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Surface enhanced Raman Scattering (SERS) spectroscopy has become one of the most widely pursued 

spectroscopic tools for the powerful and extremely sensitive analytical technique with applications in 

chemical production, biochemistry, and environmental monitoring owing to its integration of unique 

spectroscopic fingerprint, high sensitivity, and non-destructive data acquisition. The key obstacle for the 

application of SERS-based sensors is the lack of robust and simple fabrication strategies for renewable 10 

SERS substrates with huge and stable Raman enhancement. The rational design of SERS sensors with 

defined physical and chemical properties is vital for successful applications in many analytical fields. 

This highlight summarizes current advances on the design and the employment of nanostructured 

materials in SERS substrates especially from the point of dimensional view. We will then talk about 

synthesis methods and the novel properties of these nanostructured materials with their potential 15 

applications in SERS.

1. Introduction 

As a versatile analytical technique, Raman spectroscopy can 

provide vibrational fingerprints from chemical and biological 

materials, which can be used to determine chemical species and 20 

quantify the level accurately. However, the non-resonance Raman 

effect is very weak and typically only 1 in 106-8 photons undergo 

an inelastic light scattering event, which limited use of this 

potentially analytical technique. The discovery of surface-

enhanced Raman scattering (SERS) nearly 40 years ago, the 25 

dramatic enhancement of the intensity of the vibrational spectra 

from molecules located near surfaces of nanostructures when 

these are illuminated and surface plasmons are excited,1-5 opened 

a new avenue for the wider applications of Raman spectroscopy 

in many different fields.6-18 30 

Nanostructured materials have been used as SERS-active 

materials because of the remarkable novel physical and chemical 

properties as well as the potential application in sensing. The key 

obstacle for the application of SERS-based sensors is the lack of 

robust and simple fabrication strategies for renewable SERS 35 

substrates with huge and stable Raman enhancement. Common 

SERS substrates, such as roughed metallic surfaces and colloidal 

metal nanoparticles, can provide significant SERS enhancement, 

however, the highly ordered SERS substrates with reproducible 

and defined geometries are more effective for routine 40 

measurement of trace-level analytes. With the help of modern 

nanotechnology to control nanoscale structures and materials, 

much progress has been recently made. Many researches had 

proved that the plasmon resonance, electromagnetic field 

enhancement, and hence the SERS enhancement critically 45 

depends upon the surface state, shape, size, size distribution, and 

essence of the metal nanostructures. The distance dependence of 

the enhancement, namely the arrangement of analyte molecules 

and metal surfaces or mutual arrangement of adjacent metal 

nanostructures, is another important factor on the SERS effect. 50 

The rational design of SERS sensors with defined physical and 

chemical properties is vital for successful applications in many 

analytical fields. This highlight summarizes current advances on 

the design and the employment of nanostructured materials in 

SERS substrates especially from the point of dimensional view. 55 

We will first introduce the enhancement mechanism of SERS and 

the nanostructured materials for SERS. Next, we will discuss 

recent progress on the fabrication of SERS-active materials with 

four aspects: noble metal nanoparticles (0D), one dimensional 

(1D) nanostructures, two dimensional (2D) nanostructures and 60 

three dimensional (3D) nanostructures. We will then talk about 

synthesis methods and the novel properties of these 

nanostructured materials with their potential applications in 

SERS. 

1.1 Enhancement Mechanism of SERS 65 

For most molecules, Raman scattering is a very weak effect, 

because the Raman scattering cross section is extremely small. 

Typical Raman cross section are between 10-30-10-25 cm2 per 

molecule, and the strong effect occurs only under favorable 

resonance Raman conditions when the excitation light matches 70 

the related electronic transition energy in the molecule.3, 4, 19 

Therefore, the low strength of Raman signals and the inherent 

lack of sensitivity hinder the use of this potentially very powerful 

technique.7 In 1974, Fleischmann and colleagues reported the 

first measurement of a surface Raman spectrum from pyridine 75 

adsorbed on an electrochemically roughened silver electrode 

when they pioneering applying Raman spectroscopy to the in situ 
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study of electrode surfaces.7, 10, 11, 20-22 In 1977, Jeanmaire and 

Van Duyne found that the magnitude of the Raman scattering 

signal can be greatly enhanced when the scatterer is placed on or 

near a roughened noble-metal surface.8, 12, 23, 24 This effect was 

later called surface-enhanced Raman scattering, and signal levels 5 

observed in SERS are typically several orders of magnitude 

higher than those in conventional Raman scattering.2 Therefore, 

the discovery of SERS had promoted a worldwide effort to 

explore its origins, maximize it, and harness its potential in many 

fields. 10 

Although the mechanism of SERS enhancement remains an 

active research topic, it is currently widely accepted that the 

SERS enhancement are originated by electromagnetic and 

chemical enhancements, in which the former is responsible for 

the major portion of SERS enhancement.2, 6-8, 10, 13, 25-28 15 

Electromagnetic field enhancement depends on the resonance 

process between surface plasmons and excitation fields, and 

strong electromagnetic fields are generated at the surface of a 

nanoparticle adsorbed by a molecule when the localized surface 

plasmon resonance (LSPR) of the nanoparticle is excited by 20 

visible light.2, 7, 8, 10, 25, 26, 28-33 In sharp contrast, the chemical 

effect can be attributed to the interaction of the adsorbed 

molecules with the metal surface, and a charge transfer 

resonances state is occurred between the metal and adsorbed 

molecules.2, 7, 8, 10, 13, 22, 25, 26 The molecule must be directly 25 

adsorbed to the roughened surface to experience the chemical 

enhancement since it is site-specific and analyte-dependent.8 For 

electromagnetic enhancement, metals can be considered as the 

plasma of electrons composed of polarizable, free electrons, and a 

positive ion core. Interaction of the electromagnetic wave with a 30 

metal causes the free electrons to coherently oscillate at the 

plasmon frequence against the immobile positive ion lattice. 

When electromagnetic radiation with the same frequency is 

incident upon the nanostructure, the electric field of the radiation 

drives the electrons into collective oscillation.2,8  35 

1.2 Nanostructured Materials for SERS 

a) b) c) d)

 

Figure 1. Schematic images of the different dimensional nanostructures 

for SERS applications: (a) nanoparticles, (b) one dimensional (1D) 

nanostructures, (c) two dimensional (2D) nanostructures, and (d) three 40 

dimensional (3D) nanostructures. 

Nanostructured materials often exhibit novel chemical and 

physical properties that are radically different from their bulk 

counterparts.25 Due to the remarkable properties and the potential 

application in SERS, various kinds of metal nanostructured 45 

materials, including noble metal nanoparticle, one dimensional 

(1D) nanostructures, two dimensional (2D) nanostructures, and 

three dimensional (3D) nanostructures, have been reported to 

give rise to large SERS enhancement (Figure 1). While there are 

several aspects that affect the magnitude of the SERS 50 

enhancement factor, the characteristics of nanostructured 

materials, such as their size distribution, geometry, chemical 

composition, and surface chemistry can influence the Raman 

enhancement ability.6, 24, 34  

Electromagnetic field enhancement depends on the resonance 55 

process between plasmons and excited fields, and the 

nanostructured materials used for the SERS must be smaller than 

the wavelength of the exciting electromagnetic radiation.2, 35 

Among them, metallic materials of gold and silver are the most 

commonly used SERS active materials, which can provide large 60 

enhancement.1-3, 6, 10, 36-42 It has been proved that SERS active 

materials should be in the range of 5-100 nm while the strongest 

SERS effects are usually observed from nanoparticles in size of 

20-70 nm.20 Additionally, the nanoparticle should not be too 

small than 5 nm to prevent it from deviating from the pseudo bulk 65 

plasmon behavior and exhibiting quantum effects.2 For 

nanoparticles that are smaller than 5 nm, the electronic scattering 

at the surface plays a major role, resulting in the depletion of the 

electrical conductivity, leading to poor polarizability of the 

particle and hence weakening the plasmon resonance quality and 70 

SERS effect. 

LSPR, which is dependent on several features of the 

nanostructured materials, such as size, shape, composition, and 

crystallinity, of which size and shape are more significant, 25, 26, 30, 

32, 34 is of tremendous importance to their applications in SERS.34 75 

The LSPR of the nanostructured materials can be excited to 

produce highly intense localized electromagnetic fields, which 

are able to dramatically enhance the Raman scattering cross 

sections of molecules in their proximity. Surface plasmons of 

metallic nanostructures are very sensitive to morphologies and 80 

dielectric environments of nanostructures.43 Particularly, strongly 

enhanced and inhomogeneous localized electromagnetic fields at 

sharp edges, junctions, and narrow gaps of nanostructures have 

been observed experimentally and verified by computational 

simulations. These localized electromagnetic fields are known as 85 

“hot spots”.6, 8, 22, 30, 43, 44 In order to get high SERS enhancement 

factors, one must increase the occurrence rate of SERS hot spots. 

Recently, various kinds of nanostructures with rich sharp edges, 

junctions and narrow gaps, such as nanostars45-47, nanodisks48, 49, 

and nanoflowers,50-56 have been prepared for SERS substrates. 90 

Thus, shape control of the nanostructured materials has been a 

hot topic in the SERS research. Most of the shape controlled 

syntheses involve the reduction of salt precursors or thermal 

decomposition of organometallic compounds in the presence of 

organic surfactants, polymers, biomacromolecules, and 95 

coordinating ligands, and sometimes with the mediation of ionic 

species, have been developed and employed to control the shape 

of nanostructured materials. 

2. Nanoparticles 

Noble metal nanoparticles (NPs) including gold NPs, silver 100 

NPs and copper NPs are commonly used as SERS-active 

materials because of their excellent plasmonic properties. Single 

nanoparticles, composite nanoparticles and nanoparticle clusters 

are the most widely used noble metal NPs for SERS. These metal 

NPs provide a localized surface plasmon resonance leading to a 105 

large local electromagnetic field.34, 35 Such an electromagnetic 

field is capable of enhancing Raman scattering signals, and has 

been used for enhancing the performance in the function of 

enhanced Raman scattering. Noble metal NPs with different size, 

shapes, and aspect ratios would exhibit distinct LSPR properties 110 
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and dramatically enhance the SERS effect.43 

2.1 Single Nanoparticles 

 

 

 5 

 

 

 

 

 10 

 

 

 

 

 15 

 

 

 

 

 20 

 

 

 

 

 25 

 

 

 

 

 30 

 

 

 

 

 35 

 

 

Figure 2. SERS spectra of 4-methylbenzenethiol (4-MBT) from an 

individual silver nanosphere (a) and nanocube (b). Each arrow indicates 

the laser polarization direction relative to the nanosphere or nanocube in 40 

the SEM image. For the nanosphere, no significant variation was 

observed for the spectra taken at different polarization directions. For the 

nanocube, the SERS signals were more strongly enhanced when the laser 

was polarized along a face diagonal (bottom trace in B). The insets show 

SEM images of the probed nanosphere and nanocube. The scale bars in 45 

the insets correspond to 100 nm. (reprinted with permission from ref. 43. 

Copyright 2010) 

Based on the EM enhancement theory, SERS intensity is 

dependent on the resonance frequency of the noble metal 

substrate. The plasmon resonance frequencies depend on the size 50 

of NPs, especially for Ag and Au NPs. For instance, the plasmon 

band of Ag NPs exists at 406 nm for the size of 22.8 nm while 

NPs in a diameter of 37.8-nm show a peak at 428 nm with a 

significant red shift.57 It is also well known the field enhancement 

is greatest when the plasmon frequency of NPs is in resonance 55 

with the laser radiation. Xia and co-workers reported a systematic 

study of the SERS enhancement from sharp and truncated Ag 

nanocubes with a size ranging from 60 to 100 nm. The results 

indicated higher SERS enhancement for particles of large size (90 

and 100 nm), which can be attributed to the overlap between the 60 

laser source and plasmon resonance band of the NPs.58 

 

 

 

 65 

 

 

 

 

 70 

 

 

 

 

 75 

 

 

 

 

 80 

 

 

 

 

 85 

 

 

Figure 3. (a) Schematic showing the configuration of the AuNP probe-

molecule-vanadium-oxide junction and the in situ electrochemical SERS 

measurement scheme. (b) A representative SEM image showing dispersed 90 

single AuNPs on the vanadium oxide electrode. The inset shows a 

magnified view of a typical single AuNP. (reprinted with permission from 

ref. 61. Copyright 2014) 

It is clear that the LSPR of single nanoparticle is sensitive to 

the composition, size, shape, and local dielectric. Under ensemble 95 

measurements, spectral, structural, and functional properties of 

single particle may be hidden.35 In order to better understand the 

SERS property of single particle, recent researches have shifted 

attentions toward single nanoparticle measurements.35 Thus, 

different characterization techniques have been employed to 100 

single nanoparticle measurements.59, 60 For instance, Blaber M.G 

and co-workers had used high-throughput wide-field single 

nanoparticle spectroscopy and TEM to determine the optical and 

structural properties of single nanoparticle.35 Some researches on 

single nanoparticles suggested the dependency of SERS 105 

enhancement factors (EFs) on laser polarization. Figure 3 shows a 

comparison study of the polarization dependency for silver 

nanocubes and nanospheres.43 For the nanosphere (Figure 2A), 

due to its isotropic nature, the surface plasmon will oscillate 

similarly in all directions. Thus, there is no dependence on 110 

polarization. Figure 2B shows the SERS spectra of 4-

methylbenzenethiol (4-MBT) on silver nanocubes with two 

different laser polarizations. In this case, the largest SERS EF is 

recorded when the nanocube is oriented with a face diagonal axis 

parallel to the laser polarization, in contrast to polarization 115 

parallel to one of the cube's edges. So it can be concluded that the 

strongest SERS intensities of nanoparticles with sharp features 
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can be seen when the polarization is along an axis that connects 

two sharp features.  

Gold and silver nanoparticles are the most widely used Raman 

enhancing materials, and they have many advantages, including 

having an easily controlled size distribution, long-term stability, 5 

and significantly high biocompatibility. Typical gold NPs are 

synthesized by the citrate-reduction procedure, as originally 

reported by Frens,6 and the silver NPs are usually prepared by the 

reduction of AgNO3 either with sodium citrate acid at boiling 

condition or with hydroxylamine hydrochloride at room 10 

temperature. Furthermore, the combination of SERS transduced 

by single NP probes with electrochemical processes can be used 

to probe interfacial reactions. Li and co-workers used the single 

nanoparticle probes to see real-time molecular changes correlated 

to electrochemically modulated ion-intercalation in metal-oxide 15 

electrodes (Figure 3). Using SERS transduced by single NP 

probes, they observed that the Raman frequencies and spectral 

intensities of the adsorbed molecules vary on cycling the 

electrochemical potential on a vanadium-oxide electrode.61 

2.2 Composited Nanoparticles 20 

The composited nanoparticles, comprising two or more 

different components, have attracted much attention due to their 

unique composition-dependent physicochemical properties and 

multiple functionalities, which are not usually achievable in 

single nanoparticle.62-68 Recently, noble metal NPs have been 25 

combined with other NPs to make composites capable of SERS 

sensing and some novel properties. Given the beneficial 

properties of metal NPs as well as other NPs for SERS, the NP 

composites should be attractive for use as SERS active 

materials.65  30 
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Figure 4. Typical SEM and TEM images of the SiO2@Ag 50 

nanocomposites. (a) The SEM image of the SiO2 nanospheres, inserted is 

the higher magnification image of the nanospheres; (b) The SEM image 

of the Ag nanocontacts loading onto the SiO2 nanospheres, inserted is the 

higher magnification image; (c) The TEM image of the SiO2 nanospheres, 

inserted is the higher magnification image of the nanospheres; (d) The 55 

TEM image of the Ag nanocontacts loading onto the SiO2 nanospheres, 

inserted is the higher magnification image. (reprinted with permission 

from ref. 64. Copyright 2014) 

Inorganic nanostructures with various shapes and sizes, 

including metal, metal oxide, and semiconductor nanocrystals, 60 

are usually composited with metal NPs for SERS.63 Han Y. B. 

and co-workers have developed SiO2@Ag nanocomposites as an 

effective SERS detection platform through in situ loading Ag 

nanocontacts onto the SiO2 nanospheres, the well-designed and 

uniform nanocomposities provide highly enhanced effect for the 65 

tremendous SERS signal amplification (Figure 4). The huge 

enhanced effect might originate from the hot spots generated 

from the nanocontacts among the silver nanoparticles loaded onto 

the silica nanosphere, and also possibly from the nanogaps among 

the neighboring silver nanoparticles between the two silica 70 

nanospheres.64 It is well-known that graphene can adsorb or link 

with various organic molecules owing to its unique surface 

structure, which makes it an attractive candidate for selective 

SERS sensing.39, 65 Our group designed a SERS-active substrate 

based on a graphene oxide embedded sandwich nanostructure for 75 

ultrasensitive Raman signal readout, which can dramatically 

enhance the Raman signals of analytes because of having plenty 

of hot spots on their surfaces and the unique structure of the 

graphene oxide sheets. The sandwiched composite SERS 

platform can be applied to detect the pesticide thiram in 80 

commercial grape juice with a detection limit of as low as 0.03 

ppm.39 Furthermore, a reduced graphene oxide-Ag nanoparticle 

(RGO-AgNP) composite had been designed by Murphy S and co-

workers for SERS application. Complexation between 

5,10,15,20-tetrakis (1-methyl-4-pyridinio) porphyrin tetra (p-85 

toluene-sulfonate) (TMPyP) porphyrin was used as target 

molecule.65 The RGO-Ag NP composite exhibits greater SERS 

signal enhancement for target molecule that complexed with 

RGO.  

In addition to inorganic nanostructures, polymer-metal NCs 90 

have also been developed as efficient SERS substrates.63, 67, 69, 70 

Because of their amphiphilic nature, Pluronic copolymers are 

expected to reversibly interact with both hydrophilic and 

hydrophobic compounds in aqueous solution.71 Therefore, 

Pluronics can be potentially exploited to control the selectivity of 95 

metal nanoparticle probes toward analytes. Abdullin T.I. and co-

workers prepared composite nanoparticles composed of AuNPs 

and AgNPs covered with a thin Pluronic copolymer shell.71 The 

copolymer coated AgNPs show higher SERS activity than the 

counterparts prepared with AuNPs. Among the prepared 100 

composites, the AgNPs modified with Pluronic F127 containing 

extended poly(propylene oxide) and poly(ethylene oxide) blocks 

exhibit maximal Raman activity using rhodamine 6G (Rh6G) 

with an enhancement of 9.04×106. 

2.3 Nanoparticle Cluster 105 

SERS signals achieved from nanoparticle clusters can be very 

strong because of the so-called hot spots generated within the 

nanoparticle gaps.23, 24, 44, 72, 73 Nanoparticle clusters of noble 

metals, especially gold and silver, are emerging materials with 

unique SERS properties.69 Typically, enhancement observed from 110 

nanoparticle clusters is many orders of magnitude greater than 

that of single nanoparticles, which can be attributed to plasmon 

coupling between adjacent nanoparticles among the clusters, 

resulting in huge electromagnetic field enhancements at junction 

sites or SERS hot spots.73 Salt-induced aggregation is the most 115 
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commonly used method. To obtain SERS active materials with 

the desired extent of aggregation, the amount of salt added should 

be precisely controlled.75 Moreover, organic reagents-induced 

aggregation is a novel technique. Sun L. and co-workers 

synthesized the silver nanoparticle clusters by adding different 5 

amounts of ethanol to cetyltrimethylammonium bromide (CTAB) 

capped silver nanoparticles, which is highly efficient for SERS.71 

Two common probe molecules, Rhodamine 6G (R6G) and 4-

aminothiophenol (4-ATP) were used for testing the SERS activity 

on the silver nanoparticle clusters at very low concentrations. It 10 

was found that the SERS enhancement ability is dependent on the 

ethanol volume used, and the SERS enhancement factors of 4-

ATP were estimated to be as large as 8.1×108. In the aggregation 

process, polymers are usually applied to quench the aggregation 

process by forming a shell on the particle’s surface. Another 15 

novel method to form nanoclusters is the dye-induced 

aggregation. Upon adsorption of Raman reporters, the capping 

agent (such as citrate) on the surface of metal NPs is replaced, 

which decreases the electrostatic repulsion between particles and 

therefore induces the formation of closely adjacent NPs and 20 

further the nanoparticle clusters.6, 77 

 

 

 

 25 

 

 

 

 

 30 

Figure 5. TEM image (a) and schematic illustration of the ultrahigh-

density array of silver nanoclusters for SERS substrate (b). (reprinted with 

permission from ref. 79. Copyright 2012) 

Recently, a few groups began to study the correlation between 

SERS intensity and nanoparticle cluster size.44, 73, 78 Wustholz 35 

K.L. et al. had studied the SERS enhancement provided by 

individual NP clusters with varying size.78 They had employed 

field flow fractionation to control over the NP aggregations and 

stabilized the resulting clusters by individually encasing them in 

SiO2 shells, and they discovered that there is not necessarily an 40 

increase in SERS enhancement with the cluster size. These results 

showed that a NP dimer can provide SERS intensities as high as 

that of a NP heptamer, with the enhancement much more 

dependent on the size of the interparticle gap. In order to control 

the variations in SERS intensities, a type of NP probe typically 45 

has a NP core protected by a coating of polyethylene glycol 

(PEG), which could control the gap distance between the Au-NP 

cores upon aggregation, leading to smaller variations in SERS 

intensities. In Shaw C.P. and co-workers’ report, they 

investigated a statistical approach to the quantification of SERS 50 

from the probe clusters.44 The investigation began by considering 

multiple biotinylated surfaces that had been exposed to pegylated 

NPs (designed for biological SERS mapping) functionalized with 

streptavidin (defined as SERS probes). The surfaces were imaged 

with a scanning electron microscope and SERS-mapped with a 55 

Raman microscope. Statistical distributions of the SERS probe 

clusters and mapped SERS intensities on the surfaces were 

developed. It was found that there was a smooth polynomial 

relationship between SERS intensity and probe cluster size. In 

another research, Kim and co-workers introduced a simple but 60 

robust method to fabricate an ultrahigh-density array of silver 

nanoclusters for SERS substrate with high sensitivity and 

excellent reproducibility at a very large area (wafer scale) based 

on a copolymer micelles.79 They systematically controlled the 

gap distance between two neighboring silver nanoclusters ranging 65 

from 8 to 61 nm, while the diameter of each silver nanocluster 

was kept nearly constant (~25 nm). Fabricated SERS substrate 

with a gap distance of 8 nm showed very high signal intensity 

with a SERS enhancement factor as high as 108, which is enough 

to detect a single molecule, and excellent reproducibility (less 70 

than ±5%) of the signal intensity (Figure 5). This is because of 

the uniform size and gap distance of silver nanoclusters in a large 

area. 

3. One Dimensional Nanostructures 

Due to the remarkable specific physical and chemical 75 

properties as well as the potential application, 1D nanomaterials, 

such as nanowires22, 80-86, nanofibers87, 88, nanobelts89-94, 

nanorods22, 95-101 and nanotubes102-114, have attracted great 

research interests.115 Nowadays, various types of one 1D 

nanostructures have been reported to give rise to huge SERS 80 

enhancement with the help of nanotechnology. According to the 

morphology properties, one dimensional nanomaterials can be 

classified as solid nanocrystals and hollow nanocrystals.30  

3.1 Solid Nanocrystals 

In recent studies, solid nanocrystals have always been used to 85 

give rise to the SERS enhancement. Nanorods, nanowires, 

nanobelts and nanofibers, are the most commonly used one 

dimensional solid nanocrystals for SERS applications, as 

discussed below. 

3.1.1 Nanorods 90 

Rodlike nanocrystals of metals with tunable optical and 

electronic properties have been the focus of intensive research 

due to their size- and shape-dependent properties and potential 

applications in sensing, catalysis and other fields.98 Many 

methods have been employed to the synthesis of nanorods. In 95 

Guo S. and co-workers’ paper, a polyol method was developed 

for large-scale synthesis of rectangular silver nanorods in the 

presence of directing agent and seeds.92 They applied a liquid-

liquid assembly strategy to construct uniform rectangular silver 

nanorod arrays on a solid substrate which could be used as SERS 100 

substrates with high activity, stability, and reproducibility. 4-

aminothiophenol (4-ATP) and rhodamine 6G (R6G) were chosen 

as probe molecules, and the enhancement factors for 4-ATP and 

R6G should be as large as 5.06×104 or much larger than the value 

of 5.06×108, respectively. Besides, Shanmukh S. and co-workers 105 

recently used the oblique angle deposition (OAD) method to 

fabricate a silver nanorod array, which was applied as an 

extremely sensitive SERS substrate with enhancement factor of 

greater than 108.115 Liu Y.-J. and co-workers also used the OAD 

method at various vapor deposition angles to synthesize silver 110 

nanorod arrays with different lengths, and the arrays have been 

studied systematically on their morphologies, optical reflections, 

and SERS responses.99 They found that the SERS enhancement 
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factor shows a strong dependence on the nanorod length and 

deposition angle, decreases nearly monotonically with the 

increase of the reflectance at SERS excitation wavelength, and 

the highest SERS enhancement factor can reach up to 109. Unlike 

other Au nanostructures which have one SPR band, gold 5 

nanorods have two: a weak transverse band in the visible region 

with a position that corresponds to electron oscillations along the 

short axis and a strong longitudinal band in the longer wavelength 

region that corresponds to electron oscillation along the long 

axis.6 The tunable, longitudinal plasmon resonance that can be 10 

engineered by changing the aspect ratio has made Au nanorods 

attracted much attention.  
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Figure 6. Gold nanorods for photoacoustic (PA) and SERS imaging. (a) 

TEM image of GNRs shows typical morphology with an aspect ratio of 

3.5; (b) After functionalization with different Raman reporter molecules, 30 

a unique spectrum is recorded for each type of GNR; (c) The GNRs have 

both a longitudinal (~760 nm) and an axial (~530 nm) absorbance peak; 

(d) A comparison of the SERS signal of GNRs (left ordinate) to a similar 

silica-coated spherical nanoparticle (right ordinate) shows enhanced 

signaling capacity, but with higher baseline for the GNRs. (reprinted with 35 

permission from ref. 116. Copyright 2012) 

Au nanorods have been made as Raman scattering probes in 

sensing applications, such as single molecular, cell and DNA 

detection. Gambhir S. S. and co-workers developed a gold-based 

molecular imaging agent that allows presurgical photoacoustic 40 

visualization of a tumor for loco-regional staging as well as 

intraoperative SERS imaging for complete resection of tumor 

margins.116 Gold nanorods with higher aspect ratios offered 

increased ex vivo and in vivo signal readout (Figure 6). 

Vigderman L. and co-workers had prepared higher-order penta-45 

branched gold nanorods which contain a uniquely periodic 

starfruit like morphology.100 The gold nanorods are synthesized 

in the presence of silver ions by a seed-mediated approach based 

on utilizing highly purified pentahedrally twinned gold nanorods 

as seed particles, and the nanorods exhibit good SERS properties. 50 

3.1.2 Nanowires 

Similar to nanorods, electronic and optic properties have made 

nanowires widely used in sensing applications.98 Up to now, 

several methods for the synthesis of nanowires have been 

developed, including chemical synthesis, electrochemical 55 

technique, hydrothermal method, ultraviolet irradiation 

photodetection technique, DNA template, and polyol process.86, 98 

Chen M. and co-workers had successfully synthesized silver 

nanowires with diameters of 50−500 nm and lengths up to tens of 

micrometers via a simple wet chemical route using cuprous oxide 60 

nanospheres as a reductant and directional agent.82 The silver 

nanowires had been used as the SERS probe with high activity 

and stability for detecting Rhodamine 6G (R6G) molecules. 

Mohanty P. et al. reported that single-crystalline free standing Ag 

nanowires had been synthesized in the vapor phase using a single 65 

precursor.85 This method provided nanowires with a clean surface 

that can serve as a well-defined and well-characterized SERS-

active system, and the SERS effect from a single nanowire 

showed strong polarization dependence. However, it is obviously 

that metallic nanowires with smooth longitudinal surfaces can 70 

only couple to light weakly due to discrepancy between photon 

and nanowire plasmon dispersion relations. This problem had 

been resolved by increasing gaps and sharp edges on longitudinal 

length of nanowires. Vigderman L. and co-workers synthesized 

starfruit-shaped penta-branched gold nanowires by seed-mediated 75 

approach, which showed 25 times SERS enhancement as 

compared to its smooth counterpart.100 Goh M.S. et al. used a 

chemical etching method to increase the surface roughness of Ag 

nanowires, targeted at creating more SERS active hot spots along 

Ag nanowire’s longitudinal axis for increased SERS detection 80 

sensitivity.85 They first synthesized silver nanowires by the 

conventional polyol method and then increased the surface 

roughness by using a chemical etchant consisting of 

NH4OH/H2O2. The surfaces of silver nanowires were 

anisotropically etched off to create miniature “beads on a string” 85 

features with increased surface roughness while their crystallinity 

was preserved throughout and after etching reactions (see Figure 

7). The Raman mapping of the single nanowire indicated that the 

micrometer length longitudinal axis of the etched nanowires 

exhibited a SERS enhancement factor of about 104, while the Ag 90 

nanowires only showed limited SERS signals at their tip. 
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Figure 7. SEM images of (a, b) as-synthesized and (c, d) chemically 115 

etched Ag nanowires. (reprinted with permission from ref. 85. Copyright 

2012) 
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3.1.3 Nanobelts 
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Figure 8. SEM (a), TEM (b,c), and HRTEM (d) images of gold nanobelts 

obtained at 4 °C. (e) Schematic illustration of the growth direction of gold 

nanobelts. (Inset) ED pattern corresponding to the whole region of c. 25 

(reprinted with permission from ref. 93. Copyright 2008) 

Nanobelts are special 1D nanostructures with nearly 

rectangular cross sections.91 Because of their unique shape-

dependent electrical, mechanical, optical, and chemical 

properties, many nanobelts, including metals, metal oxides, and 30 

metal chalcogenides, have been synthesized.88-93 It is accepted 

that the length of the nanobelts is of vital importance for their 

properties. For instance, the length of the nanobelts will influence 

the SERS properties, since the different lengths will lead to 

different surface roughness, which is the key factor for SERS 35 

applications.93 As a member of 1D nanostructures, inorganic 

nanobelts have attracted much attention since the first report of 

ZnO nanobelts.112 Bai J. and co-workers reported a facile low-

temperature synthesis of unique silver nanobelts under the 

direction of poly(acrylic acid) (PAA) in aqueous solution.91 In 40 

Zhao N. and co-workers’ report, they had synthesized well-

defined gold nanobelts by the reduction of HAuCl4 with ascorbic 

acid in aqueous mixed solutions of the cationic surfactant 

cetyltrimethylammonium bromide (CTAB) and the anionic 

surfactant sodium dodecylsulfonate (SDS).93 Single-crystalline 45 

gold nanobelts grown along the <110> and <211> directions were 

prepared in mixed CTAB-SDS solutions at 4 and 27 ℃ , 

respectively (Figure 8). The gold nanobelts were used as the 

SERS substrate for detecting the p-aminothiophenol (PATP) 

molecules with high sensitivity. Rayapati Venugopal et al. had 50 

successfully fabricated single-crystalline CdSe nanobelts by a 

chemical vapor deposition (CVD) method assisted with laser 

ablation.92 They used surface-enhanced Raman scattering and 

normal Raman scattering spectroscopies with off- and near-

resonant excitations to measure the phonon modes of CdSe 55 

nanobelts and bulk powder. A blue-shift of 2.4 cm-1 for the 

longitudinal optical (LO) phonon of CdSe nanobelts, relative to 

bulk CdSe, is attributed to a lattice contraction in the belt 

structure. According to Payne C.M. and co-workers, they used 

the surfactant-directed chemical synthesis to produces uniform 60 

nanobelts as well as similar, yet more complex, structures.88 And 

nanobelts also form dimers, either because of bifurcation during 

growth or because of alignment during deposition, that run side 

by side with sub-10 nm gaps which create large volumes of 

electromagnetic enhancement for surface-enhanced Raman 65 

spectroscopy. 

3.2 Hollow Nanocrystals 

Comparing to solid nanocrystals, hollow nanocrystals have 

better sensing properties than solid ones. This is due to the 

presence of interior and exterior plasmon fields that couple with 70 

one another resulting in a much stronger field and the hollow 

shapes that produce a more evenly distributed plasmonic field.30 

Usually, conventional SERS nanostructured probe are metallic 

nanostructures, but the most common nanotubes used for SERS 

are carbon nanotubes.108-119 Because of the extraordinary 75 

electrical, thermal, and mechanical properties, carbon nanotubes 

have been, concurrently, a topic of extensive research and 

applications in sensing.115 Although carbon nanotubes were 

successfully used for SERS, the combinations with other 

elements like gold and silver can be anticipated to increase their 80 

efficiency as SERS substrates. Sun Y. and co-workers reported 

that silver nanoparticles can be automatically formed on the 

surface of one-dimensional carbon nanotubes by e-beam 

evaporation, leading to a unique structure which was beneficial to 

the enhancement of local E-field.118 Then they made the carbon 85 

nanotubes cross stacking superaligned. The as-prepared SERS 

substrate could provide sensitive detection of different organic 

molecules, especially the detection of ambient explosive vapor 

with extremely low vapor pressure. Chen Y.-C. and co-workers 

also prepared a nanostructure of single walled carbon nanotubes 90 

decorated with Ag nanoparticles,113 and Ag nanoparticles were 

electrochemically deposited on a network of single walled carbon 

nanotubes. The Ag NPs decorated CNTs exhibit a high SERS 

enhancement with specific hot spots that allow the observation of 

a Raman signal from one or a few molecules. Goldberg-95 

Oppenheimer P. and co-workers had made gold functionalized 

vertically aligned carbon nanotube forests, and a benzenethiol 

monolayer was used to test the SERS performance of the hybird 

structures. The absolute enhancement factor is calculated to be 

about 1.0×107.115  100 

4. Two Dimensional Nanostructures 

Two dimensional (2D) nanostructures have been extensively 

studied because of their remarkable abilities in sensing properties. 

As a result, lots of approaches have been employed to fabricate 

2D nanostructures such as nanoplates118-126, nanoprisms127-133,  105 

nanodisks50, 129-135 and nanostars47-49. The peak wavelength and 

localized surface plasma resonance of these nanostructures are 

significantly dependent on their morphology, size, interparticle 

spacing, intrinsic dielectric properties, and local environment 

,such as adsorbates.122 Recently, various types of 2D 110 

nanostructures have been reported for SERS applications.  

4.1 Nanoplates 
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Among various shapes, the nanoplates that have sharp corners 

and edges are supposed to be most active for SERS. In the past 

decade, a library of strategies for fabricating metal nanoplates has 

been developed, including photochemical routes, thermal organic 

synthesis, and seed-mediated, microwave-assisted, and 5 

ultrasound-assisted aqueous chemical reduction methods.119 Zou 

X. and co-workers synthesized citrate-protected silver nanoplates 

via a seed-mediated approach, which silver seeds were firstly 

obtained and then silver nanoplates were prepared by enlarging 

the small silver seeds in the presence of citrate.123 The silver 10 

nanoplates were served as active SERS substrates with an 

enhancement factor of about 4.5×105 using 2-aminothiophenol as 

a probing molecule. Xiong Y. and co-workers discovered that the 

hydroxyl end groups of poly(vinyl pyrrolidone)(PVP) could serve 

as a very mild reductant for kinetically controlled synthesis of Ag 15 

nanoplates,124 and hydroxyl-terminated PVP is also a well-suited 

reductant for the aqueous synthesis of circular, triangular, and 

hexagonal nanoplates made of other noble metals including Pd, 

Au, and Pt. With sharp corners and edges, the triangular 

nanoplates are potentially useful as active substrates for SERS 20 

and related applications. Qin D. and co-workers performed a 

systematic investigation on the role of etching in the formation of 

Ag nanoplates during the reduction of AgNO3 by poly(vinyl 

pyrrolidone)(PVP).125 When the nanoplates with straight edges 

are transferred into ethanol and subjected to a solvothermal 25 

treatment, nanoplates with wavy edges and sharp corners can be 

obtained owing to etching on the edges. A comparison study 

indicates that Ag nanoplates with wavy edges and sharp corners 

were more active SERS substrates than those with straight and 

curved edges. In another report, Tan T. and co-workers employed 30 

a seed-mediated method to synthesize silver nanoplates with 

broad-tuning LSPR and high stability, and the LSPR peaks could 

be tuned in the range from 485 to ～1200 nm (Figure 9).126 The 

SERS performance is largely dependent on the LSPR of the silver 

nanoplates at a given excitation wavelength, and specifically the 35 

Raman signals were greatly enhanced when the laser excitation 

line matched the peak position of LSPR band. 
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Figure 9. TEM images of Ag nanoplates with different magnifications (a 55 

and b); HRTEM images of silver nanoplates taken from the flat top face 

(c). Selected area electron diffraction (SAED) pattern (d) taken from a 

single nanoplate. (reprinted with permission from ref. 126. Copyright 

2013) 

4.2 Nanodisks 60 

Recently, several reports have focused on the synthesis of 

noble metal nanodisks by various methods.50, 135-140 Tang B. and 

co-workers had successfully prepared, in a large quantity, 

uniform and stable silver nanodisks by heat aging of silver 

nanoprisms.135 The shape transformation from nanoprisms to 65 

nanodisks was caused by the difference in surface energy of the 

facets and the facet-selectivity of the citrate. The LSPR of the 

silver nanoplates could be tuned in a certain range in the heat-

aging process. They then developed a simple and convenient 

method to transform silver nanoprisms into nanodisks by adding 70 

the chloride ions into the silver colloid.136 The chloride ions could 

etch the corners and side faces of the silver nanoprism, and the 

resulting nanoparticles were disk-like in shape. The dissolved 

silver atoms would aggregate to form small silver clusters 

stabilized by the Cl- and citrate ions. The as-prepared nanodisks 75 

showed higher SERS activity as compared to that of the original 

nanoprisms, which might be due to the existence of the silver 

cluster in the system of silver nanodisks. 

4.3 Nanoprisms 

 80 

Figure 10. Characterizing the Au nanoprisms. (a) TEM image and (b) 

AFM images and cross-sectional height profiles of Au nanoprisms; (c) 

low and (d) high magnification of SEM images of the self-assembled Au 

nanoprisms monolayer by Langmuir-Schaefer assembly. (reprinted with 

permission from ref. 138. Copyright 2013) 85 

Nanoprisms have attracted extensive research interest because 

of the unique optical properties that arise as a result of their 

localized surface plasmon resonance modes.136 They have shown 

strong scattering and have been calculated to exhibit large local 

field enhancements due to their sharp tips. As a result of the 90 

highly advantageous properties, nanoprisms have a wide variety 

of applications, including their use as sensors in SERS.130 Bae Y. 

and co-workers prepared the silver nanoprisms with anisotropic 

orientation by thermal synthetic method.133 Almost the Ag 

nanoprisms were truncated with average edge length of 30±7 nm. 95 

The SERS properties of the assemblies were determined by 4-

aminobenzenethiol (4-ABT) as a model compound. 4-ABT 

molecule adsorbed strongly on the Ag surface by forming an Ag-

S bond and showed vibrational mode-selective SERS 
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enhancement owing to the charge transfer from metal to 

molecule. Ciou S.-H. and co-workers had synthesized silver 

nanoprisms by photoreducing the silver ions by citrate. SERS 

signals of R6G had been observed in silver nanoprisms in the 

presence of KBr.134 The silver nanoprisms have an average edge 5 

length of 70 ± 30 nm and thickness of about 10 ± 2 nm. The 

SERS intensity of R6G (4.5×10-9 M) in the silver nanoprisms was 

much stronger in contrast with the spherical nanoparticle, and the 

enhancement factor of the nanoprism is about 3.2×105. In Lin X. 

and co-workers’ report, a scalable process was developed to 10 

fabricate large-area monolayer Au nanoprisms films at the air-

water interface using the Langmuir-Schaefer technique.133 The 

inter-prism gaps of the films can be tuned qualitatively through 

the introduction of dodecanethiol and oleylamine, and the near 

close-packed arrangement of the nanoprisms monolayers 15 

generates large numbers of hot spots in the 2D arrays, giving rise 

to strong SERS signals, which can be used for SERS applications 

in many fields (see Figure 10). 

4.4 Nanostars 

  20 

Figure 11. Micrographs of Ag nanostars obtained by (a and b) TEM and 

(c and d) SEM. (reprinted with permission from ref. 45. Copyright 2013) 

Because of the extraordinary properties in the intensification of 

the EM field, star-shaped NPs or metal nanostars have shown 

promising applications in bioimaging and detection.47 Recently, 25 

the synthesis of novel nanostars has been reported, and the most 

commonly nanostars are gold nanostars and silver nanostars. 

Gold nanostars ranging from 45 to 116 nm in size were 

synthesized in high yield by Khoury C.G. and co-workers, and 

the measured SERS enhancement factors suggest an interesting 30 

correlation between nanostar size and SERS effect. The 

enhancement factors were relatively consistent across different 

star samples, for instance, a factor of 5×103 averaged over the 52 

nm nanostars for 633-nm excitation.47 Garcia-Leis A. and co-

workers used a simple method consisting of the chemical 35 

reduction of Ag+ by neutral hydroxylamine, followed by a 

capping−reduction process induced by citrate to fabricate silver 

nanostars,47 (Figure 11) which displayed a high performance in 

SERS applications. The effectiveness of these nanostars was 

probed by using the drug probenecid (PB), leading to intense 40 

SERS spectra without the addition of aggregation agents. 

5. Three Dimensional Nanostructures 

With increasing interest on the discovery of proper metal 

substrates for SERS-based applications, three-dimensional (3D) 

morphology control of metallic nanostructures to generate 45 

effective and adequate hot spots for creating strong and tunable 

electromagnetic field is gaining great attention.53 Recently, 3D 

nanostructures such as nanocages141-147, nanoflowers52-58, 148-150, 

nanodendrites151,152 and nanocaps153,154 have been designed for 

SERS applications. 50 

5.1 Nanocages 

 
 

Figure 12. Scheme illustrating the loading of a gold nanocage with 1-

tetradecanol and dye/drug followed by its release with external trigger. A 55 

decrease in the SERS intensity of dye/drug during its release can be 

employed to directly monitor the release process. (reprinted with 

permission from ref. 146. Copyright 2013) 

Nanocages, a novel class of hollow plasmonic nanostructures, 

possess hollow interiors and porous walls. Nanocages made of 60 

noble metals are particularly attractive because of their strong 

scattering and absorption peaks in the near-infrared region known 

as surface plasmon resonance.144 Recently, nanocages have been 

proved to be efficient carriers of chemotherapeutic drugs for 

targeted and triggered delivery and potentially used for SERS.145 65 

Metallic nanocages can be formed by depositing thin shells of a 

metal on silica or polymer beads followed by selective removal of 

the beads. More recently, a new method have been developed 

based on galvanic replacement reaction between Ag 

nanostructures and Au, Pt, or Pd compounds to fabricate 70 

nanocages characterized by single-crystal walls.147 Tian L. and 

co-workers applied this method to prepare gold nanocages.146 

First, Ag nanocubes were synthesized by sulfide-mediated polyol 

synthesis method, and then Au nanocages were obtained by 

galvanic replacement of Ag nanocubes with gold using HAuCl4. 75 

They employed SERS to noninvasively monitor the release of 

payload from nanocages. The large enhancement of 

electromagnetic field at the interior surface of nanocages enabled 

to monitor the controlled release of Raman-active cargo from 

nanocages. They used a biocompatible phasechange material, 80 

namely, 1-tetradecanol, as a “gate keeper” to control the release 

of cargo in response to an external stimulus. And the results 

showed that release process can be followed in situ using SERS 

without limitation (Figure 12). They demonstrated that SERS 

could serve as a noninvasive technique to monitor the release of 85 

Raman-active molecules such as dyes and drugs from plasmonic 

nanocages. It is reported that the photothermal (PT) effect occurs 
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when a metal nanoparticle absorbs light and releases it as heat.141 

This heat can affect the molecules on the nanoparticle’s surface 

and heat up the local environment. And both SERS and the PT 

effect share the same fundamental mechanism of plasmon 

excitation that generates strong local E-fields for SERS and heat 5 

for the PT effect which makes SERS a very simple and attractive 

technique for probing the PT effect. Rycenga M. and co-workers 

employed SERS as a sensitive tool to probe the PT effect, leading 

to direct examination of the heat generated at the nanocage’s 

surface.141 They had used 1-dodecanethiolate (1-DDT) SAM to 10 

probe the PT effect of Au-Ag nanocages. And the SERS 

measurements could quantify the temperature changes 

experienced by the 1-DDT SAMs on Au-Ag nanocages. 

5.2 Nanoflowers 

 15 

 

 

 

 

 20 

 

 

 

 

Figure 13. FESEM images of Au flower (a) and digital photograph of 25 

natural carnation flower (b). (reprinted with permission from ref. 53. 

Copyright 2012) 

Recently, as the development of nanotechnology, different 

novel 3D nanostructures have been prepared. Among them, 

nanoflowers have attracted special interest due to pronounced 30 

electromagnetic field effect surrounding nanoflowers, which 

provide a new chance to extend the applications of nanocrystals 

in SERS.55 Rosette-like Au nanoflowers were simply prepared by 

Shin H. S. and co-workers through one-pot reduction of the 

AuCl4
− precursor by 2-thiopheneacetic acid (2-TAA) without 35 

extra surface capping ligands at room temperature.53 In this 

experiment, 2-TAA played a bifunctional role as both a reducing 

agent for the Au precursor and an effective surface-stabilizing 

agent during formation of Au nanostructures. Rosette-like Au 

nanoflowers were considered as superior SERS substrates 40 

because of sharp tips and nanogaps. Therefore, the potential of 

rosette-like Au nanoflowers as an SERS-active substrate were 

investigated by using two important biological staining agents, 

methylene blue (MB) and crystal violet (CV) which have been 

reported to give good quality Raman spectra, as probe molecules. 45 

And the rosette-like Au nanoflowers were considered to be good 

SERS substrates for MB and CV with the respective SERS 

enhancement factors of 2.6×108 and 8.8×105. Jena B.K. and co-

workers had prepared branched silver nanoflowers by using a 

biofriendly molecule-rutin, which acts as a reducing/stabilizing 50 

agent.149 The SERS activity of Ag nanoflowers was investigated 

with methylene blue (MB) as a probe molecule with the SERS 

enhancement of 2.4×106, which indicated the potential for the Ag 

nanoflowers used as SERS substrate. Highly branched Au 

nanoflowers with sharp tips have been synthesized in high yield 55 

by Pradhan M. and co-workers.53 The Au nanoflowers were 

fabricated by galvanic exchange of polystyrene bead supported 

Cu (prepared by NaBH4 reduction) nanoparticle with HAuCl4 at 

about 90 oC. The prickly tips of the gold bearing enhanced field 

with a large number of embedded hot spots hidden within the 60 

oriented invited a probe molecule to show the enhancement even 

for a concentration of 4-mercaptopyridine (4-MPy) down to 10−12 

mol dm−3. The SERS results guarantee that the as-prepared naked 

AuF is an excellent and stable SERS substrate. 

5.3 Nanodendrites 65 

 

 

 

 

 70 

 

 

 

Figure 14. TEM (a) images of dendritic gold nanostructures and Raman 

spectrum of solid R6G and SERS spectra of R6G molecules adsorbed on 75 

the dendritic gold nanostructures (b). (reprinted with permission from ref. 

152. Copyright 2011) 

Nowadays, great efforts have been devoted to synthesize 3D 

shape-controlled nanostructures.152 Besides nanocages and 

nanoflowers, other 3D nanostructures, such as nanodendrites, 80 

nanocaps, have been employed as SERS substrates. 3D dendritic 

gold nanostructures have been prepared by Huang D. and co-

workers via an ultrafast one-step homogeneous solution 

method.152 In this method, cationic surfactants, decane-1,10-

bis(methylpyrrolidinium bromide) ([mpy-C10-mpy]Br2), were 85 

used as the capping agent and L-ascorbic acid (AA) was used as 

the reducing agent. The methylpyrrolidinium quaternary 

ammonium headgroups and bolaform nanostructures of the 

surfactants are the key factors for the formation of dendritic 

structures. With sharp corners, edges and nanoscale junctions, the 90 

as-prepared gold nanodendrites were investigated of SERS 

sensitivity by using Rhodamine 6G (R6G) as a model molecule. 

The SERS intensity increased greatly when the concentration of 

R6G increases from 1×10-6 M to 1×10-4 M (Figure 14). And the 

enhancement factor was calculated to be 2.52×104 when the 95 

concentration of R6G is 1×10-4 M, which showed potential 

application of nanodendrites in SERS based technology. Lu G. 

and co-workers also prepared 3D gold nanodendrites at room 

temperature through an aqueous/organic interfacial reaction of 

hydrogen tetrachloroaurate (HAuCl4, in aqueous phase) and 3,4-100 

ethylenedioxythiophene (EDOT, in organic phase).151 They found 

that the as-prepared 3D gold nanodendrites could be used as 

SERS substrates. 4-mercaptopyridine (4MP) was used as a 

molecule probe. The 3D gold nanodentrites exhibited much 

higher surface enhancement than those of conventional 105 

electrochemically roughed gold surfaces and gold nanorods. And 

The enhancement factor of the 3D gold nanodentrites substrate 

was measured to be (1.9±0.4)×106, and the limit of detection 

(LOD) was determined to be lower than 1×10-10 M. 

6. Conclusions and Outlook  110 

The properties of high selectivity and sensitivity have made 

SERS one of the most promising analytical techniques for 

biological and chemical sciences. Significant progress has been 
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made on the synthesis of nanostructured materials. Various 

nanostructured materials have been designed and prepared for 

SERS. The characteristics of nanostructured materials, such as 

their size distribution, geometry, chemical composition, and 

surface chemistry have a great influence on the SERS 5 

enhancement factors. By comparison, we can easily conclude that 

nanostructured materials with complex structures like rich sharp 

edges, junctions and narrow gaps, will have much higher SERS 

enhancement factors.  

Most SERS-active nanostructured materials are noble metallic 10 

materials, like gold, silver and copper. However, future efforts 

should be made on the synthesis of other more novel materials, 

such as other metal, metal oxide, semiconductor materials, 

graphene, and hybrid nanostructures. The nanostructures listed in 

this review are thought to be typically in noble metal 15 

nanoparticles, 1D nanostructures, 2D nanostructures and 3D 

nanostructures. In addition to these nanostructures, novel 

approaches should be exploited to design and create even more 

efficient SERS-active nanostructures, which are rarely utilized as 

SERS-active media in current studies. 20 
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materials with their potential applications in SERS. 
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