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Preface

The goal of this brief is to give a summary of recent advances in novel optical
nanoprobes for chemical and biological analysis. The design and application of
novel optical nanoprobes for chemical and biological analysis has become a new,
growing area of interest in recent years. Taking advantage of the development of
nanotechnology, various kinds of nanomaterials with novel optical properties have
been generated, laying the foundation of optical nanoprobes. By further integrating
receptors (chemical ligand, aptamer, molecular imprinting polymer, etc.), the
chemical information of binding specific targets will transform into analytically
useful optical variation signals. These sensors are attractive owing to their high
sensitivity, high specificity, and potential for easy quantification of species in
many fields of application, such as conventional chemical and biological analysis,
clinical diagnosis, and intracellular system sensing, or even single molecule
detection for their nanoscale size. In this brief, we will give an introduction to
several kinds of talented nanomaterials such as gold/silver nanoparticles, quantum
dots, upconversion nanoparticles, and graphene. Furthermore, we mainly focus on
the most recent reported strategies to design sensors that apply the optical prin-
ciples of nanomaterials to detect targets employing using various detection tech-
niques including colorimetry, fluorometry, surface-enhanced Raman scattering
(SERS). The challenges and future perspectives of optical nanoprobes will also be
presented, such as increasing sensing performance for real environmental and
clinical samples, the design and application of multifunctional nanoplatforms, and
biocompatibility research.
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Ling Chen
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Chapter 1
A Brief Introduction to Optical
Nanoprobes

Abstract Nanomaterial-based novel optical nanoprobes have been extensively
developed because of their high sensitivity, high specificity, and potential for easy
quantification of species in chemical and biological analysis. With the develop-
ment of nanotechnology, various kinds of nanomaterials with novel optical
properties have been generated, laying the foundation of optical nanoprobes. By
further integrating receptors (chemical ligand, aptamer, molecular imprinting
polymer, etc.), the chemical information of binding specific targets will transform
into analytically useful optical variation signals, employing different detection
techniques including colorimetry/UV–Vis spectra, fluorometry and surface
enhanced Raman scatting. In this chapter, a brief introduction of optical nanop-
robes is given in terms of nanomaterials, recognition units, and optical detection.

Keywords Nanomaterials � Recognition units � Optical nanoprobes � Colorim-
etry � Fluorescence � Surface enhanced Raman scattering

1.1 Nanomaterials

Nanomaterial is an important unit of the optical nanoprobe. The flourish devel-
opment of nanotechnology lays the foundation of optical nanoprobes. Owing to
their excellent optical properties, several kinds of talented nanomaterials such as
gold/silver nanoparticles (Au/Ag NPs) [1, 2], quantum dots (QDs) [3], upcon-
version nanoparticles [4–6], and graphene [7] have been utilized in the optical
nanoprobes. In an optical assay, target-induced aggregation or surface change of
nanomaterials could cause the optical properties change. According to the most
recent reported strategies to design optical sensors, various nanostructures
involved in the sensing system are summarized, as shown in Table 1.1. Noble
metal nanomaterials with various structures have been widely used in the design of
optical nanoprobes. Typically, gold spheres, rods, popcorns, and hollow gold
nanospheres were mainly applied as the substrate of optical nanoprobes with

L. Chen et al., Novel Optical Nanoprobes for Chemical and Biological Analysis,
SpringerBriefs in Molecular Science, DOI: 10.1007/978-3-662-43624-0_1,
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colorimetric and surface enhanced Raman scatting (SERS) methods [8–10], while
smaller sized clusters were used for fluorescence response [11, 12]. Similarly,
silver nanostructures played an important role in the construction of optical
nanoprobes with varied optical signals [13–17]. Multicomponent nanostructures,
such as QDs, rare earth compounds, offer better fluorescence properties in nano-
sensors [3, 4, 6]; silver and gold hybrid spheres and rods support colorimetric
methods [18, 19]. Graphene and carbon nanotube are usually used as substrate of
probes with the aptamer-fluorochrome, because of their fluorescence quenching of
fluorochrome [7, 20]. As a fluorescence material, carbon dot is often used in the
biosystem for fluorescence imaging [21–23]. The assembly of two or more
nanomaterials also could generate special nanoprobes for targets, such as the
assembly of gold nanospheres or nanorods on the graphene surface [24–26]. With
their unique optical properties, these novel nanomaterials can not only translate
sensing behavior of target into optical signals but also endow high sensitivity of
the nanosensor.

1.2 Recognition Units

The other key component in a nanoprobe is the recognition unit, which provides a
selective response to the target. This unit generally can attach the surface of
nanomaterial and simultaneously recognize target through specific interaction,
skillfully combine the target sensing and the optical behavior of nanomaterial. The
recognition units involve small organic molecules, biological macromolecule, and
specific chemical/biological reaction and interaction. The recognition of target
with these units induces the change of optical signals, such as color change,
fluorescence, and SERS signals change.

Table 1.2 shows the demonstrated recognition units in recent reported optical
nanoprobes. Most small molecular ligands have two key groups, one is thiol group,
which is used for the linkage of nanosurface and N/O-group for the combination
with target, and the other group is mainly used for the detection of metal ions, for
instance, mercapto-aliphatic acid for heavy metal ions [32], thymine derivative for
mercury ions [33, 34], glutathione for lead ions [35], 15-crown-5 moieties for

Table 1.2 Summary of typical recognition units

Recognition units Examples Ref.

Small molecular ligands Mercaptopropionic acid; thymine derivative;
glutathione; L-Cysteine; 15-crown-5 moieties;
etc.

[32–36]

Biological macromolecules Aptamer; enzyme; antigen-antibody; etc. [37–39]
Specific chemical reactions and

interactions
Strong affinity between Au and Hg; click

chemistry; Griess reaction; electrostatic
interaction; Hydrogen-bonding; etc.

[40–44]

1.1 Nanomaterials 3



potassium ions [36]. Biological macromolecules including aptamer, enzyme, and
antigen-antibody can be used as outstanding recognition units in the optical
nanosensors for the detection of special biomolecule and protein. The aptamer
selected using the exponential enrichment (SELEX) methodology is an excellent
recognition unit of nanosensor owning high selectivity toward target [37]. Based
on the specific recognition between aptamer and target, aptamer-based nanoprobe
can perform highly selective sensing behavior. Enzyme-based biological reactions
also endow the nanoprobe high selectivity [38], as well as antigen–antibody [39].
Specific chemical reaction and interaction also can be used in the design of
nanoprobes, including strong affinity between Au and Hg for the sensing of
mercury ions [40], click chemistry for copper ions [41], Griess reaction for nitrite
ions [42], electrostatic interaction [43], and hydrogen-bonding [44].

These recognition units determine the selectivity of the nanoprobes for the
sensing of target. With their assistance, target-sensing behavior could be translated
into optical signals.

1.3 Optical Detection

As the key components, nanomaterial and recognition units are essentially nec-
essary in an optical assay, affecting the performance in selectivity, sensitivity,
response time, and signal-to-noise ratio. In the sensing system, after the recogni-
tion behavior of target, the optical signals could be further detected by optical
techniques.

The most commonly used optical detection techniques in nanoprobes include
colorimetry, UV–Vis spectra, fluorescence spectra, and SERS. Generally, gold/
silver nanomaterial-based nanoprobes could produce eye-sensitive color change in
the visible range of 390–750 nm for colorimetric assay [45]. Fluorescence nano-
material or fluorechrome mediated nanomaterial-based sensors usually employ
fluorescence signals [4, 7]. Aggregated nanoparticles or rough nanosurface based
sensor could produce ‘‘hot spot’’ for SERS tags with the increase of SERS signals
[10]. These optical detection techniques realize the quantitative sensing of target.

In conclusion, an optical nanoprobe includes three key components, as shown in
Fig. 1.1. As the nanosubstrates, novel nanomaterials with unique optical properties
play the role of transducer moiety that can translate the sensing behavior into
optical signals, which closely affect the sensitivity of nanosensor. The recognition
units related to a range of specific ligands/reactions provide a selective response to
the target. After the recognition behavior toward target, various optical detection
techniques (colorimetry, UV–Vis spectra, fluorescence, SERS, etc.) are used
according to the nanomaterial optical properties, to realize the detection of optical
signals translated from target response. Thus, an optical nanoprobe becomes
available for the detection of specific target in chemical and biological analysis.

4 1 A Brief Introduction to Optical Nanoprobes
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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

L. Chen et al., Novel Optical Nanoprobes for Chemical and Biological Analysis,
SpringerBriefs in Molecular Science, DOI: 10.1007/978-3-662-43624-0_2,
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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

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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Fig. 2.2 Photograph showing gold nanoparticles of different sizes. Reprinted with permission
from Ref. [14]. Copyright 2009, Wiley-VCH

A B

C

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 (r) & 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
(kLPR = 600–950 nm) is due to the longitudinal oscillation of the conduction band electrons.
The short wavelength peak (k & 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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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/Ag2S 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

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
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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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Fig. 2.5 A (1) Synthesis of Au@Ag/Ag2S core–shell nanoparticles surface plasmon resonance
shifts of Au seeds, Au@Ag core–shell nanocubes, and Au@Ag/Ag2S 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/Ag2S 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
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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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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 (Hg2+) detection using the coordination reaction between thymine
(T) and Hg2+ [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 Hg2+ 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 (Cu2+) by azide-and terminal
alkyne-functionalized Au NPs in aqueous solutions using click chemistry [31].
When Cu2+ 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 ssDNA 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. 2.7c).
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

Nano
Particle

Target

Crosslinking
aggregation

Non-crosslinking
aggregation

Fig. 2.6 Schematic illustration of aggregation-based colorimetric nanoprobe
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Fig. 2.7 Illustration of the crosslinking aggregation-based colorimetric nanoprobes. a Schematic
mechanism of T–S–Au NPs sensing Hg2+ in aqueous solutions based on the Hg2+-induced
aggregation of gold nanoparticles. Reprinted with permission from Ref. [30]. Copyright 2011,
Royal Society of Chemistry. b The detection of Cu2+ 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. c 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. 2.7e).

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 Hg2+, indicating good dispersion of the nanoparticles. Upon
addition of Hg2+ 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 Hg2+,
and following release of ssDNA from Au NPs. As a result, the system became so
destabilized that Au NPs aggregated (Fig. 2.8).

Fig. 2.8 a Schematic
representation of Hg2+

stimulated aggregation of
AuNPs and b TEM images of
non-aggregated AuNPs
stabilized by ssDNA in the
presence NaClO4 and the
aggregated Au NPs after
addition of Hg2+. Reproduced
with permission from
Ref. [36]. Copyright 2008,
Wiley
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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 lg/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
ions (Hg2+) 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

A

B

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 lg/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
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unstable. This would lead to a color change from red to blue. By contrast, in an
aqueous solution with Hg2+ 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 Hg2+ and Ag+ as low as 5 and 10 nM with a linear range of
0.5–10 lM for Hg2+ and 1.0–8.0 lM for Ag+, respectively.

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 Hg2+-free PBS solution and
the monodispersed Au NPs Obtained after Addition of 10 lM Hg2+. Digital photographs,
absorption spectra, and plots of A520 nm/A620 nm versus the concentration (inset) 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 lM 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
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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 Hg2+ and
reductant (NaBH4) 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 Cu2+ in
aqueous solution, based on the fact that Cu2+ can accelerate the leaching rate of
Ag/Au NPs by thiosulfate (S2O3

2–) [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

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;
II = 1.25 9 10-5 M and III = 1.57 9 10-4 M Hg2+. All solutions were prepared in
1.67 9 10-3 mol/L NaBH4. C TEM analysis of multiple Au nanorods in the absence and the
presence of Hg. Sol A, no Hg; Sol B, 1.25 9 10-5 M Hg; Sol C, 1.57 9 10-5 M Hg2+. All
solutions were prepared in 1.67 9 10-3 mol/L NaBH4. UV-visible absorption spectra showing
the spectral shift at several Hg (II) concentrations. The concentration range between 1.6 9 10-11

and 6.3 9 10-11 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
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detection toward Cu2+, 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 Cu2+ 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

Fig. 2.12 Schematic representation of the sensing mechanism of the S2O3
2-–Ag/AuNPs for the

colorimetric detection of Cu2+ based on catalytic leaching of Ag-coated Au NPs. A Photographs
and B absorption responses of the S2O3

2-–Ag/AuNP solution addition of Cu2+, and C plot of
(Ablank-ACu)/Ablank (at 405 nm) values versus Cu2+ concentration. Inset the enlarged portion of
the plot in the Cu2+ concentration range of 5–800 nM; the regression equation is (Ablank-ACu)/
Ablank = 0.0202 + 0.341c (lM) (r = 0.991). Reprinted with permission from Ref. [42].
Copyright 2011, American Chemical Society
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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 H2O2 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 9 10-7 to
1.0 9 10- 4 M. The detection limit is as low as 2.0 9 10-7 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 lL 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.

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 l M) for 60 min. Reprinted with
permission from Ref. [45]. Copyright 2013, American Chemical Society
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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+, NH4

+, Mg2+, Ca2+, 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 Ca2+ has been detected by
utilizing 1-thiohexyl carboxylic acid and 1-thiohexyl b-D-lactopyranoside co-
functionalized Au NPs [70].

Heavy metal ions such as Hg2+, Pb2+, As3+, and Cd2+ have been well-known
significant health hazards. Colorimetric nanoprobes for heavy metal ions detection

A B

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+, NH4

+, Mg2+, and
Ca2+(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 lM K+, and 2.5 mM Na+. Reprinted
with permission from Ref. [68]. Copyright 2005, American Chemical Society
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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+,
Hg2+ [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 Hg2+ detection using mercaptopropionic acid-modified Au NPs
in the presence of 2, 6-pyridinedicarboxylic acid [47]. For colorimetric Hg2+

detection, the specific affinity between thymine (T) and Hg2+ has been a consid-
erable recognition moiety. Dependent on T–Hg2+–T coordination chemistry, the
colorimetric assay for Hg2+ 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 (Tm), 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 Hg2+ could raise the
Tm 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 Hg2+ at room temperature [48]. Introduction of Hg2+ 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 Hg2+-
mediated formation of T–Hg2+–T base pairs as evidenced by an increase in a sharp
melting temperature. This colorimetric assay showed high selectivity toward Hg2+

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 Hg2+ 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 Hg2+ based on Hg2+ induced
aggregation of deoxythymidine triphosphates (dTTPs)-functionalized Au NPs
[50]. The dTTPs could protect bare Au NPs from aggregation in the presence of
salt (KClO4). With the addition of Hg2+, the dTTPs were desorbed from the Au
NPs surface by the interaction of Hg2+ with the adsorbed dTTPs by forming T–
Hg2+–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 Hg2+ with a LOD of 50 nM (Fig. 2.15F). Later, Lou et al. proposed a
colorimetric detection method for Hg2+ by using anti-aggregation of Au NPs based
on the coordination between thymine and Hg2+ [51]. In this study, the thymine can
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Fig. 2.15 A Colorimetric detection of Hg2+ using DNA-Au NPs and B Normalized melting
curves of aggregates (probes A and B) with different concentrations of Hg2+. Reproduced with
permission from Ref. [46]. Copyright 2007, American Chemical Society. C Schematic repre-
sentation of colorimetric detection of Hg2+ 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
(Hg2+, Cu2+, Ca2+, Fe3+, Mn2+, Sn2+, Zn2+; 10 lM each). Note that Blank1 (probes A, B, and C7
without Hg2+) and Blank2 (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 lM) 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 Hg2+

based on the dTTPs-stabilized Au NPs absorption spectra changes of T–Au NPs solution in the
presence of different concentrations of Hg2+. F The arrows indicate the signal changes as
increases in Hg2+ concentrations. Inset plot of the value of absorbance ratios, A680 nm/A520 nm, of
T–Au NPs as a function of the concentration of Hg2+. 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 Hg2+, the thymine was released from the surface of Au NPs via the
formation of a thymine-Hg2+ coordination complex, leading to the dispersion of
Au NPs.

Colorimetric nanoprobes for Pb2+ 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 Pb2+ based on the leaching
of Au NPs owing to the fact that Pb2+ accelerates the leaching rate of Au NPs by
thiosulfate (S2O3

2-) and 2-mercaptoethanol (2-ME) [39]. The formation of Pb–Au
alloys on the surfaces of the Au NPs in the presence of Pb2+ 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/
S2O3

2-–Au NP probe is highly sensitive (LOD = 0.5 nM) and selective (by at
least 1,000-fold over other metal ions) toward Pb2+, with a linear detection range
(2.5 nM–10 lM) 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 Pb2+

sensors using DNAzyme-directed assembly of Au NPs [56]. The design of label-
free DNAzyme colorimetric Pb2+ sensor is based on the 8–17 DNAzyme highly
specific for Pb2+ 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 Pb2+. Upon addition of trishydroxymethylaminome-
thane (Tris) and NaCl to adjust ionic strength, followed by addition of Au NPs, the
released ssDNA 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 Pb2+ 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 Pb2+ by using glutathione functionalized Au
NPs [57]. The modified Au NPs could be induced to aggregate immediately in the
presence of Pb2+ with the addition of NaCl (Fig. 2.16C).

Glutathione, dithiothreitol, and cysteine co-functionalized Au NPs have been
fabricated for As3+ 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
Cr3+ (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 Cd2+ (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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Hutchison and coworkers have developed a trivalent lanthanide (Ln3+) ion
sensor based on tetramethylmalonamide (TMMA) functionalized Au NPs [71].
The presence of Ln3+ 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-Ln3+

chelating complex. An immediate colorimetric response to the Ln3+ ions was
detected, with sensitivity down to *50 nM for Eu3+ and Sm3+.

Fig. 2.16 A Cartoon representation of the sensing mechanism of the 2-ME/S2O3
2-–Au NP Probe

for the detection of Pb2+ 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 Pb2+ using GSH-Au NPs Reproduced with permission from Ref. [57],
Copyright 2010, American Chemical Society
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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 NO2

- 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-hyl]amide and
MTA. The aniline and naphthalene Au NPs are red when dispersed in aqueous
solution. In the presence of NO2

- 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 NO2

- 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
(B10 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 lM 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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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. 2.17 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 lM, are listed next to the respective solutions. The MCL of nitrite in drinking
water (21.7 lM) 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. c Schematic illustration for the
colorimetric sensing of NO2

- based on etching of Au NR; Absorption spectra of GNRs after
incubation with different concentrations of NO2

- for 20 min. Insets show the decrease of
absorption area response to different concentrations of NO2

- and the color change with the
increase of NO2

- concentration from left to right, respectively. Reprinted with permission from
Ref. [74], Copyright 2012, Royal Society of Chemistry
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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

A
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D

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 9 10-13 M (2) to 5 9 10-9 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 9 10-13 M; yellow, 5 9 10-12 M; magenta,
5 9 10-11 M; cyan, 5 9 10-10 M; blue, 5 9 10-9 M. Inset plot of A650/A520 against log CTNT

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
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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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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. 2.19 1 Colorimetric discrimination of L-and D-Cys using UTP-capped AgNPs. 2 Plots of
A520/A400 ratio of UTP-capped AgNPs upon the addition of l- 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 lM). Inset
magnification of the plots in the range of 0.0–20 lM. The reaction time was 60 min, and then, the
A520/A400 ratios were collected. 3 Photo exhibition of UTP-capped AgNPs toward 100 lM l-Cys,
d-Cys, and dl-Cys (A) before centrifugation and (B) after centrifugation. Plots of absorption
ratios (A520/A400) corresponding to (C) 10 lM d-Cys0 and d-Cys1 (the supernatant of 100 lM d-
Cys0 reacted with UTP-capped AgNPs) and (D) 10 lM dl-Cys0 and dl-Cys1 (the supernatant of
100 lM dl-Cys0 reacted with UTP-capped AgNPs). Reproduced with permission from Ref. [96].
Copyright 2011, American Chemical Society
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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

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
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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 0 to 167 nM with a detection limit of 0.83 nM.
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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. c 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
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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 lM 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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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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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 (104 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
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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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Chapter 3
Fluorescent Nanoprobes

Abstract With the development of nanotechnology, nanomaterials-based fluo-
rescence sensors have been successfully fabricated for various applications. These
nanomaterials include quantum dots, noble metal nanoclusters, upconversion
nanoparticles, carbon nanostructures, and so on. In this chapter, the overviews of
the fluorescence properties of nanomaterials, fluorescence sensing strategies, as
well as their applications in biological and chemical sensing are given in detail.

Keywords Fluorescence nanoprobes � Quantum dots � Noble metal nanoclus-
ters � Upconversion nanoparticles � Carbon nanostructures

3.1 Fluorescence Properties of Nanomaterials

Fluorescence assays based on organic dyes have been used for many years in
environmental and clinical chemistry as reliable and sensitive strategies to detect
low concentrations of analytes in different matrices [1–7]. In recent years, great
progress has been achieved for the development of highly sensitive chemical and
biological fluorescence nanosensor via diverse transduction modes taking advantage
of the unique features of novel fluorescent nanomaterials including small size
effects, large surface-to-volume ratios and tunable optical properties [8–13]. An
explosion of research in this field has yielded many fluorescence detection systems
using various kinds of nanomaterials such as quantum dots (QDs) [14], noble metal
nanoparticles [15, 16], upconversion nanoparticles (UCNPs) [17], carbon nanotubes
(CNTs) [18], graphene oxides (GO) [3], and carbon nanoparticles [19] (Fig. 3.1).

3.1.1 Quantum Dots

Semiconductor QDs exhibit unique luminescence properties such as narrow and
symmetric emission with tunable colors, broad and strong absorption, reasonable
stability, and solution processibility [20–24]. Moreover, such luminescence
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Fig. 3.1 Representative nanomaterials for fluorescence sensing. a Schematic of the fluorescent
Ag clusters and the absorption (yellow) and fluorescence emission (pink) spectra of the as-
prepared Ag clusters. Reproduced with permission from Ref. [15]. Copyright 2011, American
Chemical Society. b Schematic of the formation of fluorescent Au clusters, the photographs of
BSA (a1, a2) and BSA-Au NCs (a3, a4), and the optical absorption (b: dash lines) and
photoemission spectra of BSA and BSA-Au NCs (b: solid line). The inset shows the
photoexcitation spectrum of BSA-Au NCs. Reproduced with permission from Ref. [16].
Copyright 2009, American Chemical Society. c (a) Photograph for the GO colloids illuminated
under sunlight; (b) typical absorption (left) and vis-NIR fluorescence emission (right
kex = 450 nm) spectra of the GO colloids (inset photograph for the GO colloids excited by
365 nm); (c) TEM and (d) AFM images of the as-obtained GO nanosheets. Reproduced with
permission from Ref. [3]. Copyright 2011, Royal Society of Chemistry. d Schematic illustration
of carbon nanotubes. Reproduced with permission from Ref. [18]. Copyright 2013, Royal Society
of Chemistry. e Optical characterization of the purified carbon nanoparticles (CNPs). Optical
images illuminated under white (top) and UV light (312 nm; center). Bottom Fluorescence
emission spectra (excitation at 315 nm) of the corresponding CNP solutions. Reproduced with
permission from Ref. [19]. Copyright 2007, Wiley. f Room temperature upconversion emission
spectra of (a) NaYF4:Yb/Er (18/2 mol%), (b) NaYF4:Yb/Tm (20/0.2 mol%), (c) NaYF4:Yb/Er
(25–60/2 mol%), and (d) NaYF4:Yb/Tm/Er (20/0.2/0.2–1.5 mol%) particles in ethanol solutions
(10 mM). The spectra in (c) and (d) were normalized to Er3+ 650 nm and Tm3+ 480 nm
emissions, respectively. Compiled luminescent photos showing corresponding colloidal solutions
of (e) NaYF4:Yb/Tm (20/0.2 mol%), (f–j) NaYF4:Yb/Tm/Er (20/0.2/0.2–1.5 mol%), and (k–n)
NaYF4:Yb/Er (18–60/2 mol%). Reproduced with permission from Ref. [17]. Copyright 2008,
American Chemical Society. g Photographs of different size samples of (CdSe)ZnS. Reproduced
with permission from Ref. [14]. Copyright 1997, American Chemical Society
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properties can be tuned by controlling the sizes, shapes and compositions, due to
the quantum confinement of the electrons in the particles. As the particles become
smaller, the luminescence energies are blue-shifted to higher energies. The fluo-
rescence spectra of the QDs are usually characterized by narrow emission bands
exhibiting a large Stokes shift and broad absorbance bands. This feature allows the
photo excitation of different sized QDs by a single wavelength, while generating
the size controlled, different colored luminescence [25, 26].

3.1.2 Noble Metal Nanoclusters

Noble metal nanoclusters typically consist of several to tens of atoms [15, 16, 27–
29]. Generally, the current methods for the preparation of noble metal nanoclusters
are divided into ‘‘bottom–up’’ and ‘‘top–down’’ types [30, 31]. For a ‘‘bottom–up’’
approach, metal precursors are reduced to atoms and then the clusters are formed
by piling metal atoms one by one [30–33]. For instance, Chang’s group reported a
one-pot approach to prepare fluorescent DNA-templated gold/silver nanoclusters
(DNA-Au/Ag NCs) from Au3+, Ag+ and DNA (50-CCCTTAATCCCC-30) in the
presence of NaBH4 [33]. Lu et al. prepared gold clusters in NaOH solution using
bovine serum albumin (BSA) as stabilization agent [34]. In contrast, for ‘‘top–
down’’ approach, smaller metal clusters are created by core etching of metallic
nanoparticles into smaller NCs by etching molecules [29, 30]. Pradeep’s group
prepared a bright-red-emitting new subnanocluster Au23 by the core etching of a
widely explored and more stable cluster Au25SG18 (SG is glutathione thiolate)
[35]. Nie et al. reported a highly fluorescent gold clusters by a novel ligand-
induced etching process, in which hyperbranched and multivalent coordinating
polymers polyethylenimine react with preformed gold nanocrystals to form atomic
gold clusters [36]. The size of noble metal nanoclusters is less than 1 nm and is
comparable to the Fermi wavelength of the conduction electrons. The spatial
confinement of free electrons in metal nanoclusters results in discrete and size-
tunable electrons transitions, leading to molecular-like properties such as lumi-
nescence and unique charging properties [37].

3.1.3 Upconversion Nanoparticles

Rare-earth UCNPs exhibit upconversion luminescence (UCL) properties upon low
levels of irradiation in the near infrared (NIR) spectral region, which arising from
4f orbital transitions, due to the effective shielding of the 4f orbitals by higher lying
5s and 5p orbitals, and then minimizing the effect of the outer ligand field [13].
Generally, UCNPs comprise inorganic host, sensitizer and activator. Host mate-
rials need to have low lattice phonon energies, which is a requirement to minimize
nonradiative losses and maximize the radiative emission, such as fluorides, oxides,
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heavy halides (chlorides, bromides and iodides), oxysulfide, phosphates, and
vanadates. Among these, fluoride is the most popular host materials due to its low
phonon energies (*350 cm-1) and high chemical stability. Activators are used to
generate UCL emission under NIR excitation, for example, Er3+, Tm3+, and Ho3+,
which have ladder-like arrangement energy levels. Yb3+, which has a larger
absorption cross-section at around 980 nm than other lanthanide ions, is often co-
doped with Er3+, Tm3+ and Ho3+ as a sensitizer to enhance the UCL efficiency. To
date, hydro (solvo) thermal synthesis and thermal decomposition have become the
two most popular methods for synthesizing of high-quality uniform UCNPs. For
example, Zhang et al. reported an efficient and user-friendly method for the syn-
thesis of uniform hexagonal-phase NaYF4:Yb, Er/Tm nanocrystals with control-
lable shape and strong UCL emission [38]. Yan et al. developed a general
synthesis of high-quality cubic (a-phase) and hexagonal (b-phase) NaREF4 (RE:
Pr to Lu, Y) nanocrystals (nanopolyhedra, nanorods, nanoplates, and nanospheres)
and NaYF4:Yb, Er/Tm nanocrystals (nanopolyhedra and nanoplates) via the co-
thermolysis of Na(CF3COO) and RE(CF3COO)3 in oleic acid/oleylamine/1-octa-
decene [39]. With doped into suitable matrices, rare-earth nanoparticles can
generate UCL from the violet to NIR region. Such upconversion mechanisms have
been recognized to be involved into four main classes either alone or in combi-
nation: excited state absorption (ESA), energy transfer UC (ETU), photon ava-
lanche (PA) and energy migration-mediated UC (EMU) (Fig. 3.2) [13, 40]. In
particular, the UCL properties have the advantages of sharp emission lines, long
lifetimes, a large anti-Stokes shift of several hundred nanometers, superior
photostability and nonblinking, which makes UCNPs promising as bioimaging
probes with attractive features, such as no auto-fluorescence from biological
samples and a large penetration depth.

3.1.4 Carbon Nanostructures

Carbon nanostructures, such as CNTs, GO, and carbon dots, have been explored
extensively in recent years. These carbon nanostructures have unique electrical,
physical, and fluorescence properties and versatile chemistry. Based on these
excellent features, carbon nanostructures have demonstrated their potential for
various applications in biological and chemical sensing.

GO is expected to exhibit unique optical properties as evidenced by the recent
demonstration of luminescence from GO [41–43]. This luminescence was found to
occur from near UV-to-blue visible to NIR wavelength range, which originated
from the recombination of electron–hole (e–h) pairs localized within small sp2

carbon clusters embedded within an sp3 matrix. The PL intensity varies with the
nature of the reduction treatment, and can be correlated to the evolution of very
small sp2 clusters (Fig. 3.3) [42]. This fluorescent property is useful for biosensing
and optoelectronics based applications.
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Single-walled carbon nanotubes (SWNTs) exhibit intrinsic PL in the NIR light
region, known as the desirable ‘‘biological transparent window’’ (700–1,300 nm)
where absorption and autofluorescence by tissues, blood, and water are minimized
[44–46]. Dai et al. performed ex vivo imaging of tumor slices for 3D reconstruction
of the tumor based on the intrinsic fluorescence of SWNTs in the second NIR region
(1.1–1.4 lm), revealing the distribution of SWNTs inside the tumor [47].

Carbon nanodots (CNDs) have becoming a promising alternative to traditional
luminescent materials in biological and chemical sensing due to their advantages
in small size, biocompatibility, low toxicity, and low-cost [19, 48–51]. The syn-
thesis of the CNDs can be generally classified into two kinds of approaches: (1)
obtained from a larger natural carbon structure, such as graphite, CNTs; (2) pre-
pared from organic molecular precursor generated carbon materials such as gas
soot, candle soot, or activated carbon [48, 52]. CNDs contain many functional
groups (such as carboxylic and hydroxyl groups) on the surface, which impart
them excellent water solubility and suitability for subsequent functionalization.
The emission intensities as well as the color of CNDs can be influenced by the
synthesis methods, different excitation wavelengths, particle size, surface prop-
erties and other external factors (such as ionic strength and pH values) [48, 52, 53].

3.2 Typical Fluorescence Sensing Strategies

In general, a fluorescence nanosensor system feature has two functional compo-
nents, i.e., a recognition element to provide specific binding with the targets and a
fluorescent nano-transducer component for signaling the binding event. These two

Fig. 3.2 Simplified energy level diagrams describing reported UC processes. ESA, ETU, PA,
and EMU denote the excited state absorption, energy transfer UC, photon avalanche, and energy
migration-mediated UC, respectively. Reproduced with permission from Ref. [40]. Copyright
2013, Royal Society of Chemistry
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components determine the performance of the nanosensor in terms of selectivity,
sensitivity, response time, and signal-to-noise ratio. Based on the fluorescent
properties of nanomaterials and requirement of the assay, fluorescent nanosensor-
based detection can be typically designed as target induced signal variation,
aggregation or anti-aggregation induced signal variation, fluorescence resonance
energy transfer (FRET) system, and fluorescence imaging strategy.

Fig. 3.3 a–c Structural models of GO at different stages of reduction. The larger sp2 clusters of
aromatic rings are not drawn to scale. The smaller sp2 domains indicated by zigzag lines do not
necessarily correspond to any specific structure (such as olefinic chains for example) but to small
and localized sp2 configurations that act as the luminescence centers. The PL intensity is
relatively weak for (a) as-synthesized GO but increases with reduction due to (b) formation of
additional small sp2 domains between the larger clusters due to evolution of oxygen with
reduction. After extensive reduction, the smaller sp2 domains create (c) percolating pathways
among the larger clusters. d Representative band structure of GO. The energy levels are quantized
with large energy gap for small fragments due to confinement. A photogenerated e–h pair
recombining radiatively is depicted. Reproduced with permission from Ref. [42]. Copyright
2010, Wiley
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3.2.1 Target Induced Signal Variation

The functionalization of fluorescence nanoprobes with ligands that bind target
provides a general means to develop turn-on or turn-off fluorescence sensing
strategies. The ability of target or target-ligand complexes to quench or enhance
the fluorescence nanomaterials provides an intrinsic feature for the operation of
these sensors. For example, as shown in Fig. 3.4A, based on the selective
quenching effect of Hg2+ on Ag nanocluster fluorescence, an oligonucleotide-
stabilized Ag nanoclusters fluorescent probe for the determination of Hg2+ could
be developed [54]. Fluorescence turn-on assay was established using DNA

Fig. 3.4 A (a) The maximum excitation and emission spectra of oligonucleotide-stabilized Ag
nanoclusters. Inset pictures of Ag nanocluster solution under room light (left) and excitation
source (right) irradiations. (b) Fluorescence spectra representing the quenching effect of Hg2+ at
different concentrations on the fluorescence emission of the Ag nanoclusters (excitation
wavelength, 580 nm) with an incubation time of 2 min in an ammonium acetate buffer solution
(40 mM, pH 7.0). Reproduced with permission from Ref. [54]. Copyright 2009, Royal Society of
Chemistry. B Principal reactions of fluorescence assay for AChE activity. Reproduced with
permission from Ref. [55]. Copyright 2013, American Chemical Society
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templated silver nanoclusters for rapid, ultrasensitive detection of acetylcholin-
esterase (AChE) (Fig. 3.4B) [55]. In this detection, AChE hydrolyzed the acet-
ylthiocholine chloride to produce thiocholine (TCh), which could sensitively and
rapidly react with nanoclusters via the formation of Ag–S bond and thus enhanced
the fluorescence of nanoclusters.

3.2.2 Aggregation or Anti-Aggregation Induced Signal
Variation

Nie et al. reported a label-free fluorescent assay for monitoring the activity of
protein kinases based on the aggregation behavior of unmodified CdTe QDs
(Fig. 3.5a) [56]. Cationic substrate peptides induce the selective aggregation of
unmodified QDs with anionic surface charge, whereas phosphorylation by kinase
alters the net charge of peptides and then inhibits the aggregation of unmodified
QDs, causing an enhanced fluorescence with a 45 nm blue-shift in emission and
a yellow-to-green emission color change. The fluorescence response allows this
QD-based method to easily probe the activity of cAMP-dependent protein kinase
with a low detection limit of 0.47 mU lL-1. Kong et al. developed a novel,
selective, and sensitive biosensing system via the reversible dissolution and
aggregation of SWNTs directed by the aptamer–protein interaction for the clinical
assays of proteins (Fig. 3.5b) [45].

3.2.3 Fluorescence Resonance Energy Transfer System

FRET is a nonradiative process whereby an excited state donor D (usually a
fluorophore) transfers energy to a proximal ground state acceptor A through long-
range dipole–dipole interactions (Fig. 3.6) [57, 58]. The acceptor must absorb
energy at the emission wavelength of the donor but does not necessarily have to
remit the energy fluorescently itself. The rate of energy transfer is highly depen-
dent on many factors, such as the extent of spectral overlap, the relative orientation
of the transition dipoles, and the distance between the donor and acceptor mole-
cules [59, 60]. FRET usually occurs over distances comparable to the dimensions
of most biological macromolecules (about 1–10 nm).

FRET has been widely used for designing fluorescent nanoprobes. For instance,
Chang et al. have demonstrated that the use of two differently sized Au nano-
particles acting separately as donor and acceptor, in homogeneous photolumi-
nescence quenching assays developed for the analysis of proteins (Fig. 3.7) [61].
In this work, a breast cancer marker protein, platelet-derived growth factor AA
(PDGF AA), modified on 11-mercaptoundecanoic acid-protected 2.0 nm photo-
luminescent Au nanodots (LAuND) (PDGF AA-LAuND) was employed as the
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Fig. 3.5 a Concept of the fluorescence kinase activity assay based on QD aggregation.
Reproduced with permission from Ref. [56]. Copyright 2010, American Chemical Society.
b Illustration of SWNT dissolution and aggregation to form a TMB sensor via aptamer–protein
interaction. Reproduced with permission from Ref. [45]. Copyright 2009, Royal Society of
Chemistry
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donor. Thiol derivative PDGF binding aptamers (Apt) and 13 nm spherical Au
NPs (Apt-QAuNP) were used as the acceptor. The photoluminescence of PDGF
AA-LAuND at 520 nm decreased due to the photoluminescence of PDGF AA-
LAuND quenched by Apt-QAuNP. Based on the PDGF AA-LAuND/Apt-QAuNP
molecular light switching system, PDGFs and PDGF a-receptor was analyzed in
separate homogeneous solutions. In the presence of PDGFs or PDGF a-receptor,

Fig. 3.6 Fluorescence resonance energy transfer (FRET) is the physicochemical phenomenon
that is characterized by the transfer of energy from an excited donor chromophore to an acceptor
chromophore, without associated radiation release. FRET occurs when the donor emission and
acceptor excitation spectra overlap considerably (not shown) and the two dipoles are very close to
each other (2–7 nm). FRET is proportional to the sixth power of the distance between the
chromophores and, therefore, even minor conformational changes can induce considerable FRET
changes. Reproduced with permission from Ref. [58]. Copyright 2003, Nature Publishing Group
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the interaction between Apt-QAuNP and PDGF AA-LAuND decreased as a result
of competitive reactions between the PDGFs and Apt-QAuNP or PDGF a-receptor
and PDGF AA-LAuND. The detection limits for PDGF AA and PDGF a-receptor
were 80 pM and 0.25 nM, respectively.

3.2.4 Fluorescence Imaging

The use of fluorescence nanoprobes for in vivo imaging has also steadily increased
in the last decade. Nie et al. produced QDs-based multifunctional nanoparticle
probes for cancer targeting and imaging in live animals [62]. They first encap-
sulated luminescent QDs with an ABC triblock copolymer and linked this
amphiphilic polymer to tumor-targeting ligands. Then they applied this probe to
achieve both passive tumor imaging and active tumor imaging with high sensi-
tivity and multicolour capabilities. Key features for the success include both the
in vivo imaging sensitivity of QDs and the specific targeting, enhanced perme-
ability and retention of nanoprobes at tumor sites (Fig. 3.8).

Fig. 3.7 Schematic representations of PDGF and PDGF receptor nanosensors. That operate
based on the modulation of the photoluminescence quenching between PDGF AA-LAuND and
Apt-QAuNP. Reproduced with permission from Ref. [61]. Copyright 2008, American Chemical
Society

3.2 Typical Fluorescence Sensing Strategies 59



Fig. 3.8 Multi-color QD imaging in live mice. QD-tagged cancer cells a orange, upper and
green fluorescent protein (GFP)-labeled cells a green, lower were injected on the right flank and
left flank (circle) of a mouse, respectively. The sensitivity of the QD-tagged cancer cells was
comparable to GFP transfected cancer cells. In order to show the multi-color imaging ability, QD-
encoded microbeads were injected into a mouse b. The right-hand images showed QD-encoded
microbeads emitting green, yellow or red light. Reproduced with permission from Ref. [62].
Copyright 2004, Nature Publishing Group
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3.3 Applications

The attractive fluorescent properties and interesting sensing strategies described
above have led to strong interest in the use of nanoprobes for a variety of bio-
logical and chemical fluorescence sensing applications.

3.3.1 Heavy Metal Ion Detection

Heavy metal ions are highly toxic species and not biodegradable, therefore they
can cause long-term damage to human health and the ecological environment. The
development of ultrasensitive fluorescent assays for the detection of heavy metal
ions has attracted considerable research efforts in recent years (Table 3.1). Wang
et al. reported an efficient ratiometric fluorescence probe based on dual-emission

Table 3.1 Use of nanomaterials for fluorescent sensing of heavy metal ions

Fluorophores Quencher Analyte Matrix Detection
limit

Detection
mode

References

Dye AuNPs Hg2+ Sodium
tetraborate

2.0 ppb Turn-on [66]

AuNCs Hg2+

and
CH3Hg+

Phosphate Hg2+: 3 pM
CH3Hg+:

4 nM

Turn-off [67]

AuNCs Target Hg2+ Aqueous 0.5 nM Turn-off [68]
AgNCs Cu2+ Phosphate 8 nM Turn-on [69]
Dye GO Ag(I) MOPS buffer 20 nM Turn-on [70]
AgNCs Target Hg2+ Water 10-10 M Turn-off [1]
AgNCs Target Hg2+ Ammonium

acetate
5 nM Turn-off [71]

Dye GO Pb2+ HEPES 300 pM Turn-on [65]
AgNCs Target Hg2+ 10 nM Turn-off [15]
QDs AuNPs Hg2+ PBS 0.4–1.2 ppb Turn-off [72]
CdSe–ZnS QDs Target Hg2+ Water 0.2 ppm Turn-off [73]
QDs Target Cu2+ HEPES 1.1 nM Turn-off [63]
Graphene QDs Target Cu2+ Tris–HNO3 6.9 nM Turn-off [74]
AgNCs Target Cu2+ Ac buffer 10 nM Turn-off [75]
Silver–gold alloy

NCs
Al3+ Acetate buffer 0.8 lM Turn-on [76]

AgNCs CNTs Hg2+ PBS 33 pM Turn-on [77]
Upconversion

NPs
Hg2+ CH3CN

HEPES
8.2 ppb Turn-on [64]

NCs nanoclusters; QDs quantum dots; NPs nanoparticles; CNTs carbon nanotubes
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Fig. 3.9 a Schematic illustration of the ratiometric probe structure and the visual detection
principle for copper ions. Reproduced with permission from Ref. [63]. Copyright 2013, American
Chemical Society. b Schematic illustration of the synthesis of a UCNP-based nanosystem and its
application in detection of Hg2+. Reproduced with permission from Ref. [64]. Copyright 2014, Royal
Society of Chemistry. c Schematic illustration of the DNAzyme-GO-based fluorescence sensor for
Pb2+. Reproduced with permission from Ref. [65]. Copyright 2011, American Chemical Society
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QDs hybrid for on-site determination of copper ions with a detection limit of
1.1 nM [63] (Fig. 3.9a). Feng et al. developed cyclometallated ruthenium com-
plex-modified upconversion nanophosphors for selective detection of Hg2+ with a
detection limit of 8.2 ppb [64] (Fig. 3.9b). Zhang et al. developed a GO-DNA-
zyme based biosensor for amplified fluorescence detection of Pb2+ [65] (Fig. 3.9c).
In this work, the fluorescence of dye was quenched by GO through FRET. A
dramatic increase in the fluorescence intensity was observed with the increasing
concentrations of Pb2+. Taking advantage of the super fluorescence quenching
efficiency of GO, this sensor exhibits high sensitivity with a detection limit of
300 pM.

3.3.2 Small Molecule Detection

The design and construction of fluorescence sensors for recognizing biologically
important small molecules have received considerable attention. Many nanoma-
terials-based fluorescent approaches have been developed, as summarized in
Table 3.2.

3.3.3 Nucleic Acid Detection

The fluorescent nanoprobes for nucleic acids detection is mainly based on two
well-established scientific foundations: (1) precise DNA hybridization and (2)
microenvironment dependent fluorescence properties of nanoprobes. When
encountering targets, the change of the DNA configuration in nanoprobes will
cause variations in fluorescent signals. Take GO as example, GO can selectively
bind with single-strand DNA (ssDNA). When dye labeled ssDNA probes which
already bound to the GO surface are hybridized with its complementary target
ssDNA, the dye labeled ssDNA probes would detach from GO by forming a DNA
duplex, which result in the recovery of fluorescence previously quenched by GO.
Based on this concept, Chen et al. reported a graphene platform for sensing apt-
amer [85] (Fig. 3.10a). Ju et al. developed a simple, highly sensitive, and selective
multiple microRNA detection method based on the GO fluorescence quenching
and isothermal strand-displacement polymerase reaction with a detection limit of
2.1 fM [86] (Fig. 3.10b). Other types of nucleic acids fluorescence nanosensors
have been summarized in Table 3.3.
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3.3.4 Protein Detection

Many disease states are often associated with the presence of certain biomarker
proteins or irregular protein concentrations. Nowadays, several novel nanomate-
rial-based fluorescence sensing systems have been successfully applied for
f detection of proteins (Table 3.4). Min et al. reported a fluorescence method for
detection of endonuclease/methyltransferase activity based on the quenching
capacity of GO (Fig. 3.11a) [91]. Pang et al. constructed an aptamer biosensor for
thrombin detection based on FRET from upconverting phosphors to carbon
nanoparticles with a detection limit of 0.18 nM (Fig. 3.11b) [92].

3.3.5 Others

Numerous efforts have been devoted to the development of sensor system for
anionic species. Anions detection is challenged by their lower charge to radius
ratio, pH sensitivity, wide range of geometries, and solvent dependent binding
affinity and selectivity. Chang et al. developed a one-pot approach to prepare
fluorescent DNA-templated god/silver nanoclusters (DNA-Au/Ag NCs) for the
detection of sulfide ions with a LOD of 0.83 nM [33] (Fig. 3.12).

Table 3.2 Use of nanomaterials for fluorescent sensing of small molecules

Fluorophores Quencher Analyte Matrix Detection
limit

Detection
mode

References

Copper NPs Reporter
DNA

ATP MOPS 28 nM Turn-off [78]

Dye CNTs ATP Tris-HCl 4.5 nM Turn-on [79]
Fluorescent silica

NPs
AMP SSC1

buffer
0.1 lM Turn-on [80]

Mn-doped ZnSe
QDs

Target 5-fluorouracil PBS 128 nM Turn-off [81]

Gold NCs Target Hydrogen
peroxide

glycine
buffer

30 nM Turn-off [82]

GO Target Dopamine Tris-HCl 94 nM Turn-off [43]
Reduced GO

decorated with
carbon dots

Reactive
oxygen
species

Acetylcholine Tris-HCl 30 pM Turn-off [83]

Carbon QDs Target NO2 250 ppb Turn-off [84]

CNTs Carbon nanotubes; NPs nanoparticles; NCs nanoclusters; GO graphene oxide; QDs
quantum dots
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Selective and sensitive detection of pathogens is imperative as harmful bacteria
are the most common causes of food- and waterborne illnesses. Nanomaterial
based fluorescence sensors have also been employed to detect pathogens. Chang
et al. reported a novel, simple and convenient method by synthesis of fluorescent
carbohydrate-protected Au nanodots for the detection of concanavalin A (Con A)
and Escherichia coli [101] (Fig. 3.13).

Fig. 3.10 a Schematic representation of the target-induced fluorescence change of the ssDNA–
FAM–GO complex. Reproduced with permission from Ref. [85]. Copyright 2009, Wiley.
b Illustration of the GO fluorescence quenching and ISDPR-based multiple miRNA analysis.
Reproduced with permission from Ref. [86]. Copyright 2012, American Chemical Society
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Fig. 3.11 a Strategy for ENase/MTase activity assays, based on fluorescence quenching by GO.
Reproduced with permission from Ref. [91] Copyright 2011, American Chemical Society.
b Schematic illustration of the thrombin sensor based on fluorescence resonance energy transfer
from aptamer-modified upconverting phosphors to carbon nanoparticles. Reproduced with
permission from Ref. [92]. Copyright 2011, American Chemical Society
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Fig. 3.12 1 Schematic representation of the preparation and the operation of the DNA-Au/Ag
NCs probe for the Detection of S2- Ions: (a) One-pot synthesis of fluorescent DNA-Au/Ag NCs
and (b) S2- ions induced fluorescence quenching of the DNA-Au/Ag NCs. 2 Relative
fluorescence intensity [(IF0 - IF)/IF0] of DNA-Au/Ag NCs in the presence of S2- ions (0–9 lM)
and NaS2O8 (0.5 mM). Plots of the values of [(IF0 - IF)/IF0] at 630 nm versus the concentrations
of S2- ions over (a) 0–0.01 lM and (b) 0.01–9 lM. Reproduced with permission from Ref. [33].
Copyright 2011, American Chemical Society

Fig. 3.13 Schematic representation of the preparation of fluorescent Man–Au NDs for the
detection of Con A and E. coli. Reproduced with permission from Ref. [101]. Copyright 2009,
American Chemical Society

3.3 Applications 69



References

1. Adhikari B, Banerjee A (2010) Facile synthesis of water-soluble fluorescent silver
nanoclusters and HgII sensing. ChemMater 22(15):4364–4371

2. Chang H, Tang L, Wang Y, Jiang J, Li J (2010) Graphene fluorescence resonance energy
transfer aptasensor for the thrombin detection. Anal Chem 82(6):2341–2346

3. Chen JL, Yan XP (2011) Ionic strength and pH reversible response of visible and near-
infrared fluorescence of graphene oxide nanosheets for monitoring the extracellular pH.
Chem Commun 47(11):3135–3137

4. Chi CW, Lao YH, Li YS, Chen LC (2011) A quantum dot-aptamer beacon using a DNA
intercalating dye as the FRET reporter: application to label-free thrombin detection. Biosens
Bioelectron 26(7):3346–3352

5. Chou CC, Huang YH (2012) Nucleic acid sandwich hybridization assay with quantum dot-
induced fluorescence resonance energy transfer for pathogen detection. Sensors
12(12):16660–16672

6. Dong Y, Li G, Zhou N, Wang R, Chi Y, Chen G (2012) Graphene quantum dot as a green
and facile sensor for free chlorine in drinking water. Anal Chem 84(19):8378–8382

7. Zhou DM, Xi Q, Liang MF, Chen CH, Tang LJ, Jiang JH (2013) Graphene oxide-hairpin
probe nanocomposite as a homogeneous assay platform for DNA base excision repair
screening. Biosens Bioelectron 41:359–365

8. Chen Y, Star A, Vidal S (2013) Sweet carbon nanostructures: carbohydrate conjugates with
carbon nanotubes and graphene and their applications. Chem Soc Rev 42(11):4532–4542

9. Doane TL, Burda C (2012) The unique role of nanoparticles in nanomedicine: imaging,
drug delivery and therapy. Chem Soc Rev 41(7):2885–2911

10. Kershaw SV, Susha AS, Rogach AL (2013) Narrow bandgap colloidal metal chalcogenide
quantum dots: synthetic methods, heterostructures, assemblies, electronic and infrared
optical properties. Chem Soc Rev 42(7):3033–3087

11. Wu P, Yan XP (2013) Doped quantum dots for chemo/biosensing and bioimaging. Chem
Soc Rev 42(12):5489–5521

12. Yong KT, Law WC, Hu R, Ye L, Liu L, Swihart MT, Prasad PN (2013) Nanotoxicity
assessment of quantum dots: from cellular to primate studies. Chem Soc Rev
42(3):1236–1250

13. Zhou J, Liu Z, Li F (2012) Upconversion nanophosphors for small-animal imaging. Chem
Soc Rev 41(3):1323–1349

14. Dabbousi BO, Rodriguez-Viejo J, Mikulec FV, Heine JR, Mattoussi H, Ober R, Jensen KF,
Bawendi MG (1997) (CdSe)ZnS core–shell quantum dots: synthesis and characterization of
a size series of highly luminescent nanocrystallites. J Phys Chem B 101(46):9463–9475

15. Guo C, Irudayaraj J (2011) Fluorescent Ag clusters via a protein-directed approach as a
Hg(II) ion sensor. Anal Chem 83(8):2883–2889

16. Xie J, Zheng Y, Ying JY (2009) Protein-directed synthesis of highly fluorescent gold
nanoclusters. J Am Chem Soc 131(3):888–889

17. Wang F, Liu X (2008) Upconversion multicolor fine-tuning: visible to near-infrared
emission from lanthanide-doped NaYF4 nanoparticles. J Am Chem Soc 130(17):5642–5643

18. Adeli M, Soleyman R, Beiranvand Z, Madani F (2013) Carbon nanotubes in cancer therapy:
a more precise look at the role of carbon nanotube–polymer interactions. Chem Soc Rev
42(12):5231–5256

19. Liu H, Ye T, Mao C (2007) Fluorescent carbon nanoparticles derived from candle soot.
Angew Chem Int Ed 46(34):6473–6475

20. Levy M, Cater SF, Ellington AD (2005) Quantum-dot aptamer beacons for the detection of
proteins. ChemBioChem 6(12):2163–2166

21. Li M, Wang Q, Shi X, Hornak LA, Wu N (2011) Detection of mercury(II) by quantum dot/
DNA/gold nanoparticle ensemble based nanosensor via nanometal surface energy transfer.
Anal Chem 83(18):7061–7065

70 3 Fluorescent Nanoprobes



22. Li T, Zhou Y, Sun J, Tang D, Guo S, Ding X (2011) Ultrasensitive detection of mercury(II)
ion using CdTe quantum dots in sol-gel-derived silica spheres coated with calix[6]arene as
fluorescent probes. Microchim Acta 175(1–2):113–119

23. Song S, Liang Z, Zhang J, Wang L, Li G, Fan C (2009) Gold-nanoparticle-based multicolor
nanobeacons for sequence-specific DNA analysis. Angew Chem Int Ed 48(46):8670–8674

24. Han E, Ding L, Ju H (2011) Highly sensitive fluorescent analysis of dynamic glycan
expression on living cells using glyconanoparticles and functionalized quantum dots. Anal
Chem 83(18):7006–7012

25. Huang Y, Zhao S, Shi M, Chen J, Chen ZF, Liang H (2011) Intermolecular and
intramolecular quencher based quantum dot nanoprobes for multiplexed detection of
endonuclease activity and inhibition. Anal Chem 83(23):8913–8918

26. Xia Y, Song L, Zhu C (2011) Turn-on and near-infrared fluorescent sensing for 2,4,6-
trinitrotoluene based on hybrid (gold nanorod)-(quantum dots) assembly. Anal Chem
83(4):1401–1407

27. Yang SW, Vosch T (2011) Rapid detection of microRNA by a silver nanocluster DNA
probe. Anal Chem 83(18):6935–6939

28. Shang L, Dong S, Nienhaus GU (2011) Ultra-small fluorescent metal nanoclusters:
synthesis and biological applications. Nano Today 6(4):401–418

29. Kawasaki H, Hamaguchi K, Osaka I, Arakawa R (2011) pH-dependent synthesis of pepsin-
mediated gold nanoclusters with blue green and red fluorescent emission. Adv Funct Mater
21(18):3508–3515

30. Yang X, Shi M, Zhou R, Chen X, Chen H (2011) Blending of HAuCl4 and histidine in
aqueous solution: a simple approach to the Au10 cluster. Nanoscale 3(6):2596–2601

31. Diez I, Ras RH (2011) Fluorescent silver nanoclusters. Nanoscale 3(5):1963–1970
32. Polavarapu L, Manna M, Xu QH (2011) Biocompatible glutathione capped gold clusters as

one- and two-photon excitation fluorescence contrast agents for live cells imaging.
Nanoscale 3(2):429–434

33. Chen WY, Lan GY, Chang HT (2011) Use of fluorescent DNA-templated gold/silver
nanoclusters for the detection of sulfide ions. Anal Chem 83(24):9450–9455

34. Liu Y, Ai K, Cheng X, Huo L, Lu L (2010) Gold-nanocluster-based fluorescent sensors for
highly sensitive and selective detection of cyanide in water. Adv Funct Mater
20(6):951–956

35. Muhammed MA, Verma PK, Pal SK, Kumar RC, Paul S, Omkumar RV, Pradeep T (2009)
Bright, NIR-emitting Au23 from Au25: characterization and applications including
biolabeling. Chemistry 15(39):10110–10120

36. Duan H, Nie S (2007) Etching colloidal gold nanocrystals with hyperbranched and
multivalent polymers: a new route to fluorescent and water-soluble atomic clusters. J Am
Chem Soc 129(9):2412–2413

37. Lin H, Li L, Lei C, Xu X, Nie Z, Guo M, Huang Y, Yao S (2013) Immune-independent and
label-free fluorescent assay for cystatin c detection based on protein-stabilized Au
nanoclusters. Biosens Bioelectron 41:256–261

38. Li Z, Zhang Y (2008) An efficient and user-friendly method for the synthesis of hexagonal-
phase NaYF4:Yb, Er/Tm nanocrystals with controllable shape and upconversion
fluorescence. Nanotechnology 19(34):345606

39. Mai H-X, Zhang Y-W, Si R, Yan Z-G, Sun L-d, You L-P, Yan C-H (2006) High-quality
sodium rare-earth fluoride nanocrystals: controlled synthesis and optical properties. J Am
Chem Soc 128(19):6426–6436

40. Liu Y, Tu D, Zhu H, Chen X (2013) Lanthanide-doped luminescent nanoprobes: controlled
synthesis, optical spectroscopy, and bioapplications. Chem Soc Rev 42(16):6924–6958

41. Loh KP, Bao Q, Eda G, Chhowalla M (2010) Graphene oxide as a chemically tunable
platform for optical applications. Nat Chem 2(12):1015–1024

42. Eda G, Lin Y-Y, Mattevi C, Yamaguchi H, Chen H-A, Chen IS, Chen C-W, Chhowalla M
(2010) Blue photoluminescence from chemically derived graphene oxide. Adv Mater
22(4):505–509

References 71



43. Chen JL, Yan XP, Meng K, Wang SF (2011) Graphene oxide based photoinduced charge
transfer label-free near-infrared fluorescent biosensor for dopamine. Anal Chem
83(22):8787–8793

44. Barone PW, Strano MS (2006) Reversible control of carbon nanotube aggregation for a
glucose affinity sensor. Angew Chem Int Ed 45(48):8138–8141

45. Chen H, Yu C, Jiang C, Zhang S, Liu B, Kong J (2009) A novel near-infrared protein assay
based on the dissolution and aggregation of aptamer-wrapped single-walled carbon
nanotubes. Chem Commun 33:5006–5008

46. O’Connell MJ, Bachilo SM, Huffman CB, Moore VC, Strano MS, Haroz EH, Rialon KL,
Boul PJ, Noon WH, Kittrell C, Ma J, Hauge RH, Weisman RB, Smalley RE (2002) Band
gap fluorescence from individual single-walled carbon nanotubes. Science
297(5581):593–596

47. Robinson JT, Hong G, Liang Y, Zhang B, Yaghi OK, Dai H (2012) In vivo fluorescence
imaging in the second near-infrared window with long circulating carbon nanotubes capable
of ultrahigh tumor uptake. J Am Chem Soc 134(25):10664–10669

48. Zhang C, Lin J (2012) Defect-related luminescent materials: synthesis, emission properties
and applications. Chem Soc Rev 41(23):7938–7961

49. Lin Z, Xue W, Chen H, Lin JM (2011) Peroxynitrous-acid-induced chemiluminescence of
fluorescent carbon dots for nitrite sensing. Anal Chem 83(21):8245–8251

50. Qu K, Wang J, Ren J, Qu X (2013) Carbon dots prepared by hydrothermal treatment of
dopamine as an effective fluorescent sensing platform for the label-free detection of iron(III)
ions and dopamine. Chemistry 19(22):7243–7249

51. Zhang L, Cui P, Zhang B, Gao F (2013) Aptamer-based turn-on detection of thrombin in
biological fluids based on efficient phosphorescence energy transfer from Mn-doped ZnS
quantum dots to carbon nanodots. Chemistry 19(28):9242–9250

52. Hsu P-C, Shih Z-Y, Lee C-H, Chang H-T (2012) Synthesis and analytical applications of
photoluminescent carbon nanodots. Green Chem 14(4):917

53. Li H, Kang Z, Liu Y, Lee S-T (2012) Carbon nanodots: synthesis, properties and
applications. J Mater Chem 22(46):24230

54. Guo W, Yuan J, Wang E (2009) Oligonucleotide-stabilized Ag nanoclusters as novel
fluorescence probes for the highly selective and sensitive detection of the Hg2+ ion.
ChemCommun 23:3395–3397

55. Zhang Y, Cai Y, Qi Z, Lu L, Qian Y (2013) DNA-templated silver nanoclusters for
fluorescence turn-on assay of acetylcholinesterase activity. Anal Chem 85(17):8455–8461

56. Xu X, Liu X, Nie Z, Pan Y, Guo M, Yao S (2010) Label-free fluorescent detection of
protein kinase activity based on the aggregation behavior of unmodified quantum dots. Anal
Chem 83(1):52–59

57. Sapsford KE, Berti L, Medintz IL (2006) Materials for fluorescence resonance energy
transfer analysis: beyond traditional donor-acceptor combinations. Angew Chem Int Ed
45(28):4562–4589

58. Rudolf R, Mongillo M, Rizzuto R, Pozzan T (2003) Looking forward to seeing calcium. Nat
Rev Mol Cell Biol 4(7):579–586

59. Jares-Erijman EA, Jovin TM (2003) FRET imaging. Nat Biotechnol 21(11):1387–1395
60. Clapp AR, Medintz IL, Fisher BR, Anderson GP, Mattoussi H (2005) Can luminescent

quantum dots be efficient energy acceptors with organic dye donors? J Am Chem Soc
127(4):1242–1250

61. Huang C-C, Chiang C-K, Lin Z-H, Lee K-H, Chang H-T (2008) Bioconjugated gold
nanodots and nanoparticles for protein assays based on photoluminescence quenching. Anal
Chem 80(5):1497–1504

62. Gao X, Cui Y, Levenson RM, Chung LW, Nie S (2004) In vivo cancer targeting and
imaging with semiconductor quantum dots. Nat Biotechnol 22(8):969–976

63. Yao J, Zhang K, Zhu H, Ma F, Sun M, Yu H, Sun J, Wang S (2013) Efficient ratiometric
fluorescence probe based on dual-emission quantum dots hybrid for on-site determination of
copper ions. Anal Chem 85(13):6461–6468

72 3 Fluorescent Nanoprobes



64. Li X, Wu Y, Liu Y, Zou X, Yao L, Li F, Feng W (2014) Cyclometallated ruthenium
complex-modified upconversion nanophosphors for selective detection of Hg2+ ions in
water. Nanoscale 6(2):1020–1028

65. Zhao XH, Kong RM, Zhang XB, Meng HM, Liu WN, Tan W, Shen GL, Yu RQ (2011)
Graphene-DNAzyme based biosensor for amplified fluorescence ‘‘turn-on’’ detection of
Pb2+ with a high selectivity. Anal Chem 83(13):5062–5066

66. Huang C-C, Chang H-T (2006) Selective gold-nanoparticle-based ‘‘turn-on’’ fluorescent
sensors for detection of mercury(II) in aqueous solution. Anal Chem 78(24):8332–8338

67. Lin Y-H, Tseng W-L (2010) Ultrasensitive sensing of Hg2+ and CH3Hg+ based on the
fluorescence quenching of lysozyme type VI-stabilized gold nanoclusters. Anal Chem
82(22):9194–9200

68. Xie J, Zheng Y, Ying JY (2010) Highly selective and ultrasensitive detection of Hg2+ based
on fluorescence quenching of Au nanoclusters by Hg2+–Au+ interactions. Chem Commun
46(6):961–963

69. Lan GY, Huang CC, Chang HT (2010) Silver nanoclusters as fluorescent probes for
selective and sensitive detection of copper ions. Chem Commun 46(8):1257–1259

70. Wen Y, Xing F, He S, Song S, Wang L, Long Y, Li D, Fan C (2010) A graphene-based
fluorescent nanoprobe for silver(I) ions detection by using graphene oxide and a silver-
specific oligonucleotide. Chem Commun 46(15):2596–2598

71. Guo W, Yuan J, Wang E (2009) Oligonucleotide-stabilized Ag nanoclusters as novel
fluorescence probes for the highly selective and sensitive detection of the Hg2+ ion. Chem
Commun 23:3395–3397

72. Li M, Wang Q, Shi X, Hornak LA, Wu N (2011) Detection of mercury(II) by quantum dot/
DNA/gold nanoparticle ensemble based nanosensor via nanometal surface energy transfer.
Anal Chem 83(18):7061–7065

73. Yuan C, Zhang K, Zhang Z, Wang S (2012) Highly selective and sensitive detection of
mercuric ion based on a visual fluorescence method. Anal Chem 84(22):9792–9801

74. Sun H, Gao N, Wu L, Ren J, Wei W, Qu X (2013) Highly photoluminescent amino-
functionalized graphene quantum dots used for sensing copper ions. Chem Eur J
19(40):13362–13368

75. Yuan Z, Cai N, Du Y, He Y, Yeung ES (2014) Sensitive and selective detection of copper
ions with highly stable polyethyleneimine-protected silver nanoclusters. Anal Chem
86(1):419–426

76. Zhou TY, Lin LP, Rong MC, Jiang YQ, Chen X (2013) Silver–gold alloy nanoclusters as a
fluorescence-enhanced probe for aluminum ion sensing. Anal Chem 85(20):9839–9844

77. Wang G, Xu G, Zhu Y, Zhang X (2014) A ‘‘turn-on’’ carbon nanotube-Ag nanoclusters
fluorescent sensor for sensitive and selective detection of Hg2+ with cyclic amplification of
exonuclease III activity. Chem Commun 50(6):747–750

78. Zhou Z, Du Y, Dong S (2011) Double-strand DNA-templated formation of copper
nanoparticles as fluorescent probe for label-free aptamer sensor. Anal Chem
83(13):5122–5127

79. Zhang L, Wei H, Li J, Li T, Li D, Li Y, Wang E (2010) A carbon nanotubes based ATP
apta-sensing platform and its application in cellular assay. Biosens Bioelectron
25(8):1897–1901

80. Song Y, Zhao C, Ren J, Qu X (2009) Rapid and ultra-sensitive detection of AMP using a
fluorescent and magnetic nano-silica sandwich complex. Chem Commun 15:1975–1977

81. Zhu D, Chen Y, Jiang L, Geng J, Zhang J, Zhu JJ (2011) Manganese-doped ZnSe quantum
dots as a probe for time-resolved fluorescence detection of 5-fluorouracil. Anal Chem
83(23):9076–9081

82. Wen F, Dong Y, Feng L, Wang S, Zhang S, Zhang X (2011) Horseradish peroxidase
functionalized fluorescent gold nanoclusters for hydrogen peroxide sensing. Anal Chem
83(4):1193–1196

83. Wang CI, Periasamy AP, Chang HT (2013) Photoluminescent C-dots@RGO probe for
sensitive and selective detection of acetylcholine. Anal Chem 85(6):3263–3270

References 73



84. Wang R, Li G, Dong Y, Chi Y, Chen G (2013) Carbon quantum dot-functionalized aerogels
for NO2 gas sensing. Anal Chem 85(17):8065–8069

85. Lu CH, Yang HH, Zhu CL, Chen X, Chen GN (2009) A graphene platform for sensing
biomolecules. Angew Chem Int Ed 48(26):4785–4787

86. Dong H, Zhang J, Ju H, Lu H, Wang S, Jin S, Hao K, Du H, Zhang X (2012) Highly
sensitive multiple microRNA detection based on fluorescence quenching of graphene oxide
and isothermal strand-displacement polymerase reaction. Anal Chem 84(10):4587–4593

87. Wang H, Li J, Wang Y, Jin J, Yang R, Wang K, Tan W (2010) Combination of DNA ligase
reaction and gold nanoparticle-quenched fluorescent oligonucleotides: a simple and efficient
approach for fluorescent assaying of single-nucleotide polymorphisms. Anal Chem
82(18):7684–7690

88. Liu Y, Wang Y, Jin J, Wang H, Yang R, Tan W (2009) Fluorescent assay of DNA
hybridization with label-free molecular switch: reducing background-signal and improving
specificity by using carbon nanotubes. Chem Commun 6:665-667

89. Wang Y, Wu Z, Liu Z (2013) Upconversion fluorescence resonance energy transfer
biosensor with aromatic polymer nanospheres as the lable-free energy acceptor. Anal Chem
85(1):258–264

90. Liu X, Wang F, Aizen R, Yehezkeli O, Willner I (2013) Graphene oxide/nucleic-acid-
stabilized silver nanoclusters: functional hybrid materials for optical aptamer sensing and
multiplexed analysis of pathogenic DNAs. J Am Chem Soc 135(32):11832–11839

91. Lee J, Kim YK, Min DH (2011) A new assay for endonuclease/methyltransferase activities
based on graphene oxide. Anal Chem 83(23):8906–8912

92. Wang Y, Bao L, Liu Z, Pang DW (2011) Aptamer biosensor based on fluorescence
resonance energy transfer from upconverting phosphors to carbon nanoparticles for
thrombin detection in human plasma. Anal Chem 83(21):8130–8137

93. Jang H, Kim Y-K, Kwon H-M, Yeo W-S, Kim D-E, Min D-H (2010) A graphene-based
platform for the assay of duplex-DNA unwinding by helicase. Angew Chem Int Ed
122(33):5839–5843

94. Zhang L, Cui P, Zhang B, Gao F (2013) Aptamer-based turn-on detection of thrombin in
biological fluids based on efficient phosphorescence energy transfer from Mn-doped ZnS
quantum dots to carbon nanodots. Chemistry 19(28):9242–9250

95. Liu D, Huang X, Wang Z, Jin A, Sun X, Zhu L, Wang F, Ma Y, Niu G, Hight Walker AR,
Chen X (2013) Gold nanoparticle-based activatable probe for sensing ultralow levels of
prostate-specific antigen. ACS Nano 7(6):5568–5576

96. Ouyang X, Yu R, Jin J, Li J, Yang R, Tan W, Yuan J (2011) New strategy for label-free and
time-resolved luminescent assay of protein: conjugate Eu3+ complex and aptamer-wrapped
carbon nanotubes. Anal Chem 83(3):782–789

97. Lu CH, Li J, Zhang XL, Zheng AX, Yang HH, Chen X, Chen GN (2011) General approach
for monitoring peptide-protein interactions based on graphene-peptide complex. Anal Chem
83(19):7276–7282

98. Wang Y, Shen P, Li C, Wang Y, Liu Z (2012) Upconversion fluorescence resonance energy
transfer based biosensor for ultrasensitive detection of matrix metalloproteinase-2 in blood.
Anal Chem 84(3):1466–1473

99. Li J, Zhong X, Zhang H, Le XC, Zhu JJ (2012) Binding-induced fluorescence turn-on assay
using aptamer-functionalized silver nanocluster DNA probes. Anal Chem
84(12):5170–5174

100. Harma H, Pihlasalo S, Cywinski PJ, Mikkonen P, Hammann T, Lohmannsroben HG,
Hanninen P (2013) Protein quantification using resonance energy transfer between donor
nanoparticles and acceptor quantum dots. Anal Chem 85(5):2921–2926

101. Huang C-C, Chen C-T, Shiang Y-C, Lin Z-H, Chang H-T (2009) Synthesis of fluorescent
carbohydrate-protected Au nanodots for detection of concanavalin A and Escherichia coli.
Anal Chem 81(3):875–882

74 3 Fluorescent Nanoprobes



Chapter 4
Surface-Enhanced Raman Scattering
Nanoprobes

Abstract During the last decade, novel nanoprobes named surface-enhanced
Raman scattering (SERS) nanoprobes have drawn much attention of chemists.
SERS nanoprobes produce strong, characteristic Raman signals, demonstrating
optical labeling capability similar to those of commonly reported organic dyes and
fluorescent quantum dots. However, this new generation of optical nanoprobes has
the ultra-sensitivity, multiplexing, and quantitative abilities of the SERS tech-
nique, and shows extraordinary features for bioanalysis. In this chapter, we focus
on the most recent advances of SERS nanoprobes. A brief overview of the basic
concept and the synthesis of SERS nanoprobes is given. Also we discuss the
nanoprobes’ growing popularity for bioanalysis at different levels of molecular
multiplex detection, for bacterial and live-cell sensing, and for in vivo imaging
from the aspect of different sensing mechanisms.

Keywords Surface-enhanced Raman scattering � Optical nanoprobes � Multiplex
detection � Cell labeling � In vivo imaging

4.1 Introduction to Surface-Enhanced Raman Scattering
Nanoprobes

SERS was discovered on the rough surface of gold electrode in the 1970s [1, 2].
With the progress of nanoscience and the enrichment of nanomaterials, it is found
that ultra-sensitive vibrational spectroscopic Raman signals can also be detected
with molecules on or near the surface of many plasmonic nanostructures. SERS
phenomenon is attributed to the long-range electromagnetic (EM) enhancement
and the short-range chemical enhancement (CE), which has been elaborated in
many reviews [3–6]. SERS inherited the advantages of in situ, noninvasive
detection and vibrational spectroscopic fingerprint information of conventional
Raman technique, while greatly increased the sensitivity up to 1014 that suitable
for single molecule detection under some conditions [7, 8]. SERS has greatly

L. Chen et al., Novel Optical Nanoprobes for Chemical and Biological Analysis,
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extended the role of standard Raman spectroscopy in biochemistry and life
sciences [9–11]. In the last 40 years, the classic application was the direct sensing
SERS spectra of analytes using metallic SERS substrates to obtain both qualitative
and quantitative information [12].

During the last decade, SERS has been applied to design novel nanoprobes
named ‘‘SERS nanoprobes’’ [13]. Such SERS-active nanoprobes produce strong,
characteristic Raman signals, demonstrating optical labeling capability similar to
those of commonly reported organic dyes and fluorescent quantum dots (QDs).
However, this new generation of probe has the ultra-sensitivity, multiplexing, and
quantitative abilities of the SERS technique, and shows extraordinary features for
bioanalysis [11].

4.2 Optical Properties of SERS Nanoprobes

We will first give a brief theoretical guideline for the design and synthesis of SERS
nanoprobes by introducing an equation proposed by Kneipp based on these the-
ories [4, 7, 14], in which SERS’ Stokes signal, PSERS (ms), can be estimated:

PSERSðmSÞ ¼ NrR
ads AðmLÞj j2 AðmSÞj j2IðmLÞ

Here, I(mL) is the excitation laser intensity; rR
ads is the Raman cross-section of

the adsorbed molecule, possibly increased due to chemical enhancement; N is the
number of molecules that undergo the SERS process; and A(mL) and A(mS) are laser
and Raman scattering field enhancement factors, respectively. From this equation,
it can be seen that the signal-enhanced ability of metal substrates, chemical
structure of reporter molecules, and the attached molecule numbers will all
influence the sensitivity of SERS nanoprobes.

SERS nanoprobe is typically composed of four parts: a metal nanosubstrate, an
organic Raman reporter molecule, a protection shell, and targeting molecules
(Fig. 4.1). Various metal nanostructures can provide strongly enhanced spectro-
scopic signals due to the local optical fields at metal surfaces, which provide rigid
foundations for the nanoprobes. In general, their size distribution, geometry,
chemical composition, and surface chemistry can influence the Raman enhance-
ment ability. Up to now, various kinds of metal NPs such as gold and silver NPs,
gold nanorods, gold nanoflowers, and Au–Ag bimetallic NPs have been reported to
serve as substrates of SERS nanoprobes [13]. Furthermore, Raman reporter mol-
ecules should be attached to the metal nanostructure to generate SERS fingerprint
signatures [15]. To prepare nanoprobes with strong, stable multiplex signals,
Raman reporters are required to have large Raman cross-section and affiliation to
noble metal surface through electrostatic or covalent binding. Typically, some
nitrogen-containing cationic dyes, sulfur-containing dyes, and thio-small mole-
cules can be selected as Raman reporters. Third, carefully designed coating
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Fig. 4.1 Up panel schematic illustration of typical structure of SERS nanoprobe. Down panel
a–d TEM image of the pure AuNPs, SERS nanonanoprobes with MGITC, Cy5 and Rh6G
reporter molecules, respectively. e SERS spectra of individual SERS nanonanoprobes and its
mixture depicting their multiplexing peaks. The most distinctive multiplex peak from each
reporter is marked. Reproduced with permission from Ref. [15]. Copyright 2014, Nature
Publishing Group
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materials including biomolecules [16], polymers [17], liposomes [18, 19], and
silica shells [20, 21] are essential to improve the nanoprobes’ colloidal and signal
stability as well as biocompatiblity in biological conditions. Further adding tar-
geting molecules to the SERS nanoprobes imparts biofunctionality.

The development of SERS nanoprobes can be considered as a significant step
forward in the spectroscopic analysis. They offer several advantages over fluo-
rescent probes such as organic dyes and QDs (Table 4.1). First, Raman produces
vibrational spectral bands with narrow line widths (*1 nm), [22] thus, Raman-
based probes are inherently suitable for multiplex analysis. Second, SERS
nanoprobes can provide sufficient sensitivity similar to or better than those gen-
erated from fluorescence for trace analysis in some circumstance [23]. Third, the
extremely short lifetimes of Raman scattering prevent photobleaching, energy
transfer, or quenching of reporters in the excited state, [24] rendering high
photostability to SERS nanoprobes. And fourth, optimal contrast can be achieved
by using red to near-infrared (NIR) excitation, enabling SERS nanoprobes to be
used for noninvasive imaging in living subjects [25].

4.3 Applications

SERS nanoprobes have been widely applied to bio- and chemical analysis in the
field of ion and biomolecule detection, cell labeling, tissue diagnosis and in vivo
imaging. We will give a detailed introduction of some featured applications from
the aspect of different sensing mechanisms including: (1) analyte-induced SERS
nanoprobe aggregation/anti-aggregation, (2) SERS-nanoprobe based optical
labeling, and (3) analytes induced alteration of the reporter’s Raman signature.

Table 4.1 Comparison of SERS nanoprobes, quantum dots, and conventional dyes

Properties SERS nanoprobes Quantum dots Conventional dyes

Physical principle Raman scattering Fluorescence
emission

Electronic absorption/
Fluorescence emission

Core composition Au and Ag based
NPs

CdSe and CdTe
based NPs

Organic compounds

Size *50 nm *10 nm *1 nm
Bandwidth \2 nm *30–50 nm Usually [50 nm
Structural information Fingerprint Non-fingerprint Non-fingerprint
Multiplexing capacity *10–100 *3–10 *1–3
Photostability Anti-photobleaching Decay under

strong laser
Decay under weak excitation

Toxicity Not toxic Toxic Toxic

Reproduced with permission from Ref. [13]. Copyright 2013, American Chemical Society

78 4 Surface-Enhanced Raman Scattering Nanoprobes



4.3.1 Aggregation or Anti-aggregation Induced Signal
Variation

The idea of nanoprobe aggregation based analysis is originated from the greatly
enhanced electromagnetic field in the hotspots of noble metal NP junctions. The
aggregation can be formed mainly in two mechanisms. The first is that coordi-
nating interactions will neutralize the nanoprobes after addition of certain kinds of
analytes with high affinity to metal surfaces. For example, AuNPs aggregated upon
the addition of melamine, based on this feature, SERS nanoprobe was developed
for rapid and sensitive detection of melamine in milk powder (Fig. 4.2a). The
addition amount of melamine can be revealed by significantly enhanced Raman
intensity of the reporter molecule 4-mercaptopyridine (4-MPY). The LOD was
found to be as low as 0.1 ppb of melamine, with an excellent linearity of
0.5–100 ppb [26].

Fig. 4.2 a Schematic
diagram of the indirect SERS
method of measuring
melamine using MPY
modified AuNPs based on
SERS nanoprobe aggregation
principle. Reproduced with
permission from Ref. [26].
Copyright 2011, Springer.
b Schematic representation of
the anti-aggregation SERS
sensing principle for protease
detection. Reproduced with
permission from Ref. [30].
Copyright 2013, Royal
Society of Chemistry
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The second mechanism is to co-modify the Raman reporter and selective ligand
on SERS substrates. The targets can induce aggregation specifically and detected
in a signal ‘‘turn on’’ mode. Several metal ions have been reported to be detected
by this strategy. A highly sensitive SERS platform for the selective trace analysis
of As3+ ions was reported based on glutathione (GSH)/4-MPY modified AgNPs.
GSH conjugated on the surface of AgNPs for specifical binding with As3+ ions in
aqueous solution through As-O linkage and 4-MPY was used as a Raman reporter.
The binding of As3+ with GSH resulted in the aggregation of AgNPs, and Raman
signal of 4-MPY reporters increased. The LOD could be as low as 0.76 ppb [27].
SERS nanoprobes for the sensitive and selective detection of Cd2+ were also
reported by taking advannanoprobee of the interparticle plasmonic coupling
generated in the process of Cd2+-selective nanoparticle self-aggregation [28]. Gold
NPs were modified with thiolated dyes and a layer of Cd2+-chelating polymer
brush coating. Addition of Cd2+ leads to interparticle self-aggregation and resulant
90-fold of SERS signal enhancement of reporters. Similarly, Cr3+ was detected by
using Tween 20 stabilized citrate-capped AuNPs SERS nanoprobes with 2-ami-
nothiophenol as Raman reporter. Due to the chelation between Cr3+ and citrate
ions, SERS nanoprobes undergo aggregation and the signal of reporters increased
regularly. This nanoprobe could recognize Cr3+ at a 5 9 10-8 M level in an
aqueous medium at a pH of 6.0. The selectivity toward Cr3+ was 400-fold
remarkably greater than other metal ions [29].

The sensing principle mentioned above is NP aggregation induce SERS signal
enhancement. On the contrary, if the analytes can preclude the aggregation process
or break down the as-formed NPs clusters into single NP, their addition will
decrease SERS intensity. Therefore, an anti-aggregation SERS sensing mode
could be established and the targets can be detected in a signal ‘‘turn off’’ way.

A simple and sensitive SERS strategy was developed for recognition and
detection of trypsin, by using anti-aggregation of 4-MPY functionalized AgNPs
based on the interaction between protamine and trypsin (Fig. 4.2b). In this case,
polycationic protamine not only served as a substrate for enzyme hydrolysis but
also worked as a medium for SERS enhancement, which could bind negatively
charged SERS nanoprobes and induce their aggregation. The hydrolysis catalyzed
with trypsin in sample solution decreased the concentration of free protamine,
resulting in the dispersion of AgNPs and thus decreasing the Raman intensity of
4-MPY, by which the trypsin could be sensed optically [30]. In a further work, it
was found that in the presence of heparin, the interaction between heparin and
protamine decreased the concentration of free protamine, which dissipated the
aggregated 4-MPY functionalized Ag NPs and thus decreased Raman
enhancement effect. The degree of aggregation and Raman enhancement effect
was proportional to the concentration of added heparin. Under optimized assay
conditions, good linear relationship was obtained over the range of 0.5–150 ng/mL
with a minimum detectable concentration of 0.5 ng/mL [31].

The anti-aggregation idea was applied for intracellular drug release investiga-
tion tactfully. Song et al. developed bioconjugated SERS active plasmonic vesicles
with a hollow cavity assembled from SERS-encoded amphiphilic gold NPs
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(Fig. 4.3). The structure of the assemblies was pH-responsive, it disassembled
back to the plasmonic vesicle, stimulated by the hydrophobic-to-hydrophilic
transition of the hydrophobic brushes in acidic intracellular compartments, allows
for triggered intracellular drug release. Disassembly of the vesicles also leads to
dramatic decrease in SERS signals, which can serve as independent feedback
mechanisms to signal cargo release from the vesicles [32]. Furthermore, the same
group developed SERS active plasmonic vesicles assembled by amphiphilic gold
nanorods that can be destructed by both enzymatic degradation and near-infrared
photothermal heating, which exhibit a unique combination of optical and structural
properties that are of particular interest for theranostic applications [33].

4.3.2 Optical Labeling

Taking advantage of the fingerprinted spectra and high detection sensitivity of
SERS nanoprobes, researchers successfully used SERS nanoprobes for the optical
labeling of biomolecules through specific intermolecular interaction. By sensing
the SERS signals of the nanoprobes, multiplex and ultrasensitive assays at the
level of biomolecules, live cells and animals could be realized.

The classic immunoassay was developed for quantitative analysis of molecular
targets. Cui’s group [35] reported a sensitive immunoassay method for human IgG
based on immuno-gold/silver core-shell nanorods SERS nanoprobes modified with
goat anti human IgG antibody. The antigen concentration-dependent SERS spectra

Fig. 4.3 a Schematic illustration of the amphiphilic gold nanoparticle coated with Raman
reporter BGLA and mixed polymer brushes of hydrophilic PEG and pH-sensitive hydrophobic
PMMAVP grafts and the drug-loaded plasmonic vesicle nanoprobeged with HER2 antibody for
cancer cell targeting. b The cellular binding, uptake, and intraorganelle disruption of the SERS-
encoded pH-sensitive plasmonic vesicles. Reproduced with permission from Ref. [32]. Copyright
2012, American Chemical Society
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and dose-response calibration curves were obtained. The detection limit of gold/
silver core-shell nanorods based immunoassay reaches 70 fM, which is 104 times
lower than gold nanorods-based detection. A quick and reproducible tumor marker
carcinoembryonic antigen (CEA) analysis method was developed by integrating
magnetic beads and SERS nanoprobes [36]. The detection was performed via a
two-step process. In the first step, antibody conjugated magnetic beads were added
in detection solution containing CEA. Then, the CEA-captured magnetic beads
were isolated by a magnetic bar. In the second step, the obtained magnetic beads
were further reacted with antibody conjugated SERS nanoprobes. The sandwich
immunocomplexes were isolated by using a magnetic bar for further SERS
measurements. An LOD of 1–10 pg/mL was obtained. Similarly, Liu et al. devised
highly uniform and reproducible SERS nanoprobes by the layer-by-layer assembly
of small AgNPs at the surface of SiO2 particles and applied them for the detection
CEA in human serum [37]. The antibody-conjugated Fe3O4@SiO2 particles were
also used for separating the target molecules in human sera via magnetic force.
Taking advantage of the novel structured, highly sensitive SERS nanoprobes, the
LOD of this method was lowered to be 0.1 pg mL-1.

The rapid screening and detection of bacterial is an important issue in food
safety and medical diagnosis. The multiplex-coded sensitive SERS nanoprobes
offer new avenues for rapid screening and analysis. By combining the high sen-
sitivity of SERS nanoprobes with the high specificity of single-domain antibodies
(sdAbs), the targeted detection of a single bacterial could be achieved. For
instance, the Salmonella specific tail spike protein modified silica-encapsulated
SERS nanoprobes allowed the detection of a single bacterium using SERS [38].
The selective detection of the multiple drug-resistant bacteria, Salmonella
typhimurium DT104, was demonstrated by using M3038 monoclonal antibody-
conjugated, popcorn-shaped gold nanoprobes, and an LOD of 10 cfu mL-1 was
achieved [39]. Furthermore, multifunctional popcorn-shaped iron magnetic core-
gold plasmonic shell nanoprobes were developed for targeted magnetic separation
and enrichment, label-free SERS detection, and the selective photothermal
destruction of MDR Salmonella DT104. Besides SERS detection, photothermal-
lysis experiment showed that selective and irreparable cellular-damage to MDR
Salmonella achieved by using 670 nm light at 1.5 W cm2 for 10 min. Recently,
Chen’s group fabricated multifunctional, aldehyde group conjugated graphene
oxide wrapped SERS nanoprobes for optical labeling, photothermal ablation of
bacteria (Fig. 4.4) [34]. High sensitive Raman imaging of gram-positive (Staph-
ylococcus aureus) and gram-negative (Escherichia coli) bacteria could be realized
and satisfactory photothermal killing efficacy for both bacteria was achieved. The
results also demonstrated the correlation among SERS intensity decrease ratio,
bacteria survival rate, and the terminal temperature of the nanoprobe-bacteria
suspension, showing the possibility to use SERS assay to measure antibacterial
response during the photothermal process using this nanoprobe.

SERS nanoprobes had been widely used in live-cell labeling investigations. The
SERS technique is suitable for live-cell imaging because strong signals can be
produced via low laser powers; Thus, SERS imaging avoids laser-induced injury
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of the cells. Furthermore, the excitation laser spot of the Raman microscope can be
focused in a micrometer scale. Therefore, the method can provide high-resolution
images that reflect the microenvironment in cells. Cancer Marker Detection on the
cell membrane was a typical application of SERS nanoprobes in living cells.
Walker’ s group reported the use of antibody-targeted, PEG-coated Au SERS
nanoprobes for simultaneous labeling three cell surface markers of interest on
malignant B cells from the LY10 lymphoma cell line [40]. The specificity of the
nanoprobe’ cell labeling was demonstrated on both primary chronic lymphocytic
leukemia and LY10 cells using SERS from cell suspensions and confocal Raman
mapping. Fluorescence flow cytometry was used to confirm the binding of SERS
probes to LY10 over large cell populations, and the nanoprobe’ SERS was col-
lected directly from labeled cells using a commercial flow cytometer. Choo and
coworkers applied specific antibodies conjugated silica-encapsulated hollow gold
nanospheres (SEHGNs) SERS nanoprobes to detect and quantify breast cancer
phenotypic markers expressed on cell surfaces [41]. Expression of epidermal
growth factor (EGF), ErbB2, and insulin-like growth factor-1 (IGF-1) receptors
were assessed in the MDA-MB-468, KPL4 and SK-BR-3 human breast cancer cell
lines. SERS imaging were able to test the phenotype of a cancer cell and quantify
proteins expressed on the cell surface simultaneously (Fig. 4.5).

SERS nanoprobes had the capability to identify cancer cells in biological
samples via specific membrane cancer marker binding. Sha et al. reported
detecting circulating breast cancer cells in the blood by using both anti-HER2
antibody-modified SERS nanoprobes and antibody-conjugated, magnetic beads
[42]. The magnetic beads could specifically bind to this tumor cell while the SERS

Fig. 4.4 Schematic illustrations of the synthesis of graphene wrapped SERS nanoprobes and the
application for optical labeling, photothermal ablation of bacteria, and the monitoring of the
killing effect via the thermal-sensitive SERS signal response. Reproduced with permission from
Ref. [34]. Copyright 2014, American Chemical Society
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nanoprobes will specifically recognize these breast cancer cells with over
expressed HER2 receptors. Thus, the cancer cells could be sensitively detected.
SERS nanoprobes with epidermal growth factor (EGF) peptide were applied to
identify circulating tumor cells in the peripheral blood of the patients with squa-
mous cell carcinoma of the head and neck, with a range of 1–720 CTCs per
milliliter of whole blood [43].

Fig. 4.5 a Western blot analysis for the densitometric quantification of ErbB2, EGFR and IGF-1R
markers expressed in MDA468, KPL4 and SK-BR-3 breast cancer cells. The same blot, stripped
and reprobed with anti-GAPDH, was used as an internal control. SERS mapping images of
corresponding cell lines were measured at (b) 1650 cm-1 (RBITC), (c) 1619 cm-1 (MGITC), and
(d) 1490 cm-1 (RuITC). e Merged SERS mapping images for three different types of breast cancer
cells. f Bright field images. Reproduced with permission from Ref. [41]. Copyright 2013 Elsevier
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Optical imaging of living subjects is a crucial technique for biomedical research
and clinical diagnosis. Up to now, NIR fluorescence, [44, 45] bioluminescence,
[46], and photoacoustic tomography, [47] have been extensively used for small-
animal models. As a novel tool, Raman imaging has also emerged for optical
in vivo imaging analysis that holding two main advantages. First, in vivo multiplex
labeling is easily achieved with SERS nanoprobes. Second, the SERS technique
can be used with NIR laser excitation, allowing it to share the advantages of
fluorescence in vivo imaging in deep tissues. Therefore, SERS imaging shows
great potential for real clinical application in the future.

In 2008, Nie and coworkers [25] demonstrated the first use of SERS nanoprobes
for in vivo tumor targeting: a single nanoprobe composed of a 60 nm Au NP,
crystal violet, and thiol-PEG was approximately 200 times brighter than a NIR
QD. When conjugated to tumor-targeting ligands such as single-chain variable
fragment antibodies, the SERS nanoprobes could target tumor biomarkers (epi-
dermal growth factor receptors) on human cancer cells and in xenograft tumor
models. The SERS spectra obtained by using a 785 nm laser beam on the tumor
site had a strong SERS-nanoprobe signature; however, anatomic locations such as
the liver only yielded a low background signal.

Later, Gambhir et al. performed a series of work on in vivo SERS imaging
techniques. They firstly [48] demonstrated multiplexed in vivo SERS imaging of
four types of SERS nanoprobes that had been subcutaneously (s.c.) injected into
mice at varying concentrations. Because the SERS nanoprobes had different Raman
spectra, the concentration of each could be calculated by using the component
analysis method. Furthermore, they demonstrated the ability of Raman spectros-
copy to separate the spectral fingerprints of up to ten different s.c. injected
nanoprobes and five intravenous (i.v.) injected nanoprobes in liver. They also lin-
early correlated Raman signals with SERS concentrations after s.c. or i.v. injecting
four unique nanoprobes [49]. Despite in vivo multiplex-imaging ability of SERS
technique has great potential for medical research, the real application with SERS
nanoprobes in endoscopy and intraoperative image guidance of surgical resection
was presently limited by long acquisition times and small field of view, and difficult
in animal handling with existing Raman spectroscopy instruments. Recently, they
presented a unique and dedicated small-animal Raman imaging instrument that
enables rapid, high-spatial resolution, spectroscopic imaging over a wide field of
view ([6 cm2), with simplified animal handling (Fig. 4.6). Imaging of SERS
nanoprobes in small animals demonstrated that this system could detect multiplexed
SERS signals in both superficial and deep tissue locations at least an order of
magnitude faster than existing systems without compromising sensitivity [50].

4.3.3 In situ and Real-Time Monitoring Chemical Reactions

SERS spectroscopy is an ultrasensitive molecular spectroscopy technique for which
detection limits down to the single molecule. Besides, as a vibrational spectroscopy,
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SERS spectroscopy can provide detailed information about the chemical structure
of the given molecular target. More importantly, SERS detection can be carried out
on micrometer- or submicrometer optically active materials. These features make
SERS a powerful tool for the in situ and real-time monitoring chemical reactions.

By using 2 lm hierarchical Ag microspheres with a roughened surface as SERS
substrates, Kang et al. demonstrated the monitoring of the chemical reaction of
p-nitrothiophenol (pNTP) dimerizing into p,p’-dimercaptoazobenzene. The Plas-
mon-driven chemical reaction of pNTP could be monitored on one single particle,
through which laser wavelength- and power-dependent conversion rates of the
reaction were observed (Fig. 4.7a) [51]. Qian et al. reported systematic surface-
enhanced Raman studies of two organic chromophores, malachite green (MG) and
its isothiocyanate derivative (MGITC). These two dyes have different functional
groups for gold NPs surface binding but nearly identical spectroscopic properties.
The SERS spectra revealed that the surface structure of MGITC is irreversibly
stabilized in its p-conjugated form and is no longer responsive to pH changes. In
contrast, the electronic structure of adsorbed MG is still sensitive to pH and can be
switched between its localized and delocalized electronic forms [52]. Chemical
reactive SERS nanoprobes are helpful for unveiling the mechanism of sodium
borohydride (NaBH4) removal of organothiols from AuNPs. When adding NaBH4 to
homocysteine (Hcy) or 2-naphthalenethiol (2-NT) labeled SERS nanoprobes, their
characteristic Raman peaks disappear. After further spiking 2-NT into Hcy-con-
taining AuNPs that had been washed with NaBH4, the spectrum of 2-NT obtained
again. These results indicated that NaBH4 could be used as a hazard-free, general-
purpose detergent for AuNP based SERS nanoprobe’s recycle and reuse [53].

b Fig. 4.6 A In vivo SERS spectra obtained from pegylated gold nanoparticles injected into
subcutaneous and deep muscular sites in live animals. The injection sites and laser beam positions
are indicated by circles on the animal. A healthy nude mouse received 50 ml of the SERS
nanoparticles tags (1 nM) by subcutaneous (1–2 mm under the skin) or muscular (*1 cm under
the skin) injection. The subcutaneous spectrum was obtained in 3 s, the muscular spectrum in
21 s, and the control spectrum (obtained in an area away from the injection site) also in 21 s. The
reference spectrum (red) was obtained from the SERS nanoparticles in PBS solution in 0.1 s. The
spectral intensities are adjusted for comparison by a factor (91, 930 or 9210) as indicated. The
Raman reporter molecule is malachite green, with spectral signatures at 427, 525, 727, 798, 913,
1,169, 1,362, 1,581, and 1,613 cm-1. These features are distinct from the animal skin Raman
signals (see the skin spectrum). Excitation wavelength, 785 nm; laser power, 20 mW. B In vivo
cancer targeting and surface enhanced Raman detection by using ScFv antibody conjugated gold
nanoparticles that recognize the tumor biomarker EGFR. a, b SERS spectra obtained from the
tumor and the liver locations by using targeted (a) and nontargeted (b) nanoparticles. Two nude
mice bearing human head-and-neck squamous cell carcinoma (Tu686) xenograft tumor (3 mm
diameter) received 90 ll of ScFv EGFR-conjugated SERS tags or pegylated SERS tags
(460 pM). The particles were administered via tail vein single injection. SERS spectra were taken
5 h after injection. c Photographs showing a laser beam focusing on the tumor site or on the
anatomical location of liver. In vivo SERS spectra were obtained from the tumor site (red) and
the liver site (blue) with 2 s signal integration and at 785 nm excitation. The spectra were
background subtracted and shifted for better visualization. The Raman reporter molecule is
malachite green, with distinct spectral signatures as labeled in (a) and (b). Laser power, 20 mW.
Reproduced with permission from Ref. [25]. Copyright 2008, Nature Publishing Group
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Redox homeostasis and signaling are critically important in the regulation of
cell function, but quantitatively measuring intracellular redox potentials is still
challenging. Auchinvole et al. developed a new approach based on the use of
SERS nanoprobes, which comprise gold nanoshells and reporter molecules that
sense the local redox potential. As shown in Fig. 4.7b, the Raman spectrum of the
reporter changes depending on its oxidation state. After the nanoprobes being
controllably delivered to the cytoplasm, intracellular potential can be calculated by
a simple optical measurement in a reversible, noninvasive manner over a previ-
ously unattainable potential range encompassing both superphysiological and
physiological oxidative stress [54]. Sharing similar ideas, novel SERS nanoprobes
were developed by modifying oxidized cytochrome c (Cyt c) on gold NPs for the
sensitive and selective determination superoxide anion radical (O2

-) in living
HeLa and normal human liver cells. On the basis of the differences in the SERS
spectra (the height changes of double peaks near 1375 cm-1) between the oxidized
and reduced form of Cyt c, this nanoprobe could be used to investigate O2

-

concentration with a detection limit of 1.0 9 10-8 M. Additionally, the selectivity
of this nanoprobe was excellent, other reactive oxygen species and biologically
relevant species did not influence the detection of O2

- [55].

Fig. 4.7 a Time-dependent SERS spectra of p-nitrothiophenol (pNTP) under continuous
exposure to a 532 nm laser. The spectra were collected for a single Ag particle, with an
integration time of 2 s, and a laser power of 0.5 mW. Reproduced with permission from Ref.
[51]. Copyright 2013, Royal Society of Chemistry. b Scheme of the local redox potential SERS
Nanosensors: structures, electron transfer schemes, and standard reduction potentials and
potential-dependent changes in SERS spectra. Reproduced with permission from Ref. [54].
Copyright 2012, American Chemical Society

88 4 Surface-Enhanced Raman Scattering Nanoprobes



4.3.4 Intermolecular Interaction Characterization

A tactfully designed SERS nanoprobe is also suitable for the characterization of
protein or nucleic acid interactions inducing conformational changes. By analyz-
ing the vibrational changes occurring at a specific biointerface supported on SERS
substrates, interactions between molecules can be in situ monitored and specific
targets can be quantitatively detected. Alvarez-Puebla and coworkers did pio-
neering works in this field. For example, they fabricated silver-coated carbon
nanotubes (CNT@Ag) and then modified a monoclonal antibody (mAb) on the
surface. When benzoylecgonine, the main cocaine metabolite, met the SERS
nanoprobes, it can be captured by mAb. This interaction can be revealed by the
increase of Raman intensity of the peak around 693 cm-1 (out-of-plane C–H
bending) of the nanoprobes (Fig. 4.8a) [56]. This technique was also applied to
detect the interaction of the FtsZ protein from Escherichia coli, an essential
component of the bacterial division machinery, with either a soluble variant of the
ZipA protein (that provides membrane tethering to FtsZ) or the bacterial mem-
brane (containing the full-length ZipA naturally incorporated). The engineered
silver-coated polystyrene microbeads were used not only to support the bilayers
but also to offer a stable support with a high density of SERS hot spots, allowing
the detection of ZipA structural changes linked to the binding of FtsZ (Fig. 4.8b)).
These changes were different upon incubating the coated beads with FtsZ poly-
mers (GTP form) as compared to oligomers (GDP form) and more pronounced
when the plasmonic sensors were coated with natural bacterial membranes [57].

Magnetic hybrid assemblies of Ag and Fe3O4 NPs modified with myoglobin
(Mb) were able to capture toxic targets (NO2

-, CN-, and H2O2) and detect them
via SERS [58]. Upon binding these targets, the single SERS peak of Mb in the
range of 1,340–1,400 cm-1 would divide into two peaks. On the basis of char-
acteristic spectral markers, one could quantified these targets with detection limits
of 1 nM for nitrite, 0.2 lM for cyanide, and 10 nM for H2O2. A novel SERS
platform for dopamine (DA) detection was developed based on intermolecular
interaction principle. The iron-nitrilotriacetic acid attached silver nanoparticle
(Ag–Fe(NTA)) substrate was designed for both DA capture and the SERS
enhancement. The Fe-NTA receptors can trap DA adjacent the silver core and the
NTA-Fe-DA complex formed provides resonance enhancement with a 632.8 nm
laser. DA could be detected in pM level without any pretreatment. The high
sensitivity along with the improved selectivity of this sensing approach is a sig-
nificant step toward molecular diagnosis of Parkinson’s disease [59].

The vibrational frequency variations of SERS nanoprobes can also reflect
intermolecular interactions. Oncoprotein c-Jun is a member of the bZIP (basic
zipper) family of dimeric transcriptional activators whose overexpression has been
associated with several human cancers. Guerrini et al. developed SERS-based
sensor for the detection of c-Jun to heterodimerize with its native protein partner,
c-Fos, and therefore designed a c-Fos peptide receptor chemically modified to
incorporate a thiophenol (TP) group at the N-terminal site. As illustrated in
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Fig. 4.8 a Schematic representation (green spheres represent Ag NPs on which the analytes can
be retained) and SERS spectra of the direct (A) and the label-free specific indirect detection of
BCG on CNT@Ag (B and C). B corresponds to the Fab mAb fragments adsorbed on the
CNT@Ag substrate whereas (C) depicts the complexed mAb–BCG system. Reproduced with
permission from Ref. [56]. Copyright 2009, Royal Society of Chemistry. b Conformations of
sZipA in the absence and in the presence of FtsZ . Spiral R-helix; arrow b-sheet; line random
coil. SERS spectra of ZipA on PS@Au@Ag beads, before and after interaction with FtsZ, in the
presence and absence of GTP. Samples were illuminated with a 785 nm laser line to avoid
damaging the proteins. Reproduced with permission from Ref. [57]. Copyright 2012, American
Chemical Society
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Fig. 4.9, the binding of two macromolecules induces molecular deformation of TP,
the anchors of the c-Fos protein onto the metal substrate, thus the changes of
Raman peak position around 1,000–1,100 cm-1 and the height ratio of two peaks
in 1,540–1,620 cm-1 spectral regions. The SERS probes effectively sense the
structural rearrangements associated with the c-Fos/c-Jun heterodimerization and
can detect c-Jun at nanomolar levels [60]. The vibrational frequency variations of
antibody-conjugated SERS nanoprobes were also reported to reflect and quanti-
tatively detect the targeted antigen, as a result of antibody-antigen interaction
forces [61].

Fig. 4.9 Left panel A Schematic representation of the SERS substrate (AgNPs over silanized
glass slide) including the normalized extinction spectra of AgNPs in solution and deposited on the
glass substrate. A representative SEM image of the film is also shown. B Outline of the c-Fos/c-
Jun dimerization on the metal surface and the resulting deformation of the Raman label structure.
c-Fos peptide sequence: MKRRIRRERNKMAAAKCRNRRRELTDTLQAETDQLEDEKSALQ-
TEIANLLKEKEKLW. Right panel A Normalized SERS spectra of c-FosTP anchored to AgNPs
over a silanized glass slide upon exposure to variable concentrations of c-Jun in HEPES buffer.
B, D Details of the 1,000–1,100 and 1,540–1,620 cm-1 spectral regions of the SERS spectra
illustrated in (A), respectively. C Spectral shift of the thiophenol band at ca. 1,075 cm-1 as a
function of c-Jun concentration (logarithmic scale) in HEPES buffer. E Intensity ratio I1574

(complex)/I1585 (free) as a function of c-Jun concentration (logarithmic scale) in HEPES buffer,
with a limit of detection at 5 nM. Reproduced with permission from Ref. [60]. Copyright 2013,
American Chemical Society
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Chapter 5
Challenges and Perspectives of Optical
Nanoprobes

Abstract In recent years, the design of optical nanoprobes has achieved dramatic
advances and certain nanosensors have been successfully applied to biological
analysis and imaging. Still, challenges of optical nanoprobes also remain, such as
increasing sensing performance for real environmental and clinical samples, the
design and application of multifunctional nanoplatforms, and biocompatibility
research.

Keywords Optical nanoprobes � Real sample detection � Multifunctional nano-
platform � Biocompatibility

Despite various kinds of optical nanoprobes have been developed, it should be
noted that most academic researches stayed on the level of exploring novel optical
features of nanomaterials and developing proof-of-concept sensors that only fit for
detection in ‘‘pure’’ sensing systems. Up to now, no nanoprobe is really applicable
to monitor the chemical parameter under real-world conditions, for example in the
blood stream, in seawater, or in a reaction vessel [1]. This problem is partially
attributed to the active nature of nanomaterials. For example, monodispersed gold
or silver nanoparticles (NPs)-based colorimetric probes themselves are likely to
aggregate in ionic buffers and lose sensing ability. The fluorescence of quantum
dots (QDs) is sensitive to a variety of substances in environment or in physio-
logical matrix such as H+, Fe3+, and H2O2 [2, 3]. Therefore, the selectivity for real
sample detection is very hard to achieve when using QDs-based nanoprobes. Gold
NPs tend to adsorb endogenous macromolecules due to the large specific surface
area, which result in inactive surface and decrease the surface enhanced Raman
scattering (SERS) ability [4]. This is a major obstacle for the application of SERS
sensing nanoprobes in vivo. In the future, researchers should face and resolve these
questions of reality and tried their best to deliver numerous kinds of optical
nanoprobes from lab to real and urgent application scenes and markets.

Developing multifunctional nanoplatforms combining the benefits of multiple
imaging and diagnosis capacities will be another important and practical research
field [5]. These complex probes exhibit much extended sensing capability and
have great potential to conquer challenges such as delineating tumor margins
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during surgery and tracking in vivo distribution behavior of nanomedicine. Two
factors should be considered in this issue. The first factor is rational design
strategies to preserve the optical properties of multiple kinds of nanomaterials
during constructing complex nanostructures composed of multiple targeting,
separation, imaging, and therapeutic modules. For example, unique triple-modality
magnetic resonance imaging–photoacoustic imaging–Raman imaging NPs were
reported to accurately delineate the margins of brain tumors in living mice both
preoperatively and intraoperatively [6]. Multifunctional gold nanorods with
ultrahigh stability and tunability were designed for in vivo fluorescence imaging,
SERS detection, and photodynamic therapy [7]. The second factor to be noted is
how to maintain a relative small size of the resultant multicomponent nanostruc-
tures. In biomedical analysis, if the nanoprobes are too large compared with tar-
geting biological molecules, any inhomogeneous distributions of the probes
superimposed on the biological samples will reduce the accuracy of bioimaging
and analysis. Thus, size controlling of the probes is important to accurately reveal
the location and number of the targets in sensing images. On one hand, small-sized
NPs (sub 10 nm) such as gold/silver nanoclusters, [8] carbon dots, [9, 10] silicon
dots, [11–13], graphene QDs [14], and small dye-encapsulated SERS tags [15, 16]
were developed and used as raw materials. On the other hand, delicate core-shell
and yolk-shell architectures [17, 18] were skillfully designed to reduce the size of
the complex multifunctional probes.

Biocompatibility of nanoprobes is an important issue in bioanalysis, which
mainly depends on the toxicity of corresponding nanomaterials. In recent years,
the biological effect of various types of continuously emerging nanomaterials has
drawn much concern [19]. Conclusive evidences indicated that many NPs for
building up optical probes were of potential toxicity for living systems. For
example, QDs could induce adverse effect to cells due to slow oxidation process
induced free cadmium ions release, and the creation of reactive oxygen species
that cause damage to nucleic acids and enzymes [20]. Gold nanoclusters showed
size-dependent toxicity, small clusters with size less than 2 nm was much toxic
than 15 nm gold NPs [21]. Therefore, surface stabilizing and coating materials and
protocols should be performed to reduce the toxicity of nanomaterials, and the
as-prepared probes should be subject to biocompatibility test before applying for
in vivo investigations.

Additionally, by taking advantage of the multiplex information provided by
optical nanoprobes, novel instruments such as flow cytometers for cell sorting [22]
and miniaturized sensor arrays, microfluidic chips [23] for clinical analysis can be
further developed. Future environmental sensors should be envisioned to be
integrated into mobile phones, computers, or aerial drones for real-time monitoring
and remote data transmission.
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