggregates [16]. This method involves two
types of GNPs modified each with a non-complement-
ary DNA capped with thiol groups on the surface. When
an oligonucleotide duplex with sticky ends complement-
ary to the two grafted sequences is added to the GNP
solution, the GNPs self-assembled into aggregates. This
assembly process could be reversed by thermal
denaturation.

There is a process in which the reverse reaction of the
cross-linking assembly method can be applied. Liu et al
have designed and developed a colorimetric Pb2* sensor
based on the DNAzyme-directed assembly of the GNP
system [17]. The DNAzyme consists of an enzyme and a
substrate strand, which can be used in the aggregation of
DNA-functionalized GNPs. In the presence of the Pb
ion, the DNAzyme catalyzes the specific hydrolytic
cleavage of the DNA that disrupts the formation of the
GNP assembly. After the reaction, the GNP solution

becomes red in color.

On the other hand, the aggregation of a GNP-based

assay by a non-cross-linking configuration has also been
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Figure 2. Colorimetric immunoassay based on Antibody-functionalized
GNPs. (A) Antigen detection using GNP and GNR that were conjugated
with two different primary antibodies. (B) Antibody sensing using
antigen-labeled GNPs.

reported [22-23]. Maeda et al have designed and
developed GNPs modified with a single-stranded 15mer
DNA [22]. Aggregation of GNPs was formed at
relatively high NaCl concentration (>/=0.5 M) by the
hybridization of surface-anchored DNA with a full-
match complementary DNA at room temperature.
Single-base mismatches at the distal end stabilized the
GNP dispersion. As a result, the colorimetric change did
not progress at all. This non-cross-linking aggregation
method is applicable for genetic analysis such as SNP

typing.

Antibody-Functionalized Gold Nanoparticles

Antibodies are a type of protective protein produced by
the immune system in response to invading foreign
antigens. Antibodies are also called immunoglobulins,
and their function is to identify and eliminate foreign
antigens or targets such as viruses and bacteria. To
conjugate the antibody with GNPs, a superior
immunoassay can be constructed for medical use [24-27].

Liu et al have developed a one-step homogeneous
immunoassay using GNPs for the detection of a prostate
cancer biomarker [24]. A spherical GNP and a gold
nanorod (GNR) were conjugated with two different
primary anti-prostate specific antigen (PSA) antibodies
in the immunoassay (Figure 2A). PSA is an FDA-
approved biomarker for prostate cancer diagnosis. The
free PSA (f-PSA) concentration was typically less than 1
ng/mL in 10% of the total PSA. In the presence of the
antigen f-PSA in solution, the GNPs and GNRs
aggregated with each other into pairs and formed a
sandwich-type antibody-antigen-antibody linkage. This
washing-free immunoassay could detect {~PSA in the
concentration range of 0.1 to 10 ng/mL for dynamic
light scattering measurements.
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of EDTA under high pH solution. (B) Zn?* sensing using reversible
assembly of GNPs controlled by the homodimerization and folding of an
immobilized polypeptide. (C) Peptide functional GNP-based optical
assay for ligand screening of human estrogen receptor alpha subtype. (D)
GNP-based enzymatic activity assay for protein kinases. (E) Protease
assay based on GNPs functionalized with self-assembled heterogeneous
monolayers of dye-labeled peptides and poly-ethyleneglycol.
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Zhou et al have studied pentapeptide Cys-Ala-Leu-Asn-
Asn (CALNN) modified GNPs for aggregation-based
colorimetric immunoassays [26](Figure 2B). The
colorimetric GNP-based immunoassay was developed
for Abscisic Acid glucose ester (ABA-GE) determi-
nation. ABA is one of the traditional plant hormones,
which plays an important role in regulating plant
responses to abiotic stress [28]. This hormone is also an
important factor in controlling seed germination, growth,
and stomatal aperture. ABA-GE is the most general
formation of conjugated ABA and exhibits little or no
biological activity in plant cells. The ABA-GE
determination is essential to define the relationship
between ABA metabolisms and environmental
conditions. The ABA-functionalized GNPs were
aggregated in the presence of a specific antibody.
However, the aggregation was competitively inhibited by
the presence of ABA-GE. This GNP-based immuno-
assay could detect ABA-GE with a linear response range
of 5 nM to 10 pM, and the limit of detection was
evaluated to be 2.2 nM. This assay is thus a simple and
homogeneous method for visual detection of ABA-GE.

Peptide-Functionalized Gold Nanoparticles

Peptides are short chains of amino acid monomers
comprised of 2-50 amino acids. The peptides can be used
in various functional capabilities, for example as
hormones [29], catalysts [30], photoresponsive [31], and
molecular recognition elements [32]. Peptides can be
synthesized artificially, which is an advantage for easy
mass production. In this section, bioassays using
functional peptide modified GNPs are introduced.
Detection of harmful mercury ions in water is essential
for water quality management. Si et al have developed
carboxylated peptide-functionalized GNPs that are self-
assembled one-dimensionally in the presence of Hg?*
[33](Figure 3A). The peptide was anchored on the GNP
surface through the N-terminus amino groups of the
peptide, and the C-terminus carboxylate groups remained
free. The peptides on the GNPs were detached from the
GNP surface and formed complexes with Hg?+ after its
addition. On the other hand, the peptides detached from
the GNPs assembled into 1D arrays via those bared
surfaces because of dipole-dipole interactions. The
assembly of GNPs contributed to a change of color of the
suspension from red to purple-blue. From the color
change, detection of Hg2+ was possible up to parts per
million levels by the naked eye.

Peptide functionalized GNP-based assays have been
developed by using peptide folding. Aili et al reported a
reversible assembly of GNPs controlled by the
homodimerization and folding of an immobilized
polypeptide [34-35](Figure 3B). The peptide folded into
a helix-loop—helix four-helix bundle in the presence of
Zn?* at neutral pH. The peptide immobilized GNPs were
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completely re-dispersed by removal of the Zn?* from the
peptide by addition of EDTA.

Takatsuji et al have developed the functional GNP-based
optical assay for ligand screening of human estrogen

receptor alpha subtype (hER®), a nuclear receptors [36]
(Figure 3C). This is a transcription factor that mediates
the expression of hormones-responsive genes. 'The
transcriptional responses depend on each nuclear
receptor, playing an important role in embryonic
development, differentiation, reproduction and metabolic
homeostasis [37-38]. Therefore, nuclear receptors have
attracted attention as a target of drug development in the
research of various human diseases. A synthetic peptide
containing LXXLL motif of steroid-receptor coactivator
1 (SRC-1) was used for molecular recognition by ligand-
activated nuclear receptors. The colorimetric GNP assay
was constructed to modify the SRC-1 peptide on the
GNP surface. The absorbance spectrum was altered by
decrease of the GNP stability in the solvent at the time

when ligand-activated hERo formed complexes with the
functional GNPs. This assay shows great promise as a
high throughput assay for nuclear receptor-targeted drug
screening.

Peptide-functionalized GNPs for a bioassay to determine
enzyme activity has also been developed for medical use
[39-42]. The protein kinase C (PKC) family is one of the
most important families of kinase enzymes that mediate
phospholipid-dependent serine/threonine kinases [43].

PKCa belongs to the PKC family, and has been reported
to be overexpressed or hyperactivated in several cancer
cells or tissues. Katayama et al have developed a GNP-
based enzymatic activity assay for protein kinases [40-41]
(Figure 3D). Detection of kinase activity was carried out
by using aggregation between cationic substrate peptides
and citrate-coated GNPs with anionic surface charges.

The phosphorylated PKCo-specific peptide substrates
suppressed the GNP aggregation, but the color of the
GNP solution changed from red to blue in the case of
non-phosphorylation. Furthermore, a correlation between
the color change of the GNPs and the level of activated

PKCo was identified by using cancer cell lines as
experimental models. This is the first report of the
application of a GNP-based colorimetric assay in the
diagnosis of cancer.

Serine proteases are one of the enzymes involved in a vast
number of biological processes [44]. The expression level
or the activity of this protease is changed in the human
body as it becomes susceptible to disease as a result of a
weakened immune system. Therefore, evaluating the
expression level or the activity of the proteases is essential
in understanding human health. Mu et al have designed
and developed an in vivo proteolytic activity assay based
on GNPs functionalized with self-assembled

Mini-Review

heterogeneous monolayers of dye-labeled peptides and
poly-ethyleneglycol [42](Figure3E). The dye-labeled
peptides were designed for sequences to be cleaved by the
protease (trypsin and urokinase-type plasminogen
activator). The fluorophore dye and GNPs were quenched
by a dark quencher, labeled on the GNP surface through
a peptide anchor. When the GNP probes were activated
by the target protease, the GNPs were transformed from
a dark quenched to a near-infrared fluorescent state. This
simple GNP-based probe will be a strong tool in optical

imaging for tumor and cancer diagnosis.

Protein-Functionalized Gold Nanoparticles
Protein-Functionalized GNPs have also been developed
by many researchers [45-50]. Especially, enzymes
function as a highly selective catalyst, therefore the
enzyme have been used as the molecular recognition
element of GNP bioassay because of the specific reaction
properties. Radhakumary et al have developed a GNP-
based glucose assay using glucose oxidase (GOD)
modified GNPs [48](Figure4A). In the presence of D
glucose, the GOD-functionalized GNPs are aggregated
by reduction in zeta potential of the GNPs that is caused
by enzymatic reaction. The color of the colloidal solution
changed from red to blue in the presence of ~100 pug/mL
glucose. The change can be observed by the naked eye.
Therefore, this simple method is useful as the detection of
glucose in fluids like urine for a preliminary screening at
home itself.

Protein—protein interactions play important roles in
structural and functional organization of living cells. Tsai
et al have developed a GNP-based competitive
colorimetric assay for identification of the binding
partners for Concanavalin (ConA) using the ensemble of

Man-GNPs

Figure 4 Bioassay using protein-functionalized GNPs. (A) Colorimetric
glucose assay using glucose oxidase (GOD) modified GNPs. (B) GNP-
based competitive colorimetric assay for identification of the binding
protein for Concanavalin.
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ConA and mannopyranoside conjugated GNPs (Man-
GNPs) [45](Figure4(B)). ConA is a one of lectin, which

binds specifically to &-mannose, &-galactose structures
found in sugars, glycoproteins and glycolipids. In this
study, ConA binds to Man-GNPs, and the complex
forms agglomeration via multivalent Man-ConA
interactions giving rise to a blue colored solution.
However, in the presence of protein that interacts with
ConA, the solution color changes from blue to red by
inhibition of the binding between ConA and GNPs.
The assay can perform detection of protein-protein
interaction by the naked eye from the color changes
without special protein modifications on the GNPs. This
methodology shows great promise as a proteins
evaluation for their abilities to interact with the protein
of interest in real time.

Conclusion

The introduced GNP-based bioassays are simple
methods for detection and have the potential to become
excellent throughput assays for industrial use. Analysis
equipment is not required for detection as the
aggregation can be confirmed by visual observation.
However, unexpected contaminants cause the
aggregation of nanoparticles, providing false positives.
In order to resolve this problem, molecular design of the
nanoparticles for improvement of the dispersion
characteristics needs to be studied furthermore for
practical usage. It is expected that the advancement of
technology will affect the future of nanoparticles in
many ways.
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