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Surface-enhanced Raman spectroscopy (SERS) is a powerful vibrational spectroscopy technique for highly sensitive
structural detection of low concentration analyte. The SERS activities largely depend on the topography of the substrate.
In this review, we summarize the recent progress in SERS substrate, especially focusing on the three-dimensional (3D)
noble-metal substrate with hierarchical nanostructure. Firstly, we introduce the background and general mechanism of
3D hierarchical SERS nanostructures. Then, a systematic overview on the fabrication, growth mechanism, and SERS
property of various noble-metal substrates with 3D hierarchical nanostructures is presented. Finally, the applications of 3D
hierarchical nanostructures as SERS substrates in many fields are discussed.
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1. Introduction

Surface-enhanced Raman spectroscopy (SERS) as a
powerful technique has enormous potential applications
in biochemistry, chemical production, and environmental
monitoring.!'=3) SERS allows the highly sensitive structural
detection of low concentration analyte through the amplifica-
tion of electromagnetic field generated by the excitation of lo-
calized surface plasmons.*>! The SERS mechanism was dis-
covered by Jeanmaire and Vanduyne in 1977.1° They found
that the intensity of Raman spectrum could be greatly en-
hanced when the analyte molecules were located on a rough
metal substrate and the enhancement factor is highly depen-
dent on the surface structure.

Two kinds of enhancement mechanisms are involved for
SERS. One is the chemical enhancement caused by the charge
transfer between the metal surface and the adsorbed analyte
molecules.!”) The other is the local electromagnetic enhance-
ment that originates from the excitation of the collective oscil-
lations of free electrons in noble or transition metals, which
is termed physical enhancement.®-1% Usually, the physical
enhancement is much higher than the chemical enhancement,
and much more attention is paid to the structures that offer
obvious physical enhancements. The physical enhancement
is mainly due to electromagnetic enhancement from localized
plasmon resonances in noble or transition metals.!'%!!] The
plasmonic coupling effect induces very high local electromag-
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netic enhancement in certain regions called ‘hot spots’, lead-
ing to high SERS enhancement (more than 10'?) that even al-
lows single molecule detection.!'%13]

The intensity of local electric field can be promoted by
two kinds of nanostructures on the SERS substrates. One
is a sharp tip with high curvature that acts as a ‘lightning
rod’, and the other is a slit formed between neighboring metal
nanoparticles that serve as a nanogap. These two kinds of
structure-determined enhancements come from the ‘lightning
rod’ and nanogap enhancement mechanisms.!!4~!6] Finite-
difference time-domain (FDTD) simulations reveal that the lo-
cal electric fields at the tips and slit will be greatly magnified
by the surface plasmon resonance.!!”~'°l The SERS substrates
containing these two kinds of structures have been widely pre-
pared.

According to the morphologies, the SERS substrates can
be classified into three classes in general. The first one is
a bulk substrate which is prepared using ‘top—down’ meth-
ods, such as electron beam lithography, nanosphere lithog-

e.[20-231 A¢ present, these

raphy, and electrospinning techniqu
techniques still have difficulties in creating highly dense and
fine nanotips and nanogaps on the surface of the substrate.!!”!
Thus, only a moderate enhancement (10°—10°) has been ob-
tained with this kind of substrate.?*! The second class involves
metal nanoparticle colloids such as Au or Ag nanoparticles

with sizes of 50 nm—100 nm. The ‘hot spots’ can be gen-

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11304188, 51171139, and 51201122) and the Specialized Research Fund
for the Doctoral Program of Higher Education, China (Grant No. 20120201120049).

fCorresponding author. E-mail: hjyou@mail.xjtu.edu.cn
fCorresponding author. E-mail: jxfang @mail.xjtu.edu.cn
© 2014 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

087801-1


http://dx.doi.org/10.1088/1674-1056/23/8/087801
mailto:hjyou@mail.xjtu.edu.cn
mailto:jxfang@mail.xjtu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 23, No. 8 (2014) 087801

erated at the gaps between the aggregated nanoparticles.[>-271

This type of substrate is challenged by poor reproducibility. >8]
By reducing the sizes of the metal nanoparticles, the den-
sity of gaps in a certain area can be increased; however, ef-
ficient SERS cannot be generated due to the small scattering
cross sections.!?>3% The third class is hierarchical nanopar-
ticles with nanogaps and nanotips built on the nanoparticle

17.18.31] This substrate has generated much research

surface.!
interest because SERS enhancement over 107 has been ob-
tained with a relatively high reproducibility.l'”! Due to the
abundance of bright ‘hot spots’ constructed on an individual
hierarchical particle, the enhanced SERS signals can be ob-
tained on a single particle substrate.!'%?] Thus, the hierarchi-
cal particles can not only be used as a single-particle SERS
substrate, but also be aggregated to form particle-array SERS
substrates. 334 As a single-particle SERS substrate, the hi-
erarchical particles can be dispersed in solution or delivered
into cells through blood flow to detect the Raman signals of
molecules in solution or cells.>37]

Recently, various hierarchical noble-metal nanostructures
as SERS substrates have been synthesized and studied. How-
ever, systematic reports are still rare. In this review, we first
discuss the physical mechanism of the hierarchical nanostruc-
tures for SERS. Then, various synthesis methods, the mecha-
nism of shape control, and SERS properties of the hierarchical
nanostructures are described. Finally, the applications of the
hierarchical nanostructures as SERS substrates in many fields
are summarized.

2. Electromagnetic enhancement

As mentioned above, the maximal electromagnetic field is
commonly located in the nanogaps or other jagged/sharp areas

of the plasmonic materials. Based on the interaction theory,
the gap between the two nanoparticles has been classified into
three distinct regimes.!38! In the classical regime, when the
space between the nanospheres is larger than 1 nm, the plas-
monic coupling can be well described within classical electro-
dynamics, and the local electric field is suitably calculated by
local model. For the crossover regime that occurs for interpar-
ticle separations below 1 nm but larger than 0.5 nm, the clas-
sical description does not hold true and quantum mechanical
effects begin to play an important role in the optical response
of the system. In the conductive regime, when the interparticle
separation is smaller than 0.5 nm, the charge transfer plasmon
and blue shift of the energy could be accurately described by
the quantum mechanical approach. In this quantum area the
local model must be modified with a nonlocal dielectric con-
stant to simulate the field distribution of the larger plasmonic
materials.

2.1. Local electric field

In the classical regime governed by classical electrody-
namics, some optical properties of plasmonic materials could
be accurately simulated to assist with the rationalization of ex-
perimental data, prediction, and the design of novel nanostruc-
tured materials. Based on the electromagnetic theory, several
numerical simulation methods including Mie theory,?%! dis-
crete dipole approximation (DDA),!?! and finite difference
time domain (FDTD),/*!! have been developed and widely
used to model simple or complex geometrical configurations.

To explain the high sensitivity of hierarchical metal struc-
tures as SERS substrates, the maximal electric field enhance-
ment at high-curvature sites and the high density of hot spots
were estimated with FDTD. In Figs. 1(a) and 1(b), the inten-
sity of the corrugated Ag nanowire is about 46 times higher
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Fig. 1. The electric field distributions of (a) smooth nanowire (length = 1800 nm, width = 100 nm, height = 50 nm); (b) corrugated
nanowire (total six nodes: each with long axis D; = 300 nm, short axis Dy = 150 nm, joint width D3 = 50 nm, and thickness
H = 50 nm);[*?! (c) nanogap-rich silver nanoislands surrounding glass nanopillars;*3 (d) the nanotips of Au flower;*¥ and (e) two

nanourchins with hollow Au—-Ag alloy, the right color bar is the logarithmic value of the maximum field intensity.

[32]
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than that of the smooth Ag nanowire.*?] Furthermore, with
the increase of corrugated area from two-dimensional (2D)
case to three-dimensional (3D) case, the nanogap-rich sil-
ver nanoislands generate strongly localized high-density hot
spots on both the top and side of glass nanopillar arrays
(Fig. 1(c))."3V If the curvature is higher, the electric field in-
tensities at the apexes of the gold nanotips are remarkably
higher (Fig. 1(d)).!**! This phenomenon can be explained by
the lightning-rod effect that results in the gigantic electric
field. The SERS signal of the gold nanoflowers was ~ 25 times
stronger than that of spherical Au nanoparticles.** As the dis-
tance between the adjacent tips on the hollow Au-Ag alloy
nanourchins (HAAA-Nus) decreases (Fig. 1(e)), hot spots at
the sharp tips and the nanogaps between adjacent tips appear
with maximal field intensities (|E|* ~ 1000).32) It is obviously
indicated that the 3D hierarchical nanostructures increase the
density of hot spots and at the same time, their high curvatures
improve the local electric field. They can also improve the sig-
nal uniformity over a SERS substrate, even if there is a local
variation in the metal nanostructures. [+>40]

2.2. Nonlocal electric field

The local model of free electron response inside a metal-
lic structure is successful in describing the gap whose crit-
ical dimensions are above one nanometer. However, when
the interspace is below it, a more appropriate description
should take into account the atomic and subatomic interac-
tions, and electron—electron repulsion in particular. Ciraci et
al. used the hydrodynamic model to take quantum effects
into account on the assumption that the delocalization of the
surface charge is a dominant process.[*’! Alternative semi-
empirical models have been developed that emphasize the tun-
neling current between the two surfaces, which is present at
very small separations.>®*8 By using the quantum corrected
model (QCM) simulation, the crossover is clearly seen at
d =~ 0.31 nm (d is the distance of the two atomic force micro-
scope (AFM) tips with gold nanoparticle).*’! The result indi-
cates that quantum-tunneling charge transfer screens the local-
ized plasmon surface charge, thereby reducing the enhanced
fields and plasmonic coupling as well.

Therefore, within the classical regime, the hierarchical
structures with uniform and abundant gaps, tips, and cavities
could offer high-density hot spots and high-intensity plasmon
resonances.

3. Fabrication of hierarchical noble metal

To synthesize these hierarchical structures, many diverse
methods have been developed in the past ten years, includ-
ing seed-mediated growth, 3! redox reactions, [!7-18311 electric
deposition,P%>1! template-directed method, *?! electron-beam
lithography (EBL),>¥ combined methods,’ etc. These
methods and growth mechanisms are discussed below.

3.1. Seed-mediated growth

The method of seed-mediated growth is prominent for the
controllability, uniformity and selectivity in sample synthesis.
The nucleation and growth steps are separated so that the final
morphology can be well controlled in terms of size, shape, and
aspect ratio. [%3-7]

It is possible that the resulting nanostructures are highly
uniform because the narrow distribution of the seeds makes
the subsequent growth of the complex nanostructures almost
homogenous. If the lattice constant of the deposited metal is
near that of the seeds, the crystal structure of the seed will be
transferred to the product via epitaxial overgrowth. However,
because of other growth factors, the resulting morphology of
the nanostructure will deviate from that of the initial seed. In
addition, once the seed is partially oxidized, it will be a site for
new hierarchical growth, such as the synthesis of the HAAA-
NUs (Fig. 2).13?) With the addition of L-Dopa, the silver ions
are dissolved into the reaction solution and deoxidized. Then
the Ag atom attached to the Au surface, forming an Au-Ag
alloy. During the subsequent stages of reaction, the Ag seeds
are further depleted and Au—Ag multiple tips are overgrown to
form the sea urchin-like morphology. The HAAA-NUs (less
than 100 nm) have a higher density of tips (more than 100 tips
per nanourchin) than nanostars or nanoflowers. [98-%01 Thyg,
through utilizing the method of seed-mediated growth, 3D tips
of high density could be fabricated successfully. In addition,
hierarchical single nanoparticles with high-density tips, such
as flower-like and urchin-like particles which are illuminated
below, can be prepared by using reduction method.
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Fig. 2. (a) Scheme of the HAAA-NU particle growth from Ag
seed to tip-rich nanourchin. (b) Corresponding transmission elec-
tron microscope (TEM) images. The scale bar for the Ag seed is
10 nm, and the scale bars for the others are 50 nm. 32!
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3.2. Redox reaction

The redox reaction as a method of fabricating the hierar-
chical metal structures has many attractive characteristics in-
cluding simplicity, rapidness, and rich product structure. In
the reduction, metal samples with various topologies are syn-
thesized using a metal salt and a deoxidizer. To achieve an
elaborate design, some protective agents or inorganic salts are
added to the reductive solution. Of course, the topology of
the metal structures can be well controlled and tuned by the
temperature, concentration, time or second reduction.

For example, when the temperature increases from 0 °C
to 40 °C, the morphology transforms from flower-like to
meatball-like shape (Fig. 3(a)).['”] At the same time, the sizes
of the particles decrease accordingly. At higher temperature,
the reaction speed will increase and the diffusion speed of gold
atoms to the surface of the particles will be improved by a
thermal driving force.!®!l Thus, the anisotropic growth of the
tips will be eliminated by the rapid spread of gold atoms at

higher temperatures.!%?! Therefore, the sharp blade-like petals
will disappear at higher temperatures. By changing the con-
centrations of AgNO3 and L-AA as well as reaction times, [18]
the topographies of the obtained Ag mesoparticles can be suc-
cessfully tuned from meatball-like shape to coral-like, urchin-
like and highly-branched shapes (Fig. 3(b)). According to the
mechanism given by LaMer and Dinegar (Fig. 3(c)),!%! the fi-
nal morphology of the single noble metal particle can be well
controlled by adjusting the amount of reactant, time, and the
secondary growth condition. By adding the secondary amount
of Fe, the growths of the atom, nuclei, and particles will oc-
cur again. However, the new Au atoms will attach onto the
produced particles. The consequence is that the size and to-
pography of Au mesoparticles can be widely tailored by con-
trolling the amount and the time of the secondary injection of
the Fe suspension as demonstrated in Fig. 3(d). The number
and density of the spikes on the particles can be enhanced by
increasing the amount of Fe content in the second injection.
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Fig. 3. Morphology transformations of hierarchical noble-metal particles under different redox reaction conditions. (a) Au mesoparticles
synthesized at different temperatures: 0 °C, 10 °C, 20 °C, 30 °C, and 40 °C. The scale bar is 500 nm.[!”! (b) Ag mesoparticles with tunable
surface topographies produced by changing the synthesis parameters.!'8 (c) Schematic plot of a gold atom concentration versus time,

illustrating the growth of Au mesoparticles. (d) Au mesoparticles, types I-V, synthesized under various conditions.

3.3. Electrochemical method

Some complex structures can be formed on the electrode
by designing the proper potential and concentration of elec-
trolytes or other parameters using theory from the electric
double layer model. (%67 Hierarchical morphologies includ-

(311
ing noble metal wire,®” flower, °!] and nanoparticles on some
templates can be obtained.

For Ag hierarchical wires, we analyze the changes in mor-
phology under different reaction conditions (in Fig. 4).15% In
the electrochemical reaction solution at lower concentration
of electrolyte, the thickness of the diffusion layer is larger and

087801-4
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the diffusion speeds of ions are slower. (%3981 Consequently, the
convection has little effect on the ion diffusion. For example,
in Fig. 4(a), corrugated Ag nanowires with a few nanoparti-
cles attached are obtained using deionized water and an un-
usual potential (30 V). It may be that the electromigration pro-
vides the cation diffusion force and hampers the convection.
Therefore, in this case, the ballistic deposition plays a more
important role. As a result, the corrugated nanowires are fab-
ricated, resulting from the high nucleation density and the flat
growth front of ion flux caused by high potential. The use of
low electrolyte concentrations and lower potential (~ 1 V) is
insufficient to supply a diffusion force (Fig. 4(c)). This re-
sults in plate-like branches that exhibit characteristics of the

diffusion limited aggregation.[®”! In Fig. 4(b), the SEM im-
age shows that the nanowires grow a lot of tiny bulges on the
nanowires due to relatively sufficient mass support although
a high potential is employed. In contrast, when a relatively
high concentration of AgNO3 solution is utilized (Fig. 4(d)),
the thickness of the ion diffusion layer is small and the diffu-
sion speed is large. Thus, the Ag nanowires have a branched
morphology.

Under different conditions of electric deposition, the hier-
archical nanostructures of large areas could be well controlled
on the electrodes. The drawback of this method is not easy
to synthesize uniform nanostructures unless it combines with
other method, such as seed growth or template method.

Fig. 4. Scanning electron microscope (SEM) images of the hierarchical Ag nanostructures obtained by controlling
the applied potentials and concentrations of AgNO3 solution in electric deposition: (a) 0 mM, 30 V; (b) 0.01 mM,

30 V:(c) 0mM, 1 V; (d) I mM, 30 V.Y

3.4. Template method

Using diverse templates to construct and control the hier-
archical noble metal morphology is one of the most commonly
used approaches, including solution-phase templates, porous
templates, surface mask templates, organic and biologic tem-
plates, etc. In solution-phase templates, the sacrificial tem-
plates with spherical or polyhedral shapes are popular for gen-
erating extremely uniform and complex nanostructures. Fang
et al. have obtained the silver polyhedral mesocages using
Ag,0O polyhedral particle as sacrificial template (Figs. 5(a) and
5(b)).1?! Their further study found that the more uniform and
deeper nanogaps can be obtained on the hollow Ag cubic par-
ticle than on single crystal Ag,O particle by using mesocrystal
Ag,0 particle as template. Accordingly, 4 times higher SERS
enhancement is obtained than using single crystal Ag,O par-
ticle as the template (Figs. 5(c) and 5(d)).!"”! Another sacrifi-
cial template, cuprous oxide, can be easily synthesized to form

non-spherical noble metal mesocages.[’!

(a) (b)
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Fig. 5. Schematic diagram of the formation of Ag mesocages through
the reduction of (a) single-crystal and (c) mesocrystal cubic Ag,O parti-
cles. (b) and (d) Showing the two kinds of particles with different surface
topographies. ‘]
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3.5. Combined method

A new route combining the above two strategies to fab-
ricate SERS active substrates has been proposed to create
high-spatial-density hot spots and simultaneously maintain
reproducibility.’*7!! Normally, the periodic template is made
via a top—down method and the nanostructural units are fab-
ricated through a bottom—up method such as deposition or
chemical reduction. For example, the highly homogeneous Au
mesoflower arrays with smaller than 10-nm intraparticle gaps
are synthesized by an in-situ galvanic replacement between
the solution of HAuCly and the iron substrate,* on which
the layer of polymethylmethacrylate (PMMA) has many holes
of about 300 nm—500 nm in diameter. The PMMA template is
fabricated by using polymer blend lithography on an iron sub-
strate (Fig. 6(a)).’* Because of the unique mesostructure and
uniformity, the gold mesoflower arrays demonstrate a strong
and reproducible SERS enhancement (on the order of ~ 107—
10%).

In another example, electrospun nanofibrous membranes

decorated with silver nanoparticles have been obtained by
combining electrospinning with seed-mediated electroless
plating.[”?] After electrospinning the polyacrylonitrile (PAN)
microfibers, the surface of the as-electrospun membranes
is treated with NH,OH creating —C(NH,)=N—OH groups.
This is activated with Pd seeds (Fig. 6(b)).
the hierarchical SERS substrate, the processed nanofibrous

To construct

membranes are attached to noble metal nanostructures by
using drop-casting, electroplating, sputter-coating, and wet-
chemical reaction.!”>~7>] The wet-chemistry reactions have
several advantages because of their versatility and controlla-
bility. The Pd seeds become active sites for nucleation and
growth of Ag NPs. Compared with the microspheres deco-
rated with silver nanostructures, electrospun nanofiber-based
SERS substrate has several advantages such as the flexibility,

porosity, and freestanding. Obviously, the hierarchical nanos-

tructures with large area uniformity could be constructed by
this method.

(a) , | (
o >
2 £ | rernaucy, £
g —_—
§ ‘,
o I (
\ Surface morphology
. NH
(b) surface C—i 2 ] AgNP
modification; “N-OH seeding N growing
3 C N—OH 3 . seed —_— ° AgNP

> NH,

Fig. 6. A schematic diagram showing (a) the uniform gold nanoflower arrays on iron substrate with PMMA
film,54! (b) the preparation of SERS-active electrospun nanofiber surface-decorated with Ag NPs by using com-

bined methods."?!

4. Application of hierarchical SERS substrate

Using the above methods, various noble metal hierarchi-
cal nanostructures can be fabricated and tuned to a specific ex-
citation wavelength. As SERS substrates, they can be widely
used in the detection of organic molecules, biomarkers, and
catalyzed reaction.

4.1. Detection of some organic pollutants

One of the most important applications for hierarchical
noble metal SERS study is to detect some organic molecules
including diethylhexyl phthalate (DEHP), pentachlorophenol
(PCP), crystal violet (CV), and trinitrotoluene (TNT). Fang et
al.3?! and Hankett et al.!’®! have used the HAAA-NUs to de-
tect diethylhexyl phthalate (DEHP), which has a low SERS

activity and toxicity. Because of its particular structure with a
high density of thorns and uniform distribution (Figs. 7(a) and
7(b)), the HAAA-NU exhibits a low stand deviation (less than
10%) of the Raman intensity (Fig. 7(c)). Furthermore, the Ra-
man spectra of the DEHP molecule (Fig. 7(d)) can be obtained
from a 785-nm excitation laser at different low concentrations.
The low detection limit shows that the HAAA-NUs have a
high sensitivity and can be an effective SERS substrate. Four
other examples, the hierarchical mesoparticle-monolayer Au
films are synthesized on a pentanol/water interface to improve
uniformity and sensitivity of SERS signal.!””! From these mor-
phologies it follows that the sea urchin-like mesostructures
(Fig. 7(e)) show the highest enhancement (~ 107—108) be-
cause the spike density is higher than the densities of the
flower-like and meatball-like mesoparticles.

087801-6
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Fig. 7. (a) SEM and (b) AFM images of HAAA-NUs. (c) The Raman intensity deviations on the SERS substrate of HAAA-NUs at CV
concentrations of 10~7 M. (d) Raman spectra of DEHP molecules obtained at 785-nm excitation laser and different concentrations of
analyte.!3?! (e) SERS spectrum of Rhodamine-6G (R-6G) adsorbed on the surface of the substrates with different gold mesoparticle films:
sea urchin-like (S), flower-like (F), meatball-like (M), and polyhedral (P). B indicates ‘background’.[””!

Although some organic molecules are strongly absorbed
physically or chemically by metal surface via amine, thiol,
and carboxylic acid group, there are also some organic pol-
lutants with a low affinity to the metal surface. To com-
bat this limitation and capture the probe molecules, the sur-
face of noble metal has been chemically functionalized with
various selective molecules such as antibodies,!”8 thiolated
aliphatic monolayer,[””! etc. For example, to detect trace
levels of PCBs, large-scale well-separated Ag nanosheet-
assembled micro-hemispheres modified with HS-B-CD is
used as an effective SERS substrate. 81 An ez al.!8!! have suc-
cessfully synthesized core—shell microspheres (Ag-NP coated
Fe304@carbon) and used the magnetic attraction to capture
the analytes. This gave high sensitivity SERS detection.

4.2. Sensor for diseases biomarkers

The hierarchical noble metal nanostructure has been uti-
lized as an SERS sensor in testing diseases biomarkers in-
cluding muramidase released protein (MRP) 82! or others and
providing an efficient approach to the detecting of various
diseases. Some biomarkers can indicate various cancers, 33!
diabetes mellitus,®*! and viral infection.!®>! For example, a
3D hierarchical plasmonic nano-architecture!®®! is designed
and prepared for a sensitive SERS immunosensor of protein

biomarker. This SERS immunosensor exhibits a wide lin-

ear dynamic range from 0.1 pg/mL to 10 ng/mL and a low
limit of detection (7 fg/mL) towards human immunoglobulin
G (IgG) protein in buffer. In Fig. 8(a), the SERS intensity (at
1578 cm™!) increases with increasing the IgG concentration.
The Au nanostar@MGITC @SiO2, where MGITC stands for
malachite green isothiocyanate particles on the Au triangle
nanoarray show the strongest SERS intensity at the corre-
sponding IgG concentration versus the Au sphere sandwich
nanoparticle/Au film and the Au sphere sandwich nanoparti-
cle/Au triangle nanoarray.

Shafer-Peltier et al.!®’! have proposed an approach to
the measuring of glucose by using SERS. The SERS-active
surface used for glucose sensing is known as metal film (~
200 nm) over nanospheres (FON) functionalized with a self-
assembled monolayer (SAM) (1-decanethiol and 6-mercapto-
1-hexanal) (Fig. 8(b)).!%8) This DT/MH-functionalized Ag-
FON sensor is used for the in-situ detection of glucose in a
rat back. Data are collected with the conventional Raman sys-
tem (Fig. 8(c)) with the rodent positioned in the place of the
flow cell.!®¥ Figure 8(d) shows the variations of glucose con-
centration in the rat, measured by using SERS and the One
Touch II blood glucose meter, with time. Both the standard
glucose meter and the SERS-based measurements effectively
track the change in glucose concentration.
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Fig. 8. (a) Plots of SERS peak intensity at 1578 cm ™! versus logarithmic concentration 1gG, %! (b) SEM image of silver film (200 nm)
over 600-nm SiO; nanospheres.38! (c) A rat with a surgically implanted sensor and optical window was integrated into a conventional
laboratory Raman spectroscopy system. (d) Time course of the in vivo glucose measurement. The inset shows a typical in vivo
spectrum compared with a typical ex vivo spectrum of the same surface. 34!

4.3. Monitor for catalyzed reaction

Because of high sensitivity, label free, and plasmon-
driven chemical reaction, SERS can be used to monitor
some chemical reactions including catalysis.!?*! Classical ab-
sorption spectroscopic techniques for the study of catalytic
reactions including ultraviolet-visible, ! infrared,®! X-ray
radiation,®!] and fluorescence spectroscopy!®?! are limited,
owing to their disadvantages. Limited chemical informa-
tion is given by UV-vis absorption spectroscopy and X-ray
radiation. The main challenge in infrared spectroscopy is
the competing absorption from water and spectral overlap.
Fluorescent spectroscopy uses exogenous probes to measure
Au-catalyzed reactions with high selectivity and sensitivity.
Therefore, SERS is commonly used to detect the catalytic
transformation from reagent to product. A hierarchical par-
ticle as a SERS substrate is used to monitor the catalytic re-
action from p-nitrothiophenol (pNTP) dimerizing into p,p’-

93.941 Xu et al.'%! used sin-

dimercaptoazobenzene (DMAB).!
gle particle SERS to investigate the surface plasmon assisted
catalysis (SPAC) reactions of 4-aminothiophenol (4ATP) into
and back from 4,4'-dimercaptoazobenzene (DMAB).

In Fig. 9, gold superstructures with small satellites on the

surface of the ultrathin shell-coated 80-nm Au cores are used

for SERS’s monitoring the Au-catalyzed reduction of 4-NTP
in colloidal suspension.!?®! At different reaction times, the
SERS signal is collected directly from the colloidal suspension
to monitor the catalytic reaction (Fig. 9(a)). The characteristic
SERS spectra of the 4-NTP and 4-ATP molecules are differ-
ent from each other especially at 1569 cm™! and 1591 cm ™!,
respectively. It indicates that the 4-NTP molecules are con-
verted directly into their corresponding aniline derivate 4-ATP.
In Fig. 9(b), the catalytic activity of the Au satellites decreases
with increasing the sizes of the Au satellites on the surface of
the shell-isolated Au core. Here, the spherical core could sup-
ply more satellites (less than 10 nm) and small Au satellites
increase the catalytic activity. In-situ SERS kinetic monitor-
ing can also give an insight into the reaction mechanisms of
heterogeneously catalyzed reactions. However, for the limit
of the spatial resolution, the technology of SERS is utilized
to detect the catalytic particles with dense elements.[”®! Fortu-
nately, recent advances have opened up possibilities for reduc-
ing this limitation. Combining SERS with AFM, high spectro-
scopic sensitivity, and nanoscale resolution make tip-enhanced
Raman spectroscopy (TERS) an ideal tool to investigate and

control plasmon-driven chemical reactions.?7-%]
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Fig. 9. (a) SERS spectra of the Au-catalyzed reduction of 4-NTP in colloidal suspension collected at different reaction times. (b)
Relative contributions of 4-ATP on the surface of 5-nm (solid squars) and 10-nm (open circles) satellites versus reaction time.?! (¢c)
TEM and SEM images of Au superstructures with 10-nm Au satellites assembled onto an 80-nm Au core isolated by an ultrathin silica

shell.

5. Conclusions

In this review, we describe recent advances in synthesiz-
ing hierarchical noble-metal nanostructure and using them as
SERS substrates. First, we discuss the mechanism of electro-
magnetic enhancement on the hierarchical noble-metal nanos-
tructure. The effects of localized and unlocalized electromag-
netic field induced by the activated surface plasmon on the
enhancement of SERS are analyzed. Second, the methods of
fabricating the hierarchical noble-metal nanostructure are clas-
sified and described. Due to the anisotropic distributions of
electric field and the concentration field in the electrochem-
ical synthesis, the protrusion growth can be promoted with-
out the help of capping agents. In some cases, the selected
adsorption and self-assembly of surfactants are conducible to
the formation of fine protrusions and gaps on the hierarchi-
cal nanostructure. Third, the SERS properties of various hier-
archical noble-metal nanostructures and their applications are
reviewed. Because of the high density of protrusions and the
high density of gaps on the hierarchical nanostructure, many
SERS hot spots are formed on the particle and between parti-
cles. Thus, the sensitivity, uniformity, and reproducibility of
SERS signal are markedly improved. This hierarchical nanos-
tructure SERS substrate can be widely applied to the monitor-
ing of chemical reactions and detection of pollutants.
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