Chapter 2
Colorimetric Nanoprobes

Abstract The development of highly sensitive, cost-effective, miniature nano-
particle-based colorimetric nanoprobes attracted great attention in recent years.
Depending on their excellent performance in environmental and biological anal-
ysis, colorimetric nanoprobes have been widely used for sensing a wide range of
analytes/targets, such as metallic cations, anions, small organic molecules, oli-
gonucleotides, proteins, cancer cells, etc. In this chapter, we first introduce the
optical absorption properties of nanomaterial, mainly focusing on the noble metal
nanomaterials, such as sphere gold nanoparticles, gold nanorods, and silver
nanoparticles. Then we discuss the colorimetric sensing strategies for ions, small
molecules, oligonucleotides, and protein detection and cellular analysis, high-
lighting some of their technical challenges and the new trends by means of a set of
selected recent applications.

Keywords Noble metal nanomaterials - Optical nanoprobes - Gold nanoparti-
cles - Silver nanoparticles « Colorimetric sensing

2.1 Optical Absorption Properties of Nanomaterials

As materials are reduced in size from the bulk to the nanoscale, they begin to
exhibit new and unusual chemical and physical properties [1, 2]. Noble metallic
nanostructures have attracted enormous scientific interest because of their unique
size or shape dependent properties, including large optical field enhancements
resulting in the strong scattering and absorption of light [3, 4]. Low-dimensional
structures such as nanoparticles and nanostructured materials have excellent
properties, such as quantum confinement of electrons and holes, surface effects,
and geometrical confinement of phonons [4, 5].

In the last two decades, the interest in gold and silver metallic particles has
dramatically increased, mostly because of their unique optical and electronic
properties [3-8]. These unique properties are mainly due to the collective
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Fig. 2.1 Schematic diagrams
illustrating localized surface
plasmon resonance. Adapted
with permission from

Ref. [9]. Copyright 2014,
Royal Society of Chemistry
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excitation of the conduction band electrons known as the surface plasmon reso-
nance (SPR). The surface plasmon is a specific type of plasma oscillation occur-
ring at lower energies than bulk plasmon, which happens when light is coupled to
the coherent oscillation of free electrons at the surface of a conductor. This type of
oscillation at resonant conditions is called the SPR. When the SPR is localized to a
volume with dimensions smaller than the wavelength of incident light, it is called
localized surface plasmon resonance (LSPR) [9].

When the particle dimensions are too small to support a propagating wave, light
will interact with metal particles smaller than the wavelength of incident light to
generate a LSPR (Fig. 2.1). The confinement of a surface plasmon to a small
volume results in an oscillating electromagnetic field that resides very close to the
particle surface, extending only nanometers into the dielectric environment [10].
Therefore, LSPR can generate much higher local field enhancements (100-10,000
times the incident field) comparing to those of SPP (10-100 times the incident
field) [11]. The LSPR frequency can be tuned by changing the material compo-
sition, size, shape, and dielectric environment [12], which for gold, silver, and
copper lies in the visible region [13].

Small spherical particles have a single, sharp absorption band due to the
excitation of what is called a dipole plasmon resonance, where the entire charge
distribution of the particle oscillates at the frequency of the incident electric field
as illustrated in Fig. 2.1. For gold nanoparticles (Au NPs), the resonance condition
is satisfied at visible wavelengths, which attributing for its intense color. Au NPs in
the 10 nm size range have a strong absorption maximum around 520 nm in water
due to their LSPR [9]. As shown in Fig. 2.2, Au NPs of different sizes present
various color with different characteristic absorption bands.

Anisotropic particles can arise various LSPR modes. Nanorods are the quin-
tessential demonstration of how optical properties are dependent on the dimen-
sions (or shape) of a particle. The dipole plasmon resonance of a solution of
nanorods is typically split between transverse and longitudinal dipole resonances
due to the different dimensions along the width and length of the particles
(Fig. 2.3A) [15]. The two bands positions depend on both the aspect ratio and the
absolute dimensions of the particles [15]. The resonance at the longer wavelength
(the longitudinal plasmon resonance) is associated with oscillations along the
length of the nanorod, while the resonance at the shorter wavelength (the
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Fig. 2.2 Photograph showing gold nanoparticles of different sizes. Reprinted with permission
from Ref. [14]. Copyright 2009, Wiley-VCH
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Fig. 2.3 A (a) TEM image of Au nanorods and (b) corresponding extinction spectrum. Due to
the anisotropy of the particles, the dipole plasmon resonance is split into a transverse plasmon
absorption at 525 nm and a longitudinal plasmon absorption at 740 nm. Adapted with permission
from Ref. [15]. Copyright 1999, American Chemical Society. B TEM image of gold nanorods of
average aspect ratios (o) & 2.0, 2.8, 4.0, and 5.2; Extinction profile of Au nanorods with aspect
ratios varying from 2.0 to 5.7. The strong long wavelength band in the near-infrared region
(ALPR = 600-950 nm) is due to the longitudinal oscillation of the conduction band electrons.
The short wavelength peak (4 ~ 520 nm) is from the nanorods’ transverse plasmon mode.
Reprinted with permission from Refs. [2, 18]. Copyright 2008, Wiley VCH. C Representative
silver nanorod samples are shown as photographs and TEM images together with the
corresponding ensemble extinction spectra (bottom). The samples correspond to Ag-seeds and
Ag-nanorods grown with 2, 4, and 6 min of heating time (from left to right). Their plasmon peak
increases from 485 to 633, 776, and 930 nm. Reprinted with permission from Ref. [17].
Copyright 2011, American Chemical Society
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Fig. 2.4 a (A) Photographic images. (B1-B3) TEM pictures of silver nanoprisms of different
sizes (30, 60, and 120 nm edge length). Reprinted with permission from Ref. [21]. Copyright
2009, Elsevier. b (A-D) TEM images of Ag triangular nanoplates with decreasing corner
sharpness. The sharp cornered triangular plates in (A) were rounded until the particles had a
circular disk shape (D). (E) The decreasing corner sharpness is correlated with a blue-shift in the
extinction spectra of the nanoparticles in solution. Reproduced with permission from Ref. [20].
Copyright 2010, Wiley

transverse plasmon resonance) is associated with oscillations along the width of
the nanorods [15, 16]. The LSPR of nanorods depend strongly on the aspect ratio.
For example, Au NRs of different aspect ratio show various positions of two bands
(Fig. 2.3B), the longer wavelengths exhibit red shift with the increasing of aspect
ratio. The silver nanorods present the similar optical properties (seen in Fig. 2.3C).
The absorption bands changed with the increasing of the aspect ratio [17].

The certain anisotropic particles can have extinction spectra that are greatly
influenced by higher ordered resonances as evidenced by the in-plane and out-of-
plane quadrupolar resonances observed for samples of silver triangular nanoprisms
[19, 20]. As shown in Fig. 2.4a, with the increasing of edge length, silver nan-
oparisms showed red to blue color change. The decreasing of corner sharpness is
correlated with a blue shift in the extinction spectra of silver nanoprisms
(Fig. 2.4b).

The various compositions of nanoparticles could cause the change of SPR
frequency with visible changes to the color of a colloid [22, 23]. As shown in
Fig. 2.5A, the addition of sulfide ions into the Au@Ag core—shell nanocubes
generated stable Au@Ag/Ag,S core—shell nanoparticles at room temperature, and
the plasmon extinction maximum shifts to the longer wavelength covering the
entire visible range of 500-750 nm with full-color tuning [24]. The silver-coated
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Fig. 2.5 A (1) Synthesis of Au@Ag/Ag,S core-shell nanoparticles surface plasmon resonance
shifts of Au seeds, Au@Ag core—shell nanocubes, and Au@Ag/Ag,S nanoparticles. (2) (a) UV-
vis absorption spectra. Photographs of the aqueous dispersions of (b) Au seeds and Au@Ag core—
shell nanocubes, and (c) Au@Ag/Ag,S nanoparticles. The representative samples are referred to
as A (orange), B (dark blue), C (blue), D (bluish green), and E (green). Reprinted with
permission from Ref. [24]. Copyright 2012, American Chemical Society. B (1) UV-vis extinction
spectra of (a) Au NRs and (b—f) the Au@Ag core/shell nanocrystals with Ag/Au molar ratios. The
inset in panel A shows the relationship between the longitudinal SPR position and the Ag/Au
molar ratio. (2) Photographs of nanocrystal dispersions corresponding to the curves in panel 1. (3)
SEM images of (a) Au NRs and (b—f) Au@Ag core/shell nanocrystals with Ag/Au molar ratios of
0.28, 0.49, 0.83, 1.20, and 1.51 measured by EDX. The scale bar is 60 nm. Insets are

corresponding STEM images with the same scale bar. Reproduced with permission from
Ref. [23]. Copyright 2012, American Chemical Society

gold nanorods from homogeneous coating to anisotropic coating also exhibit peak
position shift [23]. As shown in Fig. 2.5B, with increasing overall amount of the
deposited Ag, the longitudinal SPR band blue shifts obviously, while the trans-
verse SPR band blue shifts slightly and is finally smeared out by the former.

Furthermore, the SPR frequency is sensitive to the proximity of other nano-
particles. When two or more discrete plasmonic materials are in close proximity to
one another (on the order of nanometers), their oscillating electric fields can
interact to yield new resonances and the surface plasmons will be coupled [25].
For instance, the aggregation of Au NPs results in significant red-shifting (from
~520 to ~650 nm for 13 nm Au NPs) and broadening in the surface plasmon
band, changing the solution color from red to blue due to the interparticle plasmon
coupling [3]. This visibly apparent phenomenon has made Au NPs an attractive
candidate for colorimetric sensors [7-26].

Colorimetric assay is that the molecular recognition event can be transformed
into color change, which can be easily observed by the naked eye. Depending on
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their size, shape, degree of aggregation, and sensitive surface, novel metallic
nanoparticles can appear abundant colors and emit bright resonance light scat-
tering of various wavelengths. Therefore, spherical nanoparticles and nonspherical
structures (e.g., prisms, rods, cubes) with unique shape-dependent properties can
be extensively explored as colorimetric probes with the help of recognition moiety
for sensing a wide range of analytes/targets, such as metallic cations, nucleic acids,
proteins, cells, etc. [5, 7]. Owing to the excellent optical properties, gold and silver
nanostructures are most attractive for optical applications.

2.2 Colorimetric Sensing Strategies

Nanomaterial-based colorimetric methods are commonly based on the change of
optical properties due to assemblies (or aggregations), morphology transition, and
the surface chemical reaction, accompany by distinct color change. Two key
components are essentially necessary in a colorimetric assay and affect the per-
formance in selectivity, sensitivity, response time, and signal-to-noise ratio. One is
the recognition moiety that provides a selective/specific response to the analyte,
which relates to a wide range of organic or biological ligands/reactions. The other
is the transducer moiety that translates detecting behavior into an eye-sensitive
color change in the visible range of 390-750 nm [27]. Based on the behavior of
nanoparticles, colorimetric sensing strategies can be summarized as two types: one
is based on the analyte-induced aggregation of nanoparticles, called aggregation-
based method. The other mainly uses the morphology transition and the surface
chemical reaction of single particle, which is called single particle morphology-
based method.

2.2.1 Aggregation-Based Methods

The aggregation of noble metal nanoparticles (Au/Ag) of appropriate sizes induces
interparticle surface plasmon coupling, resulting in a visible color change. For
instance, the aggregation of Au NPs (d > 3.5 nm) induces interparticle surface
plasmon coupling, resulting in a visible color change from red to blue at nano-
molar concentrations [7, 28, 29]. The color change during nanoparticle aggrega-
tion provides a practical platform for absorption-based colorimetric sensing of any
target analyte that directly or indirectly triggers the nanoparticles aggregation.

Aggregation-based colorimetric nanoprobes have been widely explored [5].
Generally, nanoparticles are modified different types of functional decorators such
as oligonucleotides, aptamer, functional molecules (Fig. 2.6), the presence of
target analyte can induces the aggregation by specific interaction with functional
ligands, resulting in two types of aggregation: crosslinking aggregation and non-
crosslinking aggregation.
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Fig. 2.6 Schematic illustration of aggregation-based colorimetric nanoprobe

Crosslinking aggregation-based colorimetric sensing methods generally require
the incorporation of chelating agents onto the nanoparticle surface. The presence of
target analyte induces the nanoparticle aggregation by forming multidentate inter-
particle complexes with the chelating ligand (Fig. 2.6). Thiol is one of the main
functional groups for tethering to the surface of nanoparticles due to the strong Au-S
or Ag—S bond. Therefore, mercapto derivatives of ligands become preferred deco-
rators for a nanoprobe system. The incentives of crosslinking aggregation in nano-
particle-based colorimetric methods involve chelate reaction, chemical interaction,
electrostatic interaction, base paring, hydrogen-bonding recognition, and so on.

For instance, Chen et al. developed an Au NP-based colorimetric assay for
mercury ions (Hg”*) detection using the coordination reaction between thymine
(T) and Hg** [30]. The synthesized N-1-(2-mercaptoethyl) thymine can be easily
coupled to the surface of Au NPs through Au—S bond. The presence of Hg** could
effectively induce the aggregation of Au NPs by forming a T-Hg-T complex with
strong affinity owing to the active N site, resulting in a significant color change
from red to blue (Fig. 2.7a). This is a typical crosslinking aggregation-based
strategy using the chelate reaction between ligands and metal ions. Jiang’s group
reported a method for the detection of copper ions (Cu®*) by azide-and terminal
alkyne-functionalized Au NPs in aqueous solutions using click chemistry [31].
When Cu?* and the reductant (sodium ascorbate) were both introduced to the
mixture of azide- and alkyne- functionalized Au NPs, Cu (I) could catalyze 1, 3-
dipolar cyclo-addition of alkynes and azides on the surface of functionalized Au
NPs, resulting in the aggregation of Au NPs (Fig. 2.7b). Cao et al. explored a
simple and visual approach to colorimetric detection of nuclease activity using the
electrostatic interaction between positively charged Au NPs and negatively
charged DNA [32]. The polyanionic ssSDNA used as the S1 nuclease substrate
could induce the aggregation of (+) Au NPs, which can be observed via the color
change from red to blue. During the enzymatic reaction of S1 nuclease, ssDNA is
degraded to smaller fragments, which cannot induce the color change (Fig. 2.7¢).
Thus, electrostatic interaction-induced aggregation of Au NP-based colorimetric
method was achieved. DNA-base paring meditated Au NPs assembly was dem-
onstrated by Mirkin’s group [33]. In this method, two thiolated ssDNA modified
Au NP probes were fabricated for colorimetric detection of target oligonucleotides
(Fig. 2.7d). Upon the addition of target, Au NPs aggregation was trigged with
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Fig. 2.7 Illustration of the crosslinking aggregation-based colorimetric nanoprobes. a Schematic
mechanism of T-S—Au NPs sensing Hg?* in aqueous solutions based on the Hg”*-induced
aggregation of gold nanoparticles. Reprinted with permission from Ref. [30]. Copyright 2011,
Royal Society of Chemistry. b The detection of Cu®* ions using click chemistry between two
types of gold NPs, each modified with thiols terminated in an alkyne (1) or an azide (2) functional
group. Reprinted with permission from Ref. [31]. Copyright 2008, Wiley. ¢ Colorimetric assay of
nuclease activity based on the color change of the positively charged gold nanoparticles
((+)AuNPs). Charge interaction between (+) AuNPs and polyanionic ssDNA leads to the
aggregation of the AuNPs, which can be observed via the color change from red to blue. During
the enzymatic reaction of S1 nuclease, ssDNA is degraded to smaller fragments, and the smaller
fragments cannot induce the color change. Reprinted with permission from Ref. [32]. Copyright
2011, Royal Society of Chemistry. d In the presence of complementary target DNA,
oligonucleotide-functionalized gold nanoparticles will aggregate (A), resulting in a change of
solution color from red to blue (B). The aggregation process can be monitored using UV-vis
spectroscopy or simply by spotting the solution on a silica support (C). Reprinted with permission
from Ref. [35]. Copyright 2005, American Chemical Society. e Hydrogen-bonding recognition
between melamine and cyanuric acid derivative. Colorimetric detection of melamine using the
MTT-stabilized gold nanoparticles. Reprinted with permission from Ref. [34]. Copyright 2008,
American Chemical Society
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concomitant color change as a result of hybridization of the DNA strand. Highly
specific base-pairing of DNA strands coupled with the intense absorptivity of Au
NPs enables the subpicomolar quantitative colorimetric detection of oligonucle-
otides. Lu’s group developed a hydrogen-bonding recognition-induced color
change of Au NPs for visual detection of melamine in raw milk and infant formula
[34]. Upon exposure of the synthesized 1-(2-mercaptoethyl)-1, 3, 5-triazinane-2, 4,
6-trione (MTT)-stabilized Au NPs to melamine, hydrogen-bonding recognition
between melamine and MTT resulted in the aggregation of Au NPs, and the wine
red color was accordingly changed to a blue color (Fig. 2.7¢).

Another type of aggregation-based method relies on noncrosslinking aggrega-
tion of nanoparticles in different modes. Generally, free specific ligands are treated
with nanoparticles through weaker interaction. Macroscopic changes of nanopar-
ticles were attributed to the stronger interaction between ligands and target analyte,
and following release of ligands from the surface of nanoparticles. The system
became so destabilized that nanoparticles aggregated. For instance, Willner and
coworkers fabricated a simple, fast, and wide-range system for the detection of
Hg2+ using T rich-nucleic acid [36]. After treating Au NPs (13 nm) with ssDNA,
NaClO4 (100 mM) was added into the solution to maintain a high level of salinity.
Under this condition, red color with an absorption band at 520 nm was observed
before addition of Hg?*, indicating good dispersion of the nanoparticles. Upon
addition of Hg?* the solution turned blue, induced by aggregation of Au NPs,
which was detected by the naked eye and also confirmed by a red shift and
broadened peak in the UV-vis spectrum. Macroscopic changes were attributed to
the formation of the nucleic acid duplex-folded complex with the help of Hg**,
and following release of ssDNA from Au NPs. As a result, the system became so
destabilized that Au NPs aggregated (Fig. 2.8).
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Fig. 2.9 Schematic illustration of GO quenching the color of Au NRs sensing heparin based on
the self-assembly of CTAB-stabilized Au NRs on the surface of GO. A Absorption spectra and
B TEM images of Au NRs in the GO/protamine mixed solutions in the absence (a) and presence
(b) of heparin (0.24 pg/mL). Inset of part A: Photographic images of the corresponding
colorimetric response (scale bars 200 nm). Reprinted with permission from Ref. [37]. Copyright
2011, Elsevier

A novel label-free colorimetric strategy was developed for ultrasensitive
detection of heparin by using the super color quenching capacity of graphene oxide
(GO) by Fu et al. [37]. Hexadecyltrimethylammonium bromide (CTAB)-stabilized
Au NRs could easily self-assemble onto the surface of GO through electrostatic
interaction, resulting in the decrease of the SPR absorption and consequent color
quenching change of Au NRs from deep to light. Polycationic protamine was used
as a medium for disturbing the electrostatic interaction between Au NRs and GO,
as shown in Fig. 2.9. The Au NRs were prevented from adsorbing onto the surface
of GO because of the stronger interaction between protamine and GO, showing a
native color of Au NRs. On the contrary, in the presence of heparin, which was
more easily to combine with protamine, the Au NRs could self-assemble onto the
surface of GO, resulting in the native color disappearing of Au NRs. The amounts
of self-assembled Au NRs were proportional to the concentration of heparin, and
thereby the changes in the SPR absorption and color had been used to monitor
heparin levels. A good linearity was obtained in a range of 0.02-0.28 png/mL, and a
limit of detection (LOD) was 5 ng/mL.

Redox formed metal coating on the surface of nanoparticles is an excellent
analytical strategy for noncrosslinking-aggregation based colorimetric assay. Lou
et al. developed a “blue-to-red” colorimetric method for determination of mercury
jons (Hg®") and silver ions (Ag") based on stabilization of Au NPs by redox
formed metal coating in the presence of ascorbic acid (AA) [38]. In this method,
Au NPs were first stabilized by Tween 20 in phosphate buffer solution with high
ionic strength. In a target ion-free system, the addition of N-acetyl-L-cysteine
resulted in the aggregation of Tween 20 stabilized Au NPs for mercapto-ligand
self-assembled on the surface of Au NPs, which induced the Au NPs to be
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Fig. 2.10 Illustration of colorimetric sensing mechanism based on redox reaction modulated
surface chemistry of Au NPs; TEM image of aggregated Au NPs in Hg“—free PBS solution and
the monodispersed Au NPs Obtained after Addition of 10 pM Hg?*. Digital photographs,
absorption spectra, and plots of Asyg nm/As20 nm Versus the concentration (inser) in 50 mM PBS
(pH 7.2) containing Tween 20-Au NPs, 1 mM AA, and 0.1 M NaCl (0.01 M EDTA) upon
addition of A 0-10 pM Hg2+ and B Ag". The incubation time was 3 min. The error bars
represented standard deviations based on three independent measurements. Reprinted with
permission from Ref. [38]. Copyright 2011, American Chemical Society

unstable. This would lead to a color change from red to blue. By contrast, in an
aqueous solution with Hg* or Ag®, the ions could be reduced with the aid of AA
to form Hg—Au alloy or Ag coating on the surface of Au NPs. This metal coating
blocked mercapto-ligand assembly and Au NPs kept monodispersed after addition
of N-acetyl-L-cysteine, exhibiting a red color, as shown in Fig. 2.10. This method
could selectively detect Hg*" and Ag™ as low as 5 and 10 nM with a linear range of
0.5-10 pM for Hg** and 1.0-8.0 uM for Ag*, respectively.
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Fig. 2.11 Schematic diagram showing the amalgamation of Hg with Au nanorods. B TEM and
EDX analysis of Au nanorods in the absence and the presence of Hg. I =no Hg;
MI=125x10"°M and III =157 x 100*M Hg>". All solutions were prepared in
1.67 x 107> mol/L NaBH,. C TEM analysis of multiple Au nanorods in the absence and the
presence of Hg. Sol A, no Hg; Sol B, 1.25 x 10™> M Hg; Sol C, 1.57 x 107> M Hg?*. All
solutions were prepared in 1.67 x 107> mol/L. NaBH,. UV-visible absorption spectra showing
the spectral shift at several Hg (II) concentrations. The concentration range between 1.6 x 10~
and 6.3 x 10~"" M shows the spectra within the linear dynamic range of the calibration curve.
The remaining spectra show the overlapping between the longitudinal and transversal absorption
bands at higher Hg (II) concentrations. Reproduced with permission from Ref. [41]. Copyright
2006, American Chemical Society

2.2.2 Single Particle Morphology-Based Methods

The color-tunable behavior of nanoparticles depends on the size and shape enables
nanomaterials an attractive candidate for the colorimetric nanoprobes. Many kinds
of nanomaterials involve gold nanoparticles (spheres, rods), silver-coated gold
nanoparticles, silver nanoprisms have been used for colorimetric probes [39, 40],
relying on the analyte-induced morphology transition, and the surface chemical
reaction of single particle, calling the single particle morphology-based methods.

Campiglia et al. provided a direct way to determine mercury using the mor-
phology change of Au NRs resulted from the well-known amalgamation process
that occurs between mercury and gold [41]. With the addition of Hg?* and
reductant (NaBH,) to the Au NRs solution, chemical reactions involved in the
amalgamation of mercury and gold gradually occurred at the active sites of Au
NRs-the tips of nanostructures, that could cause a reduction of effective aspect
ratio of the nanorods and a blue shift of the maximum absorption wavelength of
the longitudinal mode band (Fig. 2.11).

Lou et al. explored a colorimetric, label-free, and nonaggregation-based silver-
coated gold nanoparticles (Ag/Au NPs) probe for detection of trace Cu®* in
aqueous solution, based on the fact that Cu®* can accelerate the leaching rate of
Ag/Au NPs by thiosulfate (S,05%) [42]. The leaching of Ag/Au NPs would lead to
dramatic decrease in the SPR absorption as the size of Ag/Au NPs decreased
(Fig. 2.12). This colorimetric strategy based on size-dependence of nanoparticles
during their leaching process provided a highly sensitive (1.0 nM) and selective
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Fig. 2.12 Schematic representation of the sensing mechanism of the S,0;>"—Ag/AuNPs for the
colorimetric detection of Cu?* based on catalytic leaching of Ag-coated Au NPs. A Photographs
and B absorption responses of the $,0;>"—Ag/AuNP solution addition of Cu®*, and C plot of
(Aptank—Acu)/Aplank (at 405 nm) values versus Cu?* concentration. Inset the enlarged portion of
the plot in the Cu?* concentration range of 5-800 nM; the regression equation is (Apjank—Acu)/
Aplank = 0.0202 + 0.341c (uM) (r = 0.991). Reprinted with permission from Ref. [42].
Copyright 2011, American Chemical Society

detection toward Cu?*, with a wide linear detection range (5-800 nM) over nearly
three orders of magnitude. Wang et al. also developed a silver-coated gold
nanorod-based Cu?* probe by the same reaction principle [43]. A sensitive col-
orimetric sensing method for AA was also developed via target-induced silver
overcoating using mesoporous silica-coated Au NRs [44].

Yang’s group designed a homogeneous system consisting of Ag nanoprisms and
glucose oxidase (GOx) for simple, sensitive, and low-cost colorimetric sensing of
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Fig. 2.13 Schematic illustration of the (Ag nanoprism)-GOx homogenous system for colori-
metric sensing of Glucose. SPR absorption spectra (A) and SEM images of the Ag nanoprisms
before (B) and after (C) incubation with GOx and glucose (100 p M) for 60 min. Reprinted with
permission from Ref. [45]. Copyright 2013, American Chemical Society

glucose in serum [45]. In this study, the unmodified Ag nanoprisms and GOx are first
mixed with each other. Glucose is then added in the homogeneous mixture. Finally,
the nanoplates are etched from triangle to round by H,O, produced by the enzymatic
oxidation (Fig. 2.13), which leads to a more than 120 nm blue shift of the SPR
absorption band of the Ag nanoplates. This large wavelength shift can be used not
only for visual detection (from blue to mauve) of glucose by naked eyes but also for
reliable and convenient glucose quantification in the range from 2.0 x 107/ to
1.0 x 10~ * M. The detection limit is as low as 2.0 x 10~ M, because the used Ag
nanoprisms possess not only highly reactive edges/tips but also strongly tip sharp-
ness and aspect ratio dependent SPR absorption. Owing to ultrahigh sensitivity, only
10-20 pL of serum is enough for a one-time determination.

2.3 Applications
2.3.1 Ionic Detection

Colorimetric nanoprobes have been widely developed for ionic detection in
environmental and biological analysis, including alkali and alkaline earth metal
ions, heavy metal ions, anions. These colorimetric sensing methods were mainly
fabricated using novel metal nanoparticles. Table 2.1 summarized the key char-
acteristics of colorimetric nanoprobes for ionic detection.
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Fig. 2.14 a Schematic representation of the K*-Induced aggregation via sandwich complexation
of crown-thiol molecule 1 in a sodium-containing solution. UV-visible spectra and photographs
of solutions of 2.5 mM Na* + 7.1 nM colloidal gold containing (A) Li*, Cs*, NH,", Mg**, and
Ca?*(0.1 mM each) and (B) the above species and 0.1 mM K*. Reprinted with permission from
Ref. [67]. Copyright 2002, American Chemical Society. b Structures of crown thiols employed in
the modification of Au NPs; Relative positions of the carboxylate and crown moiety for crown
thiols with different chain lengths; Proposed structures of the crown moiety preorganized due to
the neighboring molecules of (A) thioctic acid and (B) thioctic amine. The cuvettes contain
16.5 nM concentrations of the corresponding Au NPs, 100 uM K*, and 2.5 mM Na*. Reprinted
with permission from Ref. [68]. Copyright 2005, American Chemical Society

Colorimetric detection for Alkali and alkaline earth metal ions has been
investigated using Au NP-based probes. 15-crown-5 moieties functionalized Au
NPs have been fabricated for the colorimetric detection of potassium ions (K*) via
formation of a 2:1 sandwich complex between 15-crown-5 moiety and K* [67].
This nanoprobe showed highly sensitive and selective colorimetric response
toward K* even in the presence of physiologically important cations, including
Li*, Cs*, NH,*, Mg?*, Ca?*, and excess Na* (Fig. 2.14a). Later, the performance
of this probe system was improved by bi-ligand co-functionalized Au NPs with
thioctic acid and crown thiols [68]. The rate of K* recognition increased from this
system has been attributed to a cooperative effect that allows crown moiety to be
preorganized by the negatively charged carboxylate moiety of the thioctic acid for
K* recognition. Utilizing this principle the analogous detection of Na* in urine has
been achieved by incorporating 12-crown-4 onto the Au NP surface together with
the thioctic acid (Fig. 2.14b). In a similar fashion Ca®* has been detected by
utilizing 1-thiohexyl carboxylic acid and 1-thiohexyl PB-p-lactopyranoside co-
functionalized Au NPs [70].

Heavy metal ions such as Hg?*, Pb®*, As®*, and Cd*" have been well-known
significant health hazards. Colorimetric nanoprobes for heavy metal ions detection
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have been designed using novel metal nanoparticles carrying specific ligands, such
as aliphatic acid, aptamer, DNA enzyme. Hupp et al. have reported a simple
colorimetric technique for the detection of trace toxic metals such as Pb2+, Cd2+,
Hg?* [107]. In this system, the aggregation of 13 nm Au NPs capped with 11-
mercaptoundecanoic acid was driven by ion recognition and binding, the color
change could be employed for visual sensing of the ions. Chang et al. developed a
similar method for Hg** detection using mercaptopropionic acid-modified Au NPs
in the presence of 2, 6-pyridinedicarboxylic acid [47]. For colorimetric Hg**
detection, the specific affinity between thymine (T) and Hg** has been a consid-
erable recognition moiety. Dependent on T-Hg**~T coordination chemistry, the
colorimetric assay for Hg?* was first developed by the Mirkin’s group based on a
complementary DNA-Au NP system with designed T-T mismatches [46]. As
shown in Fig. 2.15A, two types of nanoparticles aggregated together after the
specially designed ssDNA hybridized, causing a red-to-purple color change. After
raising the temperature to the melting temperature (7},,), the dSDNA de-hybridized,
which made Au NP aggregates dissociate reversibly along with a color change
back to red. Among environmentally relevant metal ions, only Hg?* could raise the
T, obviously as shown in Fig. 2.15B. The sharp melting transition enhanced the
sensitivity and lowered the LOD visibly to 100 nM (20 ppb) in contrast to organic
colorimetric system. Based on the above works, Liu et al. developed a system that
was not only selective and sensitive but also practical and convenient for colori-
metric detection of Hg>* at room temperature [48]. Introduction of Hg** into an
aqueous solution containing oligonucleotide-tethered gold nanoparticle probes and
a linker oligonucleotide with a number of T-T mismatches results in the formation
of particle aggregates at room temperature with a concomitant colorimetric
response. The high selectivity of this detection system is attributed to Hg**-
mediated formation of T-Hg**—T base pairs as evidenced by an increase in a sharp
melting temperature. This colorimetric assay showed high selectivity toward Hg**
in the presence of other metal ions (Fig. 2.15D).

Thymine molecule derivatives such as thiolated thymine and deoxythymidine
triphosphates also have been used as the specific ligands for Hg** detection in Au
NP-based colorimetric probes [30, 50, 51]. Compared with T rich-DNA oligomers,
small thymine molecule derivatives seem to be more simple and easier to be
combined to the surface of nanoparticles. Yang’s group designed a new approach
for simple and rapid colorimetric detection of Hg®" based on Hg?* induced
aggregation of deoxythymidine triphosphates (dTTPs)-functionalized Au NPs
[50]. The dTTPs could protect bare Au NPs from aggregation in the presence of
salt (KCIO,). With the addition of Hg2+, the dTTPs were desorbed from the Au
NPs surface by the interaction of Hg** with the adsorbed dTTPs by forming T—
Hg?*-T complex, thus induced aggregation of Au NPs, resulting in a red to blue—
gray color change of Au NPs owing to the interparticle coupled plasmon excitons
in the aggregated states (Fig. 2.15E). This method exhibited high sensitivity
toward Hg?* with a LOD of 50 nM (Fig. 2.15F). Later, Lou et al. proposed a
colorimetric detection method for Hg** by using anti-aggregation of Au NPs based
on the coordination between thymine and Hg** [51]. In this study, the thymine can
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Fig. 2.15 A Colorimetric detection of Hg?* using DNA-Au NPs and B Normalized melting
curves of aggregates (probes A and B) with different concentrations of Hg>*. Reproduced with
permission from Ref. [46]. Copyright 2007, American Chemical Society. C Schematic repre-
sentation of colorimetric detection of Hg”* using ssDNA-Au NPs and D (a) Color response of a
14 nm NP detection system (probes A, B, and C7) in the presence of a selection of metal ions
(Hg**, Cu?*, Ca®*, Fe**, Mn>", Sn**, Zn>*; 10 uM each). Note that Blank1 (probes A, B, and C7
without Hg2+) and Blank?2 (probes A and B with Hg2+) were used as control references. (b) Color
response of a 30 nm NP detection system under the same conditions. (c, d) Normalized melting
curves of the solution (containing probe A, B, and C7) with or without Hg2+ (10 pM) for the 14
and 30 nm NP systems, respectively. Reproduced with permission from Ref. [48]. Copyright
2008, American Chemical Society. E Schematic description of colorimetric sensing of Hg?
based on the dTTPs-stabilized Au NPs absorption spectra changes of T-Au NPs solution in the
presence of different concentrations of Hg?*. F The arrows indicate the signal changes as
increases in Hg2+ concentrations. Inset plot of the value of absorbance ratios, Aggo nm/A520 nm»> Of
T-Au NPs as a function of the concentration of Hg?*. Reproduced with permission from
Ref. [50]. Copyright 2011, Royal Society of Chemistry
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bind to the Au NPs through Au-N bonds and induce aggregation of Au NPs. In the
presence of Hg?*, the thymine was released from the surface of Au NPs via the
formation of a thymine-Hg?* coordination complex, leading to the dispersion of
Au NPs.

Colorimetric nanoprobes for Pb>* detection have been largely developed by
using the size and distance dependent optical properties of nanoparticles [39, 108,
109]. Huang’s group designed a colorimetric assay for Pb** based on the leaching
of Au NPs owing to the fact that Pb** accelerates the leaching rate of Au NPs by
thiosulfate (S,05>") and 2-mercaptoethanol (2-ME) [39]. The formation of Pb—Au
alloys on the surfaces of the Au NPs in the presence of Pb>* and 2-ME. The
formation of Pb—Au alloys accelerated the Au NPs rapidly dissolved into solution,
leading to dramatic decreases in the SPR absorption (Fig. 2.16A). The 2-ME/
820327—Au NP probe is highly sensitive (LOD = 0.5 nM) and selective (by at
least 1,000-fold over other metal ions) toward Pb>*, with a linear detection range
(2.5 nM-10 uM) over nearly four orders of magnitude.

DNAzymes, a type of DNA-based catalysts, obtained through the combinatorial
method systematic evolution of ligands by exponential enrichment (SELEX), can
direct assembly of Au NPs. Lu’s group have fabricated highly selective Pb**
sensors using DNAzyme-directed assembly of Au NPs [56]. The design of label-
free DNAzyme colorimetric Pb>* sensor is based on the 8—17 DNAzyme highly
specific for Pb** composed of a substrate strand extended by eight bases at the 5’
end (called (8)17S) and an enzyme strand extended by eight complimentary bases
at 3’ end (called 17E(8)) (Fig. 2.16B). The 8-base-pair extension allows stable
hybridization between the substrate and enzyme strands at ambient temperature,
while still allowing release of single stranded DNA (ssDNA) at the other end upon
cleavage in the presence of Pb®*. Upon addition of trishydroxymethylaminome-
thane (Tris) and NaCl to adjust ionic strength, followed by addition of Au NPs, the
released ssSDNA can be adsorbed onto Au NP and prevent the individual Au NP
from forming blue aggregates under high-ionic-strength conditions. In the absence
of Pb** or in the presence of other metal ions, however, no cleavage reaction
should occur, and the enzyme-substrate complex can not stabilize Au NPs,
resulting in Au NP aggregates. This sensor showed high sensitivity with a
detection limit of 3 nM. For simplicity, Su et al. developed a facile, cost-effective
colorimetric detection method for Pb®* by using glutathione functionalized Au
NPs [57]. The modified Au NPs could be induced to aggregate immediately in the
presence of Pb** with the addition of NaCl (Fig. 2.16C).

Glutathione, dithiothreitol, and cysteine co-functionalized Au NPs have been
fabricated for As** detection (1 ppb) in groundwater [58]. Au NPs modified with
5, 5’-dithiobis (2-nitrobenzoic acid) were also used for the detection of trace levels
Cr** (99.6 ppb) in the presence of 15 other metal ions in aqueous solution [60]. 6-
mercaptonicotinic acid and L-cysteine co-functionalized Au NPs were used for
colorimetric detection of Cd** (LOD = 100 nM) [59]. Generally, there is no
specific recognition ligand for these metal ions, two or more ligands are used to co-
modify Au NPs with synergistic effect in colorimetric assay.
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Fig. 2.16 A Cartoon representation of the sensing mechanism of the 2-ME/S,03—Au NP Probe
for the detection of Pb** ions. Reproduced with permission from Ref. [39], Copyright 2009,
American Chemical Society. B Left Secondary structure of the DNAzyme complex, which
consists of an enzyme strand (17E(8)) and a substrate strand ((8)17S). After lead-induced
cleavage, 10-mer ssDNA is released which can adsorb onto the AuNP surface. Right Schematic
of the label-free colorimetric sensor. The lead-treated/-untreated complex and NaCl are mixed
with AuNPs. The AuNPs aggregate in the absence of lead but remain dispersed in the presence of
lead. Reproduced with permission from Ref. [56], Copyright 2008, Wiley. C Strategy for the
colorimetric detection of Pb®* using GSH-Au NPs Reproduced with permission from Ref. [57],
Copyright 2010, American Chemical Society

Hutchison and coworkers have developed a trivalent lanthanide (Ln*") ion
sensor based on tetramethylmalonamide (TMMA) functionalized Au NPs [71].
The presence of Ln* ions in the Au NP solution initiates Au NP cross-linking and
concomitant red to blue color change through the formation of 2:1 TMMA-Ln**
chelating complex. An immediate colorimetric response to the Ln** ions was
detected, with sensitivity down to ~50 nM for Eu®* and Sm>*
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Colorimetric assay also has been explored for anions detection. The Griess
reaction where sulfanilamide and naphthylethylenediamine are coupled by nitrite
has been used to create colorimetric assay for NO, ™ detection. Mirkin’s group
designed a colorimetric nitrite sensor with Au NP probes [72]. In the system, two
types of Au NPs were used, aniline Au NPs were modified with 5—[1, 2] di-
thiolan-3-yl-pentanoic acid [2-(4-amino-phenyl)ethyl]amide and co functionalized
with hydrophobic (11-mercapto-undecyl)-trimethyl-ammonium (MTA) with
molecules to increase their solubility; naphthalene Au NPs were modified with 5—
[1, 2] dithiolan-3-yl-pentanoic acid [2-(naphthalene-1-ylamino)et-hyllamide and
MTA. The aniline and naphthalene Au NPs are red when dispersed in aqueous
solution. In the presence of NO,™ under acidic conditions, however, the amine
groups on the aniline Au NPs are converted to a diazonium salt, which then
couples with the naphthalene Au NPs to form covalently interconnected nano-
particle probes. This reaction causes the formation of crosslinked particle networks
which precipitate rapidly, causing the solution to change from red to colorless
(Fig. 2.17a). A novel noncrosslinking NO,™ sensor was developed utilizing 4-
aminothiophenol (4-ATP) modified Au NRs [73]. In the presence of nitrite ions,
the deamination reaction was induced by heating the 4-ATP modified Au NRs in
ethanol solution, resulting in the reduction of the Au NRs surface charge, which
led to aggregation and a colorimetric response that was quantitatively correlated to
the concentration of nitrite ions (Fig. 2.17b). This simple assay was rapid
(<10 min) and highly sensitive (<1 ppm of nitrite), and it can be used for rapid
monitoring of drinking water quality. Zhang et al. developed a simple colorimetric
method for sensing of nitrite as low as 4.0 uM by naked eyes [74]. This method is
based on etching of Au NRs accompanied by shape changes in aspect ratios
(length/width) and a visible color change from bluish green to red and then to
colorless with the increase of nitrite (Fig. 2.17c). Colorimetric nanoprobes for
other anions such as I, SCN™ also have been investigated with efforts [76, 77].

2.3.2 Detection of Small Organic Molecules

A variety of colorimetric detection methods for small organic molecules such as
glucose, adenosine triphosphate (ATP), cocaine, 2, 4, 6-trinitrotoluene (TNT),
dopamine, have been developed based on novel metal nanoparticles, as summa-
rized in Table 2.1.

TNT is a leading example of a nitroaromatic explosive with significant detri-
mental effects on the environment and human health. Mao and coworkers reported
a simple and sensitive method for the colorimetric visualization of TNT at pi-
comolar levels by using Au NPs [78]. This method was based on the color change
of Au NPs induced by the donor—acceptor (D—A) interaction between TNT and
primary amines (Fig. 2.18A). In this system, cysteamine was used both as the
primary amine and as the stabilizer for Au NPs. Cysteamine-stabilized AuNPs
were well dispersed and the color was wine red. In the presence of TNT, the D-A
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Fig. 2.17 a Griess reaction; Colorimetric detection of nitrite with functionalized Au NPs
photograph of particle solutions after incubation with various concentrations of nitrite. The nitrite
concentrations, in uM, are listed next to the respective solutions. The MCL of nitrite in drinking
water (21.7 uM) is highlighted in red. (B) Particle solution extinction at 524 nm after incubation
as a function of nitrite concentration. The red dashed line indicates the nitrite MCL. Reprinted
with permission from Ref. [72], Copyright 2009, American Chemical Society. b Noncross-
linking colorimetric detection of nitrite with 4-ATP modified Au NRs; (A) Absorption spectra of
CTAB covered Au NRs (black), Au NR-4ATP in 20 % ethanol solution (red), and aggregated Au
NR after heating in 20 % ethanol (blue). (B) Photograph of Au NR-4ATP reacted with various
concentrations of nitrite after incubation in 20 % ethanol at 95 °C. Reprinted with permission
from Ref. [73], Copyright 2009, American Chemical Society. ¢ Schematic illustration for the
colorimetric sensing of NO,™ based on etching of Au NR; Absorption spectra of GNRs after
incubation with different concentrations of NO,~ for 20 min. Insets show the decrease of
absorption area response to different concentrations of NO,  and the color change with the
increase of NO,~ concentration from left to right, respectively. Reprinted with permission from
Ref. [74], Copyright 2012, Royal Society of Chemistry

interaction between TNT and cysteamine at the surface of Au NP led to the
aggregation of Au NPs and the color changed to violet blue, that can be readily
seen by the naked eye. The strong D—A interaction between TNT and cysteamine
and the good analytical properties of Au NPs described in previous reports sub-
stantially enable a picomolar amount of TNT (0.5 pM ~ 5 nM) to be visualized
by the naked eye (Fig. 2.18B). This study essentially offers a new and simple but
sensitive method for TNT detection.

Dopamine (DA) plays a central role in brain functions such as reward-related
behavior, movement, and mood. Shi’s group first reported a direct, selective and
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Fig. 2.18 A D-A interaction between cysteamine and TNT. (b) Assay for direct colorimetric
visualization of TNT based on the electron D-A interaction at the Au NP/solution interface.
B Colorimetric visualization of TNT by using Au NPs (containing 500 nm cysteamine). TNT
concentrations varied from 5 x 1073 M (2)to 5 x 107°M (6). (b) UV/Vis spectra of the Au
NPs suspension (10 nm) containing 500 nm cysteamine in the presence of different concentra-
tions of TNT: red, 0 m; dark yellow, 5 x 10713 M; yellow, 5 x 10712 M; magenta,
5 x 107" M; cyan, 5 x 107" M; blue, 5 x 1072 M. Inset plot of Agso/Aszo against log Cnr
for TNT assay. Reprinted with permission from Ref. [78]. Copyright 2008, Wiley. C Colorimetric
detection of dopamine using functionalized gold nanoparticles (the MBA-DSP-AuNPs probe).
Reprinted with permission from Ref. [81]. Copyright 2011, Wiley. D (a) Schematic represen-
tation of colorimetric detection of adenosine. The DNA sequences are shown in the right side of
the figure. The A12 in 3’ Adap Au denotes a 12-mer polyadenine chain. In a control experiment, a
mutated linker with the two mutations shown by the two short black arrows was used. Note: The
drawing is not to scale. (b) Schematic representation of the colorimetric detection of cocaine
based on cocaine-induced disassembly of nanoparticle aggregates linked by a cocaine aptamer.
Reprinted with permission from Ref. [87]. Copyright 2005, Wiley

sensitive strategy for the colorimetric visualization of cerebral DA at nanomolar
levels using 4-mercaptophenylboronic acid (MBA) and dithiobis(succinimidyl-
propionate) (DSP) cofunctionalized Au NPs [81]. MBA and DSP not only act as
stabilizers for Au NPs but also interact with diols and amine functional groups,
respectively, in DA to doubly recognize DA with high specificity (Fig. 2.18C).
Double interactions between the functionalized Au NPs and DA triggered Au NP
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aggregation, thus resulting in a color change from wine red to blue and to direct
colorimetric visualization of DA.

Lu reported a general method to construct sensors based on a color change of
Au NPs for any aptamer of interest [87]. The sensor was made of nanoparticle
aggregates containing three components: two kinds of ssDNA-modified Au NPs
and a linker DNA molecule that carries adenosine aptamer (Fig. 2.18D-a). Ini-
tially, Au NPs and the linker DNA were suspended in solution to generate purple
Au NPs. In the Au NP aggregation process, the linker DNA molecule pairs
respectively with two ssDNA-functionalized Au NPs where a part of adenosine
aptamer also takes part in the DNA hybridization process. With the presence of
adenosine, the aptamer changes its structure to bind with adenosine, resulting in
the disassembly of the AuNP aggregates with a concomitant blue-to-red color
change. Utilizing this system, adenosine was detected in concentrations from 0.3
to 2 mM. Similarly, a colorimetric sensor for cocaine was further constructed
using a cocaine aptamer (Fig. 2.18D-b).

Chiral recognition is among the important and special modes of molecular rec-
ognition. Ye et al. developed an enantioseparation and detection platform for D- and
L-cysteine using uridine 5’-triphosphate (UTP)-capped silver nanoparticles [96]. As
seen in Fig. 2.19-1, in the presence of D-Cys, an appreciable yellow-to-red color
shift of UTP-capped AgNPs can be observed, while no color changes were found in
the presence of L-Cys. The limit of discrimination concentration between L- and D-
Cys is approximately 100 nM (Fig. 2.19-2). UTP-capped AgNPs selectively inter-
acted with one enantiomer of cysteine from a solution of racemic cysteine, leaving
an excess of the other enantiomer in the solution after centrifugation treatment, thus
resulting in enantioselective separation (Fig. 2.19-3).

2.3.3 Detection of Oligonucleotides

Nucleic acid-based detection has attracted great interest for early diagnosis of
many diseases including cancer. Nanoparticle-based colorimetric assays have been
demonstrated to be a highly competitive technology for oligonucleotides targets on
the basis of highly specific base-paring of DNA strands [33]. Au NPs aggregate
with concomitant color change is trigged by the presence of target oligonucleo-
tides as a result of hybridization of the DNA strand. Fabrication of Au NPs
functionalized with thiolated DNA strand allowed researchers to tailor the prop-
erties of the nanoparticle probes according to the assay method. This discovery has
stimulated extensive use of oligonucleotide-directed Au NP aggregation for col-
orimetric detection of oligonucleotides. Recently, Gao and coworkers reported a
method to conduct the detection of DNA target under extremely low salt condi-
tions where the secondary structures are less stable and more accessible [98]. In
this approach, a new type of nanoparticle probes prepared by functionalizing gold
nanoparticles with nonionic morpholino oligos is employed. Because of the salt-
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Fig. 2.19 1 Colorimetric discrimination of L-and D-Cys using UTP-capped AgNPs. 2 Plots of
Aspo/Aso0 ratio of UTP-capped AgNPs upon the addition of 1- and d-Cys at different
concentrations (0.01, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, 500, 1,000, and 10,000 uM). Inset
magnification of the plots in the range of 0.0-20 uM. The reaction time was 60 min, and then, the
As0/A 400 ratios were collected. 3 Photo exhibition of UTP-capped AgNPs toward 100 pM 1-Cys,
d-Cys, and dI-Cys (A) before centrifugation and (B) after centrifugation. Plots of absorption
ratios (Aspo/A4op) corresponding to (C) 10 uM d-Cys0 and d-Cysl1 (the supernatant of 100 pM d-
Cys0 reacted with UTP-capped AgNPs) and (D) 10 uM dI-Cys0 and dI-Cysl (the supernatant of
100 pM dI-Cys0 reacted with UTP-capped AgNPs). Reproduced with permission from Ref. [96].
Copyright 2011, American Chemical Society

independent hybridization of the probes with nucleic acid targets, nanoparticle
assemblies can be formed in 2 mM Tris buffer solutions containing 0—-5 mM NaCl,
leading to the colorimetric target recognition (Fig. 2.20A). In this study, sharp
melting transitions were observed in this method when a small amount of NaCl
was presented. The melting behavior enables the unambiguous discrimination of
the sequences with single-base substitution, deletion, or insertion [98]. Su and
coworkers developed a label-free homogeneous phase bioassay to characterize the
DNA binding properties of single-stranded DNA binding (SSB) protein using
unmodified Au NPs and its application for detection of single nucleotide poly-
morphisms [97]. As shown in Fig. 2.20B, mismatched ssDNA can bind to SSB and
form a SSB-ssDNA complex, which can protect Au NPs from salt-induced
aggregation, while the complementary DNA can not, the Au NPs aggregated in the
presence of salt (KCl). In this study, the detection of DNA hybridization with
single nucleotide polymorphism selectivity was further developed. Owing to the
high affinity between SSB and dissociated ssDNA, single-base mismatch dis-
crimination in a long sequence of 30-mer DNA was achieved for both the end- and
center-base mismatch.
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Fig. 2.20 A Schematic presentation of the colorimetric detection of nucleic acids under
extremely low salt conditions. Reprinted with permission from Ref. [98]. Copyright 2011,
American Chemical Society. B Schematic illustrations of DNA detection principle based on the
inverse relationship between sequence-dependent DNA hybridization efficiency and the tendency
of forming large SSB—ssDNA complex to protect AuNPs from salt-induced aggregation.
Reprinted with permission from Ref. [97]. Copyright 2011, American Chemical Society

2.3.4 Detection of Proteins

Colorimetric nanoprobes have been extensively developed for the detection of
disease associated biomarker proteins or irregular proteins, such as platelet-derived
growth factors (PDGFs) and their receptors, thrombin, histone-modifying
enzymes, as summarized in Table 2.1.

Chang and coworkers developed a highly specific sensing system for PDGFs
and platelet-derived growth factor receptors (PDGFR) using aptamer-modified Au
NPs [101]. Au NPs modified with an aptamer (Apt-AuNPs) that is specific to
PDGFs was used in this study. The Apt-Au NP solutions change color in the
presence of PDGF at high enough concentration, where PDGF molecules act as
bridges that link Apt-AuNPs together. At very high PDGF concentrations, there
was no obvious aggregation owing to the repulsion and steric effects because the
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Fig. 2.21 a Schematic representation of the aggregation of Apt-Au NPs in the presence of
PDGFs at Low, (B) Medium, and (C) High Concentrations. Reproduced with permission from
Ref. [101]. Copyright 2005, American Chemical Society. b AuNPs colorimetric strategy for
thrombin detection. Reproduced with permission from Ref. [99]. Copyright 2007, Royal Society
of Chemistry. ¢ Illustration of biosensing strategy for Histone-Modifying Enzyme (HME) based
on antibody-mediated assembly of Au NPs decorated with substrate peptides subjected to
enzymatic modifications. Reproduced with permission from Ref. [100]. Copyright 2012,
American Chemical Society. d The detection (colorimetric and fluorometric) of AChE based
on RB-Au NPs. The well-dispersed RB-Au NPs (red) are induced to aggregate (purple) via
electrostatic interaction in the presence of thiocholine derived from the hydrolysis of ATC
catalyzed by AChE in the CSF of transgenic mice, accompanied with the fluorescence recovery
of RB (the color of the stars changed from gray to green). Reproduced with permission from
Ref. [103]. Copyright 2012, Wiley

surface of the Au NPs became saturated with PDGF molecules through aptamer-
PDGF binding, as shown in Fig. 2.21a. Utilizing this system, the detection limit of
PDGFs was as low as 2.5 and 3.2 nM for PDGF receptor.

Dong’s group reported aptamer-based colorimetric sensing of alpha-thrombin
using unmodified Au NPs [99]. Thrombin binding aptamer (TBA) is much more
inclined to fold into a structure of G-quadruplex/duplex when interacts with
thrombin. In the absence of thrombin, unfold TBA could protect Au NPs from salt-
induced aggregation and the solution remained red color. With the addition of
thrombin, TBA interacted with thrombin and folded into a structure of G-quadruplex/
duplex, resulting in the aggregation of AuNPs after the addition of NaCl as shown in
Fig. 2.21b. The color of AuNPs colloidal solution changed from red to purple. The
change of TBA conformation from the unfolded one to G-quadruplex/duplex could
be directly observed with the naked eye, realizing the detection of protein thrombin in
a very convenient way from O to 167 nM with a detection limit of 0.83 nM.
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Enzymatic immuno-assembly of Au NPs for visualized activity screening of
histone-modifying enzymes (HME) has been developed by Liu and coworkers
[100]. This strategy relies on the antibody-mediated assembly of AuNPs decorated
with substrate peptides that are subjected to enzymatic modifications by the HME
Fig. 2.21c. The Au NP was decorated with a substrate peptide containing a sub-
strate sequence at the N’ terminal and a thiolated, negatively charged spacer
sequence at the C’ terminal. In the presence of an active HME such as HMT or
HAT, the substrate peptide is modified at a specified site with a certain group such
as methyl for HMT or acetyl for HAT. After the addition of an immunoglobin G
(IgG) antibody specific to this modified peptide (a methylated peptide sequence for
HMT or an acetylated peptide sequence for HAT), the peptides subjected to
enzymatic modifications can be bound by the divalent IgG antibody at its two
binding sites. This triggers a network-like assembly of the peptide-modified AuNP
and thus induces a significant variation in the plasmon resonance absorption peak
with a visualized color change. A quasilinear correlation was obtained to the
logarithmic concentration of HMT ranging from 1 to 200 nM with a detection
limit of 0.2, 50 nM to 20 uM for inhibitors of HMT, 2-200 nM with the detection
limit estimated to be 0.5 nM for HAT.

Jiang’s group provided a highly sensitive and selective rhodamine B-modified
gold nanoparticle (RB-Au NP)-based assay with dual readouts (colorimetric and
fluorometric) for monitoring the levels of acetylcholinesterase (AChE) in the
cerebrospinal fluid (CSF) of transgenic mice suffering from Alzheimer’s disease
(AD) [103]. In this study, upon the addition of both acetylthilcholine (ATC, an
analog of acetylcholine) and AChE into a RB-Au NPs solution, AChE could
hydrolyze ATC to generate thiocholine, which strongly binded onto surfaces of Au
NPs via the formation of Au-S bond to replace RB molecules, resulting in the
desorption of RB molecules from Au surfaces. Thiocholine and the residual RB
molecules attached to different Au NP surfaces may be able to interact via elec-
trostatic interaction between the quaternary ammonium group on thiocholine and
the acidic group on RB and cause the aggregation of Au NPs, as shown in
Fig. 2.21d. This process resulted in a rapid change of the absorption band as well
as the color change of the AuNPs solution from red to blue. In addition, when
ACHE inhibitors were present, AChE failed to catalyze ATC to generate the thi-
ocholine thus the RB-AuNPs remained dispersed. For the colorimetric response,
the detection limit can reach 1.0 mU/mL.

2.3.5 Sensing of Cancer Cells

The key to the effective and ultimately successful treatment of diseases such as
cancer is early and accurate diagnosis. Colorimetric sensing of cancer cell does act
as an attractive method based on the aptamer and specific antibody-conjugated
nanoparticles. The aptamers are selected using the cell-SELEX methodology in
which live whole cells served as the target. Tan and coworkers have developed a
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Fig. 2.22 1 (A) Schematic representation of the aptamer-conjugated Au NP based colorimetric
assay. (B) Plots depicting the absorption spectra obtained for various samples analyzed using
aptamer-conjugated Au NPs. The spectra illustrate the differences in spectral characteristics
observed after the aptamer-conjugated Au NPs bind to the target cells. 2 Images of aptamer-
conjugated Au NPs with increasing amounts of target (top) and control cells (bottom). The
amount of cells used in each sample is given in the legend on the bottom right. (B) Absorption
spectra of the control cell samples with aptamer-conjugated Au NPs. (C) Absorption spectra of
the target samples with aptamer-conjugated Au NPs. Reproduced with permission from
Ref. [105]. Copyright 2008, American Chemical Society. 3 First two steps show schematic
representation of the synthesis of monoclonal anti-HER2 antibody and S6 RNA aptamer-
conjugated oval-shaped gold nanoparticles. Third step shows schematic representation of
multifunctional oval-shaped gold-nanoparticle-based sensing of the SK-BR-3 breast cancer cell
line. 4 (A) Absorption profile variation of multifunctional oval-shaped gold nanoparticles due to
the addition of different cancerous and noncancerous cells. (B) Photograph showing colorimetric
change upon addition of different cancer cells (10* cells/mL). (C) Photograph demonstrating
colorimetric change upon the addition of different numbers of SK-BR-3 cells. Reproduced with
permission from Ref. [106]. Copyright 2010, American Chemical Society

colorimetric assay for the direct detection of diseased cells [105]. In this study, the
aptamer-conjugated Au NPs (20 nm) were targeted to assemble on the surface of a
specific type of cancer cell through the recognition of the aptamer to its target on
the cell membrane surface, inducing a distinct color change as shown in Fig. 2.22-
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1A. The assembly of Au NPs around the target cells caused an increase in the
absorption and scattering of the solution Fig. 2.22-1B. This colorimetric assay can
realize the quantitative analysis of target cells (Fig. 2.22-2) and showed excellent
sensitivity with both the naked eye and based on absorbance measurements with a
detection limit calculated to be 90 cells.

In addition to the aptamer-conjugated nanoparticles, antibody-functionalized
nanoparticles also can act as effective recognition moiety for the colorimetric
selective sensing of cancer cells. Ray group reported simple colorimetric assay for
breast cancer SK-BR-3 cell lines using a multifunctional (monoclonal anti-HER2/
c-erb-2 antibody and S6 RNA aptamer-conjugated) oval-shaped Au NP-based
nanoconjugate [106]. As shown in Fig. 2.22-3, the functionalized nanoparticles
were initially fabricated through two steps; then in the presence of the breast
cancer SK-BR-3 cell line, several nanoparticles can bind to HER2 receptors in the
cancer cell, producing nanoparticle aggregates. Colorimetric change was observed
after the addition of cancer cells as seen from Fig. 2.22-4. The use of antibody and
aptamer cofunctionalized nanoconjugate platform fabricated a highly selective and
sensitive detection method for a breast cancer cell line at a 100 cells/mL level.
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