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In this Feature Article, we examine recent advances in chemical analyte detection and optical

imaging applications using gold and silver nanoparticles, with a primary focus on our own work.

Noble metal nanoparticles have exciting physical and chemical properties that are entirely

different from the bulk. For chemical sensing and imaging, the optical properties of metallic

nanoparticles provide a wide range of opportunities, all of which ultimately arise from the

collective oscillations of conduction band electrons (‘‘plasmons’’) in response to external

electromagnetic radiation. Nanorods have multiple plasmon bands compared to nanospheres. We

identify four optical sensing and imaging modalities for metallic nanoparticles: (1) aggregation-

dependent shifts in plasmon frequency; (2) local refractive index-dependent shifts in plasmon

frequency; (3) inelastic (surface-enhanced Raman) light scattering; and (4) elastic (Rayleigh) light

scattering. The surface chemistry of the nanoparticles must be tunable to create chemical

specificity, and is a key requirement for successful sensing and imaging platforms.

Introduction

Interest in ‘‘finely-divided metals’’ dates back to Roman times

when gold was used for artistic coloration.1,2 Today, we know

that nanoscale metal particles are responsible for some of

the beautiful colors in stained glass windows and other works

of art.1,2

That gold appears red, or violet, or other colors that are not

gold when prepared as a nanoscale material is one manifesta-

tion of the fact that nanoscale materials can possess distinct

physical and chemical properties that are entirely different

from their bulk counterparts.3–5 If we classify materials

according to their electronic properties and assign them either

to metals, semiconductors, or insulators, then metals and

semiconductors are by far more interesting to contemplate on

the nanoscale. For semiconductors, quantum mechanical

confinement of charge carriers occurs when the physical size

of the crystallite approaches that of the Bohr radius of

electron–hole pairs in the material – which is 1–10 nm for most

semiconductors.4 As a result, the optoelectronic properties of

semiconductor nanoparticles vary with crystallite size in this

regime.4 This ability to engineer the nanocrystal bandgap by

simply varying the size of the crystallite helps semiconductor

nanoparticles (also called quantum dots) find applications

in biomedicine as fluorescent labels, in electronics, solar

cells etc.4,6–8

For metals, the situation is different. The mean free path of

an electron in a metal at room temperature is approximately

10–100 nm.9,10 Therefore, again, on similar length scales,

interesting physical effects might be expected of metals. Even

down to y5 nm, most metals can still be described as having a

conduction band.2,9,10 The bright colors in nanoscale noble

metal particles are due to the collective oscillations of electrons

in the conduction band that are excited by light of appropriate

frequencies.2,11–15 These oscillations are termed ‘‘plasmons’’ –

or, more precisely for colloidal metal nanoparticles, localized
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surface plasmon resonances (LSPRs).11 The LSPR can be

pictured as a ‘‘wave’’ of electrons sloshing over the surface of a

metal nanoparticle. As a result, an enhanced electromagnetic

field at and near the metal nanoparticle surface is set up, and

this forms the basis for the surface-enhanced spectroscopies

that will be discussed below.11 The position of the plasmon

band (extinction spectrum) is best measured on a conventional

UV-visible spectrophotometer, and appears as a band with

extremely high extinction coefficients (up to 1011 M21 cm21).11

It is important to realize, however, that this peak in the optical

spectrum is not due to a simple ground state to excited

state localized transition; and moreover, colloidal metal

nanoparticles also scatter light very effectively, and their

observed extinction spectra are really combinations of

absorption and scattering.11–15

For a dilute solution of metallic small spherical particles, the

resonance conditions to achieve absorption by light can be

calculated using the analytical treatment of Maxwell’s

equations as demonstrated by Mie.11,16 The resonance condi-

tion is met when the real part of the dielectric function of

the metal equals the dielectric function of the surrounding

medium in which the particles are dispersed. This condition

also implies that the frequency of the plasmon band depends

on the dielectric constant of its local medium.11–17 In water, for

example, it is well known that y20 nm diameter spherical gold

particles have their LSPR centered at y520 nm, while silver

nanospheres of the same size have their LSPR centered

at y420 nm. From further inspection of the parameters in

Mie’s equations, and others,11–21 it can be deduced that the

frequency of the plasmon band will differ from that of the

simple isolated sphere if the nanoparticle is nonspherical in

shape, and if it is close to other particles. The observations

of multiple plasmon bands for anisotropic noble metal

nanoparticles, and the known visible color changes that occur

in solution when noble metal nanoparticles aggregate, clearly

support these notions.9–14,18–21 Scheme 1 shows the different

parameters affecting the frequency of the LSPR band(s) for

nanoparticles.17,18

The scattering component of the extinction spectra of noble

metal nanoparticles is also sensitive to local environment. Just

as the absorbed light of the LSPR is shifted by local refractive

index, so is the color of scattered light.22,23 This is best

visualized in a simple darkfield optical microscope, in which

white light impinges on the dispersed nanoparticle sample, and

elastically scattered light is detected via the use of a darkfield

objective (Fig. 1).

The large electromagnetic field produced by the plasmon(s)

decays out perhaps y10 nm at the most from the nanoparticle

surface.24 Any molecule that happens to be within this distance

of the nanoparticle surface will experience these large fields.

There are a number of ‘‘surface-enhanced’’ spectroscopies that

result from this effect.11,25 The principle effect that will be

discussed here is surface-enhanced Raman spectroscopy

(SERS), also known as surface-enhanced Raman scattering.26

The Raman effect itself is a weak one: visible light that is not

directly absorbed by the molecule of interest is only weakly

Scheme 1 The plasmon band position of noble metal nanoparticles can be used for chemical sensing. Top panel: Aggregation of noble metal

nanoparticles red-shifts and broadens plasmon bands. For colloidal 4 nm gold nanospheres, this results in a visual color change from orange–red to

purple or blue. The aggregation depicted here resulted from increased ionic strength in aqueous solution. Lower panel: The local refractive index of

the medium shifts the position of the plasmon band.
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inelastically scattered off the vibrations in the molecule. The

fundamental selection rule for Raman spectroscopy is that the

polarizability of the molecule must change during the course of

the vibration. (In contrast, the fundamental selection rule for

infrared spectroscopy is that the dipole moment of the

molecule must change during the course of the vibration).

The resulting Raman spectrum does provide a nice vibrational

fingerprint of the molecule, and, unlike infrared spectroscopy,

the O–H bond of water is only weakly Raman-active; but the

required sample concentration to obtain a reasonable Raman

spectrum is too high for this method to be generally useful for

dilute (less than millimolar) concentrations. The intensity of

Raman signals, however, depends on the fourth power of the

local electric field. Molecules that are near a nanoscale metal

surface not only experience this field, but also, through charge-

transfer interactions with the metal surface itself, can undergo

changes in polarizability that also increase its Raman signal -

to the point of (near) single molecule detection.25–28

If we consider the light that is elastically scattered and

inelastically scattered off noble metal nanoparticles, we can

see the potential for imaging with nanoparticles using elastic

light scattering, and the potential for chemical sensing with

nanoparticles using SERS (Scheme 2).

For spherical nanoparticles, the plasmon oscillations are

isotropic due to the spherical symmetry, but interesting

differences emerge depending on the nanoparticle shape. For

a nanorod, which we will define as a particle with a length/

width ratio (also known as aspect ratio) between 1 and 20,

the oscillations can now take place both along the width

(transverse plasmon band) or along the length of the nanorod

(longitudinal plasmon band).9,29–31 Thus, two principle plas-

mon bands are observed in nanorods that are tunable with

Fig. 1 Darkfield optical micrograph of light elastically scattered from silver nanoparticles, y50 nm diameter. The field of view is approximately

1 mm. Left panel: Micrograph taken in air (refractive index 1). Right panel: Micrograph, same region, taken in mineral oil (refractive index y1.5).

The red-circled region highlights five spots that shift in scattered color from blues to greens.

Scheme 2 Chemical sensing and imaging using scattering of light (elastic and inelastic scattering). Upon incident electromagnetic radiation that

excites the surface plasmons, molecules near the nanoparticle surface undergo surface-enhanced Raman (inelastic) scattering to produce a Raman

vibrational spectrum, which can be used to detect and identify near-surface molecules. Noble metal nanoparticles dispersed on a glass slide can be

imaged in a darkfield optical microscope by elastically scattered visible light. The image shown here is of gold nanorods in a collagen film with

cardiac cells; see the main text for further details.
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aspect ratio.9,29–31 For both gold and silver, the longitudinal

plasmon bands that have been observed range from maxima at

500 nm to 1600 nm29–31 (Fig. 2). Excellent reviews are available

that consider theoretical descriptions of plasmons in non-

spherical noble metal nanostructures.13,21,32,33 For chemical

sensing and imaging, there are some distinct advantages to

noble metal nanorods compared to nanospheres. First of all,

nanorods can be made that will match the frequency of

common lasers (e.g., 633 nm, 785 nm, or 1064 nm). Second,

especially for biological applications, the use of near-infrared

(NIR) light is superior to visible light because NIR light is less

likely to excite background fluorescence. Third, again for bio-

logical applications, NIR light has a much greater penetration

depth in tissue than visible light. Fourth, the anisotropic shape

of nanorods implies different chemical reactivity at the ends vs.

the middle of the rods; therefore, longitudinal and transverse

plasmon bands could be independently interrogated to yield

two types of chemical detection with only one type of particle.

Our group has been actively involved in the synthesis,

surface modification, and applications of gold and silver aniso-

tropic nanostructures, especially nanorods.29–31,35–46,63,64,67–69,72

We have already described, in recent review articles, our

syntheses and proposed growth mechanisms of colloidal gold

and silver nanorods of controllable aspect ratio, in water.29–31

In our work, we have identified preferential adsorption of

structure-directing molecules to different crystalline faces of the

growing nanoparticles as a key concept to control final

nanoparticle shape. In this Feature Article, we focus on using

these materials for chemical sensing and imaging applications.

Surface chemistry of nanoparticles

We have already identified two means to shift the position of

the plasmon bands in noble metal nanoparticles: (1) change the

local dielectric constant, or refractive index, that surrounds the

particles; and (2) aggregate the nanoparticles. If we want to

take advantage of these effects to do chemical sensing, then

clearly it is necessary to functionalize the surface of the

nanoparticles so that the analyte of interest will specifically

bind, and therefore either change the local dielectric constant,

or induce the nanoparticles to aggregate. Therefore, the

surface chemistry of the nanomaterials plays a crucial role in

sensor design.

The literature on metal nanoparticle surface modification is

vast. Both organic (surfactants, bifunctional thiols, polymers,

amino acids, proteins, DNA) and inorganic materials (silica,

other metals, metal oxides, etc.) have been coated on gold and

silver nanoparticles.47–61 For gold, covalent attachment of

molecules through thiols or disulfides is by far the most

popular choice, which works well if the native adsorbed ions,

polymers, etc. that were present when the nanoparticles were

made are able to be displaced by Au–S bonds.47–50,53,54

The surfaces of one-dimensional nanostructures such as

nanorods can be more distinct compared to spheres (which are

usually faceted polyhedra, if crystalline). Our studies indicate

that the gold nanorods synthesized by our technique (seed-

mediated surfactant-directed growth) have interesting crystal-

lographic forms.29–31,39 Our long gold nanorods (y500 nm

long, 20 nm wide) are penta-tetrahedral twinned, and display

five (111) crystal faces on the ends, as opposed to (100) or (110)

crystal faces on the nanorod sides.29–31,39 This difference in

crystal symmetry, we believe, is due to slightly different

binding energies of our structure-directing agents to the

different crystal faces of the growing nanorods.29–31,39 In our

case, it appears that the cationic surfactant used in the

synthesis procedure remains on the sides of the nanorods in the

form of a bilayer62,63 which imparts an overall cationic charge

to the nanomaterial, leaving the nanorod ends more available

for subsequent reaction. The growth mechanism of short gold

nanorods can be different, as pointed out by Guyot-Sionnest

Fig. 2 The optical properties of gold and silver nanoparticles change drastically with nanoparticle shape. The photograph shows aqueous

solutions of 4 nm gold nanospheres (vial 0) and progressively higher aspect ratio gold nanorods (1–5). The optical spectra and transmission electron

micrographs for the particles in vials 1–5 are also shown. Scale bars in micrographs are all 100 nm.
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and co-workers.34 The introduction of Ag(I) slows down the

growth, wherein the incoming gold atoms find time to be

deposited at faces which are most energetically favorable.34

Furthermore, even under acidic conditions, where Ag(I) would

not be reduced by ascorbic acid to Ag(0), a monolayer of

metallic silver deposits on the high energy Au{110} facets of

the growing nanorod surface.34 This is known as under-

potential deposition. The Ag-monolayer-protected surface

grows more slowly compared to relatively unprotected

Au{100} leading to growth along the [100] direction.34

Surface modification of nanorods is necessary to ultimately

use them for different applications. We have used bifunctional

thiols such as biotin-disulfides to anchor onto the gold nano-

rod surface. We found that thiols bound to the Au (111)

crystal face on the nanorod ends, while maintaining the CTAB

bilayer protecting the nanorod sides.64 Addition of streptavi-

din further leads to an end-to-end linkage of gold nanorods.64

On similar lines, Kamat and co-workers have attached small

molecules such as mercaptopropionic acid preferentially to

gold nanorod ends, which in organic solvents hydrogen-bond

to yield end-to-end linked nanrods.65 In their case, too, charged

surfactants that were used to grow the nanorods in solution

were still present on the nanorod sides, blocking reaction there.

Chang et al. have bound anti-mouse IgG specifically to gold

nanorod ends. Subsequent addition of protein mouse IgG

achieved oriented assembly of nanorods in solution.66

More usual, however, is to chemically modify the entire

nanorod surface. We have exploited the usefulness of poly-

electrolytes, which can coat the entire nanorod surface, simply

based on electrostatic interactions.67–69 Because the cationic

surfactant we use in our nanorod preparations is a tetra-

alkylammonium salt, the nanorods are always highly positively

charged independent of pH—which we can confirm with zeta

potential (effective surface charge) measurements.67–69

Following layer-by-layer electrostatic assembly techniques

pioneered by others for 3-D surfaces,51,52 we have deposited

single and multiple layers of polyelectrolytes on gold nanorods

by the layer-by-layer technique.67,68 The final charged polymer

coat can then be used for subsequent chemistry. For example,

if we terminate the nanorod coating with a carboxylic acid-

containing polymer, we can use carbodiimide coupling of acids

with amines to attach amine-containing molecules to the gold

nanorods through amide bonds.68 In one example, we were

able to functionalize the entire nanorod surface with biotin

again, but this time using an amine-functionalized biotin.68

Further addition of streptavidin leads to aggregation of gold

nanorods in all three dimensions, not just one as we saw before

with gold–thiol chemistry.64 Using polymer coatings as a

buffer layer, we have recently covalently attached antibodies

and enzymes to the gold nanorods through amide bond

formation and ‘‘click’’ chemistry.69 Another interesting alter-

native to modify gold nanorods with dithiocarbamates.70 Wei

and co-workers incubated a PEG–primary amine composite

with CS2 in the presence of nanorods to give in situ formation

of dithiocarbamate and attachment to gold nanorods.70 This

displaced CTAB in their case and controlled the non-specific

cellular uptake of nanorods.70 Another method to modify the

gold nanorod surface involves replacing CTAB with phospho-

lipids such as phosphotidylcholine (PC) using a multi-step

extraction process.71 Takahashi et al. demonstrated this

procedure and find that PC stabilized gold nanorods have

reduced cytotoxicity.71

We and others have shown that gold nanorods can be

functionalized by silanes, and subsequent reaction can form

silica coatings on gold nanorods.72–74 Recently we have

demonstrated the coating of gold nanorods with a magnetic

iron oxide shell. Gold nanorods were synthesized with our

usual protocol29–31 and further coated with a single layer of the

polymer polystyrene sulfonate. The resulting nanorods, now

net negatively charged at neutral pH, were further reacted with

a solution containing Fe(II) and Fe(III) ions (molar ratio: 0.5)

and then hydroxide ions. The target product is Fe2O3-coated

gold nanorods, which would exhibit the plasmon bands of the

gold nanorods, but also would be amenable to magnetic

manipulation. A further detailed investigation is being carried

out in the laboratory at the present time.

Chemical sensing based on nanoparticle aggregation

Analyte-mediated gold nanoparticle aggregation has been

studied to a large extent, and has been particularly useful in

the detection of DNA, proteins, antibodies, glucose, toxic

metal ions and other substances.57,58,75–89 Scheme 3 shows the

general idea for aggregation-based chemical sensing. Sensing is

based on the coupling of plasmon resonances from particles

that are within y1 diameter of each other, upon analyte-

mediated aggregation.

Mirkin and co-workers have studied in great detail the

detection of DNA using gold nanoparticles.57,58,75 They use

the principle of nanoparticle aggregation due to addition of

complimentary target oligonucleotide to different oligonucleo-

tide modified gold nanoparticles.57,58,75 On similar lines, there

are reports for DNA detection using 2-D aggregation76,77 and

use of peptide nucleic acid (PNA) stabilized gold.78 On the

other hand, a new class of ‘‘molecular rulers’’ have been

developed by Alivisatos and co-workers which rely on the

red shifts in light scattering color upon DNA-directed aggrega-

tion of different surface-modified gold nanoparticles.23,79

Aggregation based chemical sensing has also been used to

detect proteins and antibodies such as anti-protein A,80 biotin

and streptavidin,81,82 and lectins.83,84 Different molecules such

as adenosine,85 glucose86 have also been detected using this

procedure. Detection of heavy and toxic ions such as lead,87,88

Scheme 3 A generalized scheme for chemical sensing based on gold

(or silver) nanoparticles aggregation. The surface of the gold nano-

particles needs to be modified with a molecule (blue) that recognizes

the analyte of interest (pink). For maximum aggregation, the analyte

should bind to its partner in a multivalent fashion, so that multiple

gold nanoparticles will be brought close to each other upon introduc-

tion of the analyte. The plasmon band(s) of aggregated gold and silver

nanoparticles will be broadened and red-shifted as a function of

aggregation state, and therefore as a function of analyte concentration.
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mercury and cadmium88 has also been possible by studying

nanoparticle aggregation. Our group has developed a lithium-

ion sensor, suitable for aqueous solutions, based on gold

nanoparticle aggregation that is specific for lithium ion.89 A

modified 1,10-phenanthroline ligand (Fig. 3) was synthesized

and attached to 4 nm gold nanoparticles via the thiol ends.

Lithium ions selectively bind in a 2 : 1 fashion to this ligand,

causing an aggregation of ligand-modified nanoparticles when

lithium ion is introduced. The colorimetric changes observed

are linear with lithium ion concentration, and forms a basis of

lithium ion sensing using nanoparticles (Fig. 4).89

In all these applications, the use of spherical nanoparticles

works well. Nanorods have the advantage that the transverse

and longitudinal plasmon bands are both sensitive to aggrega-

tion by broadening and red-shifting, but in two separate

wavelength regimes. Therefore, depending on the constraints

of the environment (e.g., the presence of other chromophores,

physical confinement of reaction space, etc.), the shape of the

nanoparticle can be varied to yield optimal sensing results. The

use of nanorods for sensing is relatively new and only a few

reports have come out so far. We have used biotin–avidin as a

model system for aggregation and change in optical properties

of nanorods.64,68 The instant aggregation of biotinylated

nanorods upon addition of streptavidin forms a basis for

detecting proteins such as streptavidin.68 Chang et al. used the

specific affinity of mouse IgG towards anti-mouse IgG to

demonstrate nanorod linking. This forms a basis for sensing

antibodies due to nanorod aggregation.66 We have used the

shifts in plasmon bands to monitor the aggregation of gold

nanorods triggered by protonation and deprotonation of

adipic acid.90 Sudeep et al were able to selectively detect micro

molar concentrations of cysteine and glutathione using optical

spectral changes in gold nanorods.91 The changes in optical

spectra from the end-to-end linking of nanorods were due to

preferential binding of cysteine to the nanorod ends.91 In all of

these examples, however, the chemistry of molecular recogni-

tion must be supplied: the nanoparticle aggregation state is

dictated by their surface chemistry, and would otherwise not

be specific enough.

Chemical sensing based on plasmon shifts with local
refractive index

We have alluded above to the sensitivity of the position of the

plasmon bands in metal nanoparticles to the local dielectric

constant/refractive index. If the chemistry of the nanoparticle

can be engineered so that only the analyte of interest will bind

to its surface, the binding event will induce a small yet

detectable change in the frequency of the plasmon band

(Fig. 1). The overall shift does depend on surface coverage. A

series of papers from numerous labs have laid the groundwork

for correlation of plasmon band position (either observed from

colloidal solutions spectrophotometrically; or from surface-

bound nanoparticles scattering light in a darkfield optical

microscope) with refractive index changes.17,92–98 For gold

or silver nanorods, the trends should be similar, but little

experimental work has been published. As in the case of

spherical particles, the shifts in plasmon bands can be used to

study successful surface modification. This shift in the LSPR is

due to the increase in the refractive index of the medium, as is

well known for spheres. We have used the LSPR shifts as a

tool to confirm surface modification of gold nanorods by

polymers and biomolecules.67–69 Similarly, Yu et al., modified

the gold nanorod surface with different bifunctional thiols and

used the LSPR shifts to monitor surface modification of gold

nanorods.99 LSPR shifts were also observed by Liz-Marzan

and co-workers at different stages in an attempt to modify the

nanorod surface by polymers and silica with subsequent

transfer to non-aqueous solvents.100 Furthermore their studies

also indicated that surface modification of gold nanorods leads

to a shift in the longitudinal plasmon band that is much larger

than that for the transverse plasmon band.101 One report has

Fig. 3 Chemical structure of the modified 1,10-phenanthroline ligand

that binds to gold nanoparticles through the thiols, and to lithium ion

through the chelating phenanthroline nitrogens. Two ligands are

required to bind to one lithium ion in a tetrahedral fashion.89

Fig. 4 Aqueous solutions of 4 nm diameter gold nanospheres, modified with the ligand of Fig. 3, change color upon lithium ion addition, due to

nanoparticle aggregation. Left panel: optical spectra of solutions with various lithium ion concentrations. Right panel: calibration curve, based on

plasmon band maximum shifts, from optical spectra. See ref. 89 for more details.
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found that the square of the shift in peak longitudinal plasmon

wavelength for gold nanorods is linear with the square of the

refractive index of the medium.102 As the longitudinal plasmon

band is comparatively more sensitive than the transverse band,

it can be used for sensing applications simply based on local

refractive index changes. Such refractive index changes could

be due to adsorption of analyte, rather than the commonly

used aggregation-mediated colorimetric variation. Irudayaraj

and co-workers recently demonstrate this by multiplexed

detection of anti-IgG using IgG modified nanorod molecular

probes (GNrMPs).103 The red-shift in plasmon bands due to

the binding of target anti-IgG to GNrMPs is solely due to

refractive index changes rather than cross-linking of nanorods.

This was supported by two facts. Firstly, the anti-IgG has a

single binding site to which GNrMP can interact, hence ruling

out head-to-tail aggregation.103 Secondly, only the long-

itudinal plasmon band red-shifts significantly, as opposed to

the red-shifts of both the plasmon bands, a feature generally

observed for analyte mediate aggregation.103 The same

principle of using refractive index variation as a means of

detection applies to thin film studies. Wang et al. have

demonstrated the immobilization of silica-coated gold nano-

rods onto PVP-modified quartz substrates and their subse-

quent biofunctionalization by anti-human-IgG.104 These

nanorod films were further used for colorimetric detection of

human IgG by calibrating the LSPR shifts in terms of IgG

concentration.104 Recently, Marinakos et al. performed an

interesting study of using gold nanorod films for label free

analyte detection using the model biotin-streptavidin bind-

ing.105 Gold nanorods chemisorbed on glass slides modified

with biotin were used to sense pM–mM concentrations of

streptavidin upon binding, based on LSPR shifts. The LSPR

shifts are due to the change in the local refractive index of the

gold nanorods upon streptavidin binding.105 The sensitivity of

the LSPR of the nanorod film to changes in local refractive

index was studied by immersing in different liquids with

varying refractive indices (refractive index from 1.3 to 1.5).105

By depositing polyelectrolyte multilayers, they were able to

determine the distance dependent sensitivity of LSPR shifts of

gold nanorods to refractive index changes.105 In all these cases,

the changes in the LSPR bands is due to the increase in the

local refractive index of the medium surrounding the gold

nanorods, as also observed for spherical nanoparticles.

For other particle shapes, van Duyne has demonstrated

femtomolar detection of proteins, and zeptomolar detection of

thiols (based on the LSPR shifts of individual silver nano-

triangles in a darkfield optical microscope).106 Nehl et al. have

studied the LSPR shifts as a function of refractive index for

star-shaped gold nanoparticles dispersed in water (n = 1.33),

sucrose (n = 1.38) and oil (n = 1.515).107 They determined the

LSPR shifts in terms of the units eV/RIU (shift in photon

energy divided by change in refractive index units). This,

known as dielectric sensitivity, is a way to determine how

sensitive the system is to the variation of local refractive

indices, and an important parameter for using nanoparticles in

biological/chemical sensing.107 This number is different for

different shapes. Taking into account the spectral line width, a

figure of merit was calculated which is simply the dielectric

sensitivity divided by the line width of the plasmon resonance

in eV. They find that their star shaped nanoparticles showed a

figure of merit that was twice than any other shape.107 These

high dielectric sensitivity particles could be ideal for sensing

applications.107 Liz-Marzan and co-workers studied the

optical properties of gold decahedra as a function of local

refractive index variation using experiments and theoretical

modeling.108 They found a consistent red shift in the LSPR

bands upon an increase in the refractive index or an increase in

the thickness of silica shell coating. Furthermore they also

found a size dependence of these shifts.108

Chemical sensing based on inelastic light scattering:
surface-enhanced Raman scattering with noble metal
nanoparticles

Gold and silver nanoparticles are excellent substrates to detect

molecules with surface-enhanced Raman scattering (SERS)

techniques.26,106,109–116 As mentioned in the Introduction,

while the Raman effect itself is weak, the presence of nanoscale

metals that efficiently interact with the incoming visible or

NIR photon gives an enormous increase in the Raman signals

of nearby molecules. Furthermore, the ability to tune the

plasmon band of nanorods, by changing their aspect ratio, to a

specific laser excitation wavelength allows one to obtain

maximum enhancement. It has also been calculated that the

high curvature associated with nanorods results in high surface

electromagnetic fields giving particularly high enhancements

known as ‘‘the lightning rod effect.’’13 There are two opera-

tional mechanisms that are typically used to explain the SERS

phenomenon: electromagnetic (EM) and chemical (CHEM)

enhancement mechanisms. The chemical enhancement

mechanism results from an electronic resonance-charge

transfer between the analyte and the noble metal surface.

This results in an increase in the polarizability of the analyte

causing an increase in the molecule’s Raman scattering. A

large electromagnetic field is generated by a nanoscale surface

in response to the incident light. This field interacts with the

analyte situated in the vicinity of the nanoscale surface causing

an enhancement in their Raman scattering.116 Junctions

between nanoparticles where these electromagnetic fields

overlap will generate large field enhancements, and they may

even allow for single molecule detection.26,28 These electro-

magnetic fields are generated by the localized surface plasmon

resonance of the nanoparticles, which can be tuned by changing

the size, shape, and aggregation state of the nanoparticles.13

Since the introduction of SERS on roughened silver

electrodes in 1977117,118 there has been a great deal of research

centered on maximizing the Raman signals from molecules

adsorbed to spherical colloidal substrates of gold and silver;

but until recently systematic studies of SERS as a function of

particle shape have been limited. Recent developments in the

controlled synthesis of gold and silver nanomaterials with well-

defined, reproducible nonspherical shapes has led to some-

thing of a renaissance in SERS research.29–31

The use of gold and silver nanomaterials of different

morphologies as SERS substrates has been reported by us

and by other laboratories. Moskovits et al. have studied SERS

on both aligned silver nanowire rafts119 and metal–silica

hybrid nanostructures.120 In the latter work, a SERS-active
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substrate consisting of silver nanoparticles on the tips of

silica rods was fabricated. It was found that sub-attomolar

quantities of 4-aminobenzenethiol were detectable by SERS,

and that enhancement factors (in which one compares the

normal Raman signal intensities of the analyte molecule to the

surface-enhanced Raman signal intensities) were 10–20 times

greater for bundles of silver nanoparticles at the tips of silica

rods than were obtainable for analogous arrays of the silver

nanorods.120 This result is more likely due to the high number

of junctions formed between silver nanoparticles on the silica

posts, compared to silver nanorod arrays spaced further apart.

El-Sayed and co-workers have investigated the use of both

unaggregated121 and aggregated122 gold nanorods as SERS

substrates for the detection of both pyridine and 4-aminothio-

phenol (4-ATP). Nikoobakht et al. used a 1064 nm excitation

wavelength in both aggregated and unaggregated studies in

order to minimize the contribution of the EM enhancement

and focus on the CHEM enhancement due to the adsorption

of the pyridine or 4-ATP to the gold surface. Even with little

contribution from the EM enhancement mechanism for

unaggregated samples they reported significant enhancements

of y104 for pyridine and y105 for 4-ATP.121 Aggregation of

the nanorods, which produced junctions, led to an increase in

the Raman signal intensities which could not be reached with

an unaggregated sample. More recently the El-Sayed group

has shown that human oral cancer cells can align gold

nanorods that have been modified with anti-epidermal growth

factor receptor antibodies on the cells surface. The alignment

of the nanorods on the cells surface leads to homogeneous

electromagnetic fields that were used to obtain a SERS

fingerprint unique to the cancer cells.123 Jackson and Halas

have shown that large enhancement factors of 109–1010 can be

observed for 4-mercaptoaniline using gold nanoshells, which

are thin partial gold coats on silica nanospheres.124 Many

complex silver substrates, fixed to surfaces, have been prepared

by the van Duyne group for the quantitative detection of

analytes such as glucose and biowarfare agents by SERS.116

Theory suggests that anisotropic shapes of noble metal

nanoparticles will provide the most EM enhancement for

SERS—corners and edges are hot spots.125,126 In our own

work, we have attempted to answer the question ‘‘Which shape

is best for SERS?’’ using two sets of experiments. In one set of

experiments, we simply mixed various analytes in solution with

colloidal gold and silver nanorods of various aspect ratios.

This method is simple, but the lack of knowledge of how many

junctions are formed reproducibly between particles (if any)

lessens its appeal. More reproducible are fixed substrates, such

as those favored by van Duyne.127–130 In our second set of

experiments, we fix the analyte to a flat gold surface, and

sprinkle gold nanoparticles of various shapes on top of the

analyte. This geometry is as junction-free as possible with

respect to nanoparticle–nanoparticle interactions, when nano-

particle surface coverage is low; but the flat gold base does

support surface plasmons as well when irradiated, which

couple to the nanoparticles to provide surprisingly good

Raman enhancements.

In our first set of experiments, we produced gold and

silver nanorods of various aspect ratios in our usual

way, covered with a bilayer of the cationic surfactant

cetyltrimethylammonium bromide (CTAB).29–31 In this case

dilute colloidal solutions of the nanorods were used to

minimize the effect of plasmon coupling due to nanoparticle

junctions. It can be seen in the extinction spectra in Fig. 5 that

silver nanorods with aspect ratio 10 and gold nanorods with

aspect ratio 1.7 have the largest degree of overlap with the

excitation source of 632.8 nm (He–Ne laser). Table 1 shows

that the rods with the most overlap with the excitation source

give 10–102 greater SERS enhancements than the gold and

silver rods of other aspect ratios, as expected.131 However,

while trends for one molecule and several substrates can be

perceived, there is little correlation, for a given substrate, as to

how much the Raman signals of different molecules will be

enhanced. For example, aspect ratio 3.5 silver nanorods do

enhance the Raman signals from the four molecules listed, but

the enhancements vary by two orders of magnitude.

Enhancement factors (EF) are typically used to calculate

how large the Raman signal enhancement is for a particular

vibrational mode of an analyte molecule when it is in the

presence of a metallic substrate, compared to its normal

Raman intensity:

EF~
SERS intensityð Þ=# of molecules

Raman intensityð Þ=# of molecules
(1)

The Raman signal intensities in Eq. 1 must be normalized to

the integration time used in the measurements. The difficulty

Fig. 5 Absorption spectra of (a) silver nanorods with aspect ratios 1

(trace I), 3.5 (trace II) and 10 (trace III) and (b) gold nanorods with

aspect ratios 1 (trace I), 1.7 (trace II), 4.5 (trace III) and 16 (trace IV).

The vertical dashed line represents the excitation wavelength for SERS

measurements at 632.8 nm. Reproduced from ref. 131 with permission.

Copyright 2006, PCCP Owner Societies.
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lies in reliable numbers for molecules sampled. In the case of

simple Raman measurements in solution, the usual assumption

is that the spot size of the laser defines a cylinder in the cuvette,

and from this known volume and known bulk concentration,

the number of molecules responsible for the normal Raman

signal is readily calculated. However, in the presence of

colloidal metal nanoparticles, the usual assumption for SERS

is that there is a monolayer of the molecule of interest on the

nanoparticles. This may not at all be true. Additional estimates

of the nanoparticle concentration in solution are required to

calculate the number of molecules sampled in the colloidal

SERS experiment. Junction formation between nanoparticles

is extremely difficult to quantitate, and this contributes a

major uncertainty in enhancement factor calculations.

In our second set of experiments, gold nanorods and other

particle morphologies were used to enhance the SERS signals

from a self-assembled monolayer (SAM) of 4-mercaptobenzoic

acid (4-MBA; a model analyte) on a smooth gold substrate

(Scheme 4).132 This geometry greatly reduces the uncertainties

in estimating the number of molecules sampled, because the

self-assembled monolayer coverage can be measured with

reasonable accuracy to give the number of molecules per

square area. Likewise, scanning electron micrographs of the

immobilized nanoparticles (Fig. 6) can be used to calculate the

number of nanoparticles per square area. Together, these

numbers can be combined to provide a very good estimate of

the number of molecules underneath the nanoparticles in the

illuminated area in the SERS measurement.

Gold cubes, blocks, spheres, nanorods, dogbones and

tetrapods were electrostatically immobilized on 4-MBA

SAMs, creating a sandwich architecture (Scheme 4). Because

4-MBA is deprotonated under neutral or basic water condi-

tions, and the nanoparticles are all positively charged

independent of pH due to the presence of the cationic CTAB

surfactant, the nanoparticles were immobilized quite well on

the SAM surface, withstanding several vigorous rinsings with

water. Fig. 6 shows a sample scanning electron micrograph of

one of the chips used in the SERS experiments; assuming full

coverage of the 4-MBA on the flat surface, one can count the

number of nanoparticles per unit area to obtain a very good

estimate of how many analyte molecules are being sampled in

the spot size of the SERS laser. Table 2 shows the nanoparticle

shapes and position of plasmon bands as observed by UV-

visible spectroscopy. Our laser line for the SERS experiments

was 633 nm; therefore, one would expect that nanoparticles

whose plasmon bands overlap with this wavelength the most

would provide the greatest SERS enhancements. However, the

Table 1 Surface enhancement factors (EF) for analytes (1026 M in aqueous solution) with colloidal silver and gold nanorod and nanosphere
substrates131

Substrate

EF for analyte/vibrational mode

4-Mercaptopyridine/C–C stretch 4-Aminothiophenol/C–S stretch 2,29-Bipyridine/C–H bend

Silver nanorods, aspect ratio 10 2.3 6 107 2.3 6 106 8.5 6 105

Silver nanorods, aspect ratio 3.5 2.5 6 106 2.7 6 105 2.1 6 104

Silver nanospheres 4.8 6 106 3.9 6 105 2.6 6 104

Gold nanorods, aspect ratio 1.7 1.4 6 105 2.3 6 104 a

Gold nanorods, aspect ratio 4.5 6.2 6 104 4.3 6 103 a

Gold nanorods, aspect ratio 16 1.8 6 104 a a

Gold nanospheres 1.2 6 104 2.0 6 103 a

a Not observed.

Scheme 4 Schematic showing the nanoparticle-SAM sandwich geo-

metry.132 A self-assembled monolayer of 4-mercaptobenzoic acid on a

flat gold surface is washed in basic aqueous solution to deprotonate the

carboxylic acids. Gold nanocubes, far larger than single molecules,

adsorb electrostatically to the surface due to the net positive charge of

the cationic surfactant, cetyltrimethylammonium bromide, that is

bound to the nanocube surface as a bilayer. The CTAB bilayer that is

adsorbed to the nanoparticle surface is depicted in the inset.

Fig. 6 Scanning electron micrograph of gold nanocubes electro-

statically immobilized on a self-assembled monolayer of 4-mercapto-

benzoic acid on flat gold. Scale bar = 500 nm.
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resulting enhancement factors in Table 2 show this is not the

case; the largest enhancement comes from cubes, blocks, and

dogbones. This suggests that the enhancements seen in SERS,

although originating from the hotspot formed by the plasmon

coupling between the LSPR on the nanoparticles and the

surface plasmon of the flat gold substrate, are influenced by

other factors. These other influences could include surface

structure and sharpness of the structural features of the

nanoparticles; and indeed, cubes and blocks have four corners

down facing the analyte, while nanorods have only two ends

that are close to the analyte if lying down on their sides.132

As has been pointed out by others133 a more practical

measure of how useful SERS is as a detection technique is to

estimate the limit of detection for analytes, rather than what

enhancement factors they produce with a given SERS

substrate. This is becoming more common in the literature;

for example, van Duyne estimates a limit of detection of

y1400 anthrax spores, based on SERS – if the 1400 spores are

captured by the substrate.134

Optical imaging with gold nanorods

Spatial visualization of gold and silver nanoparticles has been

performed by a number of groups using darkfield optical

microscopy.135–137 The signal from the metallic nanoparticles

is based on elastic light scattering in this technique; therefore,

if one wanted to monitor the position of nanoparticles

noninvasively, darkfield microscopy is a good choice if the

matrix is not too scattering itself. The spot size of the

scattered light can be far larger than the actual size of

the nanoparticles, and spatial resolution is typically limited by

optics to y200 nm.

The use of metallic nanoparticles to image some sort of

chemical, physical, or biological process is growing. Early

examples include using silver nanoparticles of various sizes to

infer effective transport pore size in bacterial membranes, in

living cells.138 Nanorods, and other anisotropic shapes, absorb

strongly in the near-infrared (NIR) portion of the electro-

magnetic spectrum. The absorbed radiation can be emitted as

heat or emission (fluorescence). There have been reports on

weak fluorescence emission of gold nanoparticles.139 El-Sayed

and co-workers found that gold nanorods exhibit linear

fluorescence in the visible with a quantum yield of y1024

and is enhanced compared to spheres which was theoretically

modeled as lightning rod effect.140 They further find that the

enhanced fluorescence depends on the aspect ratio of the

nanorods.141 Furthermore, the fluorescence properties of gold

nanorods have also been used for DNA sensing.142 Despite

this, the fluorescence quantum yields of nanorods are signifi-

cantly lower than organic dyes or quantum dots. Hence, most

of the incident energy absorbed by the nanorods is converted

to heat. Several groups have combined darkfield optical

microscopy imaging of nanorod position with this engineered

local photodamage capability to use gold nanorods as imagers

and photothermal destroyers of cancer cells.135,143,144 In these

applications, the surface chemistry of the nanorods must be

tuned so that the nanorods bind selectively to the desired

cellular target. Similarly, gold nanoshells and nanocages have

also been used as photothermal destroyers.145,146

Recently, our group has used darkfield microscopic imaging

of gold nanorod position to measure materials properties

such as local strain, in both polymer films and biological

systems.147,148 Classic engineering strain is defined as e = Dl/l

where e is strain, l is the original length of the material, and Dl

is the change in length (final minus initial) in response to a

load. Strain may be positive (tensile) or negative (compressive),

and can be measured in all three dimensions (x, y, z). By

visualizing the positions of gold nanorods in a matrix as it is

deformed, digital image correlation software can be used to

create maps of strain across the matrix. If the load is

homogeneous, one would expect the strain fields across the

material to be homogeneous (if the material itself is homo-

geneous). More interesting is to measure local positional

displacements that track local strain fields.

In our work we used gold nanorods to track deformations

in two polymer films, poly(vinyl alcohol) (PVA) and poly-

dimethylsiloxane (PDMS) as they were manually stretched.147

Gold nanorods (372 ¡ 119 nm in length and 23 ¡ 4 nm in

width) were mixed with both polymers as fluids and allowed to

cure. The films were then subsequently stretched to 25% of

their initial length (for PVA) and 20% of initial length (for

PDMS). Darkfield images were taken before and after

stretching for both samples. With locally developed digital

image correlation software, nanorod displacements were

converted into strain fields; the nanorods move as the films

are stretched, and the software maps spatial locations in the

original undeformed state and compares this to the post-

stretched films (Fig. 7). In Fig. 7, the top panel shows, in color

form, the displacement of gold nanorods upon stretching to

the left (blue) and right (red). The expected strain is colored

green in the center panel, with lower and higher values toward

blue and red respectively. Notice that the resulting strain field

Table 2 Gold nanoparticle shape dependence of SERS enhancement factors in SAM sandwich geometry experiments.132 The enhancement factors
were similar for all aspect ratio of nanorods tested (3–16) for the 633 nm excitation used

Nanoparticle shape Nanoparticle dimensions/nm Plasmon band maxima/nm SERS enhancement factor

Spheres Diameter = 29 ¡ 6 520 (1.62 ¡ 0.63) 6 107

Nanorods, aspect ratio 16 Width = 23 ¡ 4 515, .1200 (1.08 ¡ 0.08) 6 108

Length = 372 ¡ 119
Tetrapods Center width = 81 ¡ 18 515, 670 (7.16 ¡ 0.09) 6 108

Edge length = 107 ¡ 18
Dogbones Center width = 21 ¡ 2 515, 580, 800 (1.61 ¡ 0.11) 6 109

End width = 30 ¡ 4
Length = 68 ¡ 11

Cubes Edge length = 61 ¡ 3 520, 950 (2.47 ¡ 0.21) 6 109
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map across the material (approx. 1 mm field of view) is mostly

green, indicating that the expected strain matched the

experimentally determined one. Furthermore, the correlation

values (bottom panel of Fig. 7), which are measure of the

software’s accuracy, were y1% of the strain field values in the

middle panel. The results for PDMS, a more hydrophobic

polymer than PVA, were similar. Overall, this study suggested

that gold nanorods could be used as a novel imaging agent to

measure mechanical properties, a ‘‘nano strain gauge.’’

In recent work148 we used the same technique—darkfield

microscopy of gold nanorods combined with digital image

correlation software—to map inhomogeneous strain fields

across a biological system: cardiac cells in a collagen matrix.148

Collagen is the main structural protein in the body, including

the heart; and heart cells (myocytes are the beaters; fibroblasts

are the support system) send out extensions to manipulate

their local mechanical environment. It is well-known in

biology that a cell responds to changes in its mechanical

environment and that this response is critical to cell/tissue

function. There have been many studies in this area in which

physical cues, transmitted through a collagenous network, are

used to trigger mechanical and biochemical responses by

different types of cells.149–156

In our work gold nanorods (376 ¡ 105 nm long, 26 ¡ 5 nm

wide) were prepared and introduced into thin collagen films.

These films were then subsequently plated with neonatal rat

cardiac fibroblasts that were stained with a fluorescent dye.

Fig. 8 is a composite image showing scattering from gold

nanorods in collagen (left panel), stained cardiac fibroblasts

(right panel) and an overlay of the two (center panel).

Images were collected over a 2 h time interval from 5–7 h

after cells were plated. During this time, the cells moved, sent

out extensions, and generated local strain fields in doing so.

Nanorod positions changed as a result of the cellular activity,

and from the positional displacements of the nanorods as a

function of time, strain fields could be calculated as a function

of time using the same software as above. Fig. 9 is the complete

set of strain fields, evolving over time, for horizontal strains

generated between 320 and 420 min after cell plating. Strain

fields were calculated from the darkfield pixel intensities of

gold nanorods embedded in the collagen films. Notice that the

fields here are distinctly not homogeneous: this is because

the sample is not homogeneous. In our case, and over this

relatively short time span, we observed axial tensile strains

near 0.003, which compares well to what might be expected for

cells in this situation.

In principle, any small enough object that emits or scatters

light could be used to measure strain fields using the

appropriate software. Compared to fluorescent dyes, gold

nanorods have distinct advantages: they absorb in the NIR, far

from tissue interferents; they do not photobleach as do organic

dyes; they can monitor events on the y200 nm scale and

larger, to capture information about what happens between

cells; and they appear to be nontoxic.135,148,157

Even though gold nanorods do not have a strong linear

fluorescence (quantum yield y 1024)—in fact, they typically

quench fluorescence of nearby fluorophores—there have been

Fig. 7 Results of image correlation for uniaxial tension in the

horizontal direction for PVA. (a) Axial displacement field resulting

from the ends of the film being pulled in opposite directions. Blue

indicates movement to the left, red indicates movement to the right. (b)

The calculated axial strain field (labeled exx) from the gold nanorod

darkfield data, showing a roughly uniform field of the expected value

(green). (c) The correlation error, calculated over the sample, from blue

(lower) to red (higher). Reproduced from ref. 147 with permission.

Copyright 2005, Institute of Physics.

Fig. 8 Darkfield optical micrograph of light scattered from gold

nanorods (left panel). Simultaneous fluorescence image of cardiac

fibroblasts (right panel). The two images superimposed with some

transparency (center panel). Scale bar: 100 mm. Inset: transmission

electron micrograph of the gold nanorods. Inset scale bar: 100 nm.

Reproduced from ref. 148 with permission. Copyright 2007, American

Chemical Society.
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recent interesting reports of their nonlinear optical properties

that are also amenable to imaging applications. For example, a

recent report finds metallic nanoparticles, when excited with a

femtosecond Ti:sapphire laser, are capable of exhibiting two-

photon luminescence (TPL).158 Gold nanorods were prepared

having a longitudinal plasmon band centered around 820 nm

and were subsequently excited at 830 nm on a far-field laser-

scanning microscope in order to produce TPL.159 The TPL

was found to be 58 times greater in intensity than the TPL

from a single rhodamine molecule, which is considered to be a

standard bright fluorophore. Single gold nanorods were

imaged both in vitro and in vivo in the blood vessels of a

mouse ear using TPL.159 It was found that the uniform

intensities of the TPL in the single-frame images indicated that

most of the observed were those of single nanorods. In

addition, the resulting intensity of the TPL was three times

greater for the gold nanorods than for the blood and tissue

occupying the matrix. Related TPL experiments by others

showed that gold nanorods are excellent contrast agents for

cancer cells, if appropriately functionalized on their surfaces so

they specifically bind to cancer cells.160

Another example of gold nanorods in biological imaging is

based on the thermal properties of tissues. Motamedi and co-

workers161 used LOIS (laser optoacoustic imaging system) to

detect and image gold nanorods deep within nude mice tissue.

LOIS is an imaging technique used widely in medicine; it is

based on flashing the targeted area with a low energy laser in

the NIR region. The NIR radiation can penetrate deeply into

biological tissue and a fraction of this light will be absorbed by

the tissue. The absorbed light will expand the tissue through

thermoelastic expansion. This expansion creates ultrasonic

acoustic waves that can be detected. LOIS was used to

visualize the distribution of gold nanorods at a concentration

as low as 125 pM delivered subcutaneously to the mice. Gold

nanorods in that study was superior compared to spherical

gold nanoparticles since the latter absorb light only in the

visible region (l = 520 nm).

Conclusions

The advent of improved nanoparticle synthetic methods,

coupled with increasingly sophisticated theory and experi-

mental affirmation of their shape-dependent optical pro-

perties, is jump-starting really exciting work in the areas of

chemical sensing and imaging. Gold nanorods in particular

have many attractive properties: their plasmon bands can be

tuned throughout the visible and near-infrared portions of the

electromagnetic spectrum, depending on their aspect ratio

(length/width ratio); they are excellent substrates for surface-

enhanced Raman scattering, as well as other surface-enhanced

spectroscopies; they can undergo two-photon photolumines-

cence; they elastically scatter light well. In the not-too-distant

future, one can imagine that the sensitivity of the nanorods

for their local chemical environment can be coupled with

their imaging capability, and result in new tools to measure

chemical, physical, and biological phenomena on the sub-

micron scale in real time.
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