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a 

Surface-enhanced Raman scattering (SERS) is a powerful technique that provides fingerprint vibrational information with 

ultrahigh sensitivity. However, only a few metals (gold, silver and copper) yield a large SERS effect, and they must be rough 

at the nanoscale. Shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) was developed to overcome the 

long-standing materials and morphological limitations of SERS. It has already been applied in a variety of fields such as 

materials science, electrochemistry, surface science, catalysis, food safety and the life sciences. Here, the principles and 

applications of SHINERS are highlighted. To provide an understanding of the plasmonics involved, finite-difference time-

domain (FDTD) calculations and single nanoparticle SHINERS experiments are reviewed. Next, various shell-isolated 

nanoparticle (SHIN) types are described. Then a number of applications are discussed. In the first application, SHINERS is 

used to characterize the adsorption processes of pyridine on Au(hkl) single-crystal electrode surfaces. Then, SHINERS’ 

applicability to food inspection and cultural heritage science are demonstrated by the detection of parathion and fenthion 

pesticides, and Lauth’s violet (thionine dye). Finally, graphene-isolated Au nanoparticles (GIANs) are shown to be effective 

for multimodal cell imaging, photothermal cancer therapy and photothermally-enhanced chemotherapy. SHINERS is a fast, 

simple and reliable method, suitable for application to many areas of science and technology. The concept of shell-

isolation can also be applied to other surface-enhanced spectroscopies such as fluorescence, infrared absorption and sum 

frequency generation. 

1. Introduction to the shell-isolated mode 

In surface-enhanced Raman scattering (SERS),
1-5

 Raman signals 

are enhanced by up to ~10 orders of magnitude
4, 6, 7

 because 

of a molecule’s proximity to a nanostructured, free-electron 

metal surface. When light of a resonant wavelength is incident 

upon this type of surface, it will initiate collective oscillations in 

electron density called surface plasmons that give narrow 

regions of enhanced electromagnetic field strength.
8-12

 This 

extremely powerful vibrational spectroscopy can be used to 

characterize adsorption with single-molecule sensitivity, and 

hundreds of articles are being published on it each year.
13-15

 

To date, SERS has not been adopted as a general tool 

because of the specific materials and morphologies required. 

Only a few metals, namely gold, silver and copper, provide a 

large SERS effect. Furthermore, the signal enhancement 

provided by the metal nanostructures depends critically on 

their size, shape and spacing.
8, 16

 These conditions have limited 

the breadth of practical applications of SERS in fields where 

such materials and morphologies are rarely found. For 

example, the atomically flat surfaces of various single-crystals, 

which are encountered in surface science and semiconductor 

technologies, have been almost completely excluded from 

investigation by SERS. 

Key learning points 

(1) In SHINERS, the gold nanoparticle core acts as a Raman signal amplifier. The ultrathin shell allows enhanced electromagnetic field from the surface 

of the core to extend past the surface of the shell and probe the nanoparticle’s chemical environment; yet the shell is pinhole-free and it therefore 

prevents interaction of the core with any components of the chemical environment. 

(2) SHINERS enhancement deceases rapidly with increasing shell thickness, but the preparation of an ultrathin (less than 5 nm) shell is possible for a 

variety of nanoparticle types. 

(3) Gold@silica SHINERS nanoparticles can be used to fully characterize monolayer adsorption on atomically flat single-crystal surfaces, which have 

traditionally been excluded from SERS investigation. 

(4) SHINERS is a convenient method that can be applied to food inspection and cultural heritage science. An appropriately chosen shell can eliminate 

metal-molecule interactions which cause an analyte’s SERS spectrum to differ from its ordinary Raman spectrum, thus allowing comparison with 

ordinary Raman spectra in the literature or a library. 

(5) Gold@graphene SHINERS nanoparticles have proven effective in multimodal cell imaging and cancer therapy because of their biocompatibility, 

spectroscopic properties, photothermal properties, and the avenues available for their functionalization. 
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Traditionally, the SERS substrate has played a dual role as a 

signal amplifier and as a support for the experiment. We call 

this approach the “contact mode” (Figure 1a), and it is from 

this experimental design that the materials and morphological 

specificity comes. Since the substrate must be SERS-active, and 

the support is the same as the substrate, a rather limited 

variety of supports are available for experimentation.  

Tip-enhanced Raman spectroscopy (TERS)
17, 18

 was 

introduced in 2000. This technique employs a “non-contact 

mode” in which the signal amplifier is separated from the 

surface of interest (Figure 1b). Here, a sharp gold or silver tip is 

excited with a suitable laser and brought within a few 

nanometers of the sample. The enhanced electromagnetic 

field generated at the tip extends to the surface of interest, 

and Raman signals from any support – regardless of material 

and morphology – can be improved by this field.
18

 The Raman 

signal obtained from a sample in close proximity to a single tip 

is quite weak, however, and TERS studies usually involve highly 

Raman-active molecules. Furthermore, the application of TERS 

to an electrochemical system requires the tip be immersed in 

solution. Scattering of light at the air-solution interface further 

reduces signal strength, and the adsorption of solution species 

on the tip can give misleading information. 

In 2010 we reported a new “shell-isolated mode”
19

 that, to a 

large extent, can overcome the problems described above 

(Figure 1c). In this approach, the tip is replaced by a film of 

gold-core silica-shell nanoparticles (Au@SiO2 NPs). Since each 

gold core acts as a tip, the equivalent of hundreds or even 

thousands of tips are excited in the laser spot at the same 

time. The chemically inert dielectric shell prevents interaction 

between the gold core and the system under study. It prevents 

some molecules from adsorbing on the signal amplifier (those 

that do not adsorb on silica), and it prevents the gold core 

from contaminating the system under study. We call this new 

technique “shell-isolated nanoparticle-enhanced Raman 

spectroscopy” or “SHINERS”,
19-21

 and it has already been 

applied to many challenging systems.
19-30

 It has been used to 

probe structure and processes on materials of different 

composition and morphology, from metal single-crystals to 

semiconductors and from food samples to living cells. 

Since the introduction of our Au@SiO2 NPs in 2010, many 

other structures with a plasmonically-active core and an 

ultrathin shell have been prepared. Of special interest are 

those with a noble metal core and a graphene shell.
31, 32

 It has 

been shown that such NPs are suitable for multimodal cell 

imaging and cancer therapy because of their biocompatibility, 

spectroscopic properties, photothermal properties, and the 

ways in which they can be functionalized.
32

 

2. Advantages of the shell-isolated mode over the 

contact mode 

SHINERS has changed the working mode from direct contact 

(SERS) or non-contact (TERS) to a shell-isolated one. It has 

broken some long-standing limitations by allowing the 

characterization of chemical systems that involve previously 

inaccessible surface materials and surface morphologies, and it 

has simplified analysis in challenging environments such as 

biological systems.  

The use of an ultrathin, chemically and electrically inert shell 

 
Fig. 1 The working modes of SERS, TERS and SHINERS: the bare gold NP contact mode (a), the TERS non-contact mode (b), and the SHINERS shell-isolated mode (c).  

Reprinted with permission from Nature, 2010, 464, 392; copyright 2010 Nature Publishing Group.
 

 

 
Fig. 2 Schematic illustrations of four different experiments. (a) Contact with the chemical environment may lead to adsorption of nearby molecules. (b) Electrical contact 

with the surface may lead to charge transfer. (c) Contact with probe molecules may lead to spectral changes or photocatalytic degradation. (d) All of these problems can 

be avoided by adding a chemically and electrically inert shell.
 

 

Page 2 of 11Chemical Society Reviews



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

around the NP can solve numerous problems. It can prevent 

contact with the chemical environment, contact with the 

surface of interest, and contact with probe molecules. It can 

also keep the NPs from aggregating. 

(i) Contact with the chemical environment. Bare NPs are 

unsuitable for use in liquid environments (e.g., in biology and 

electrochemistry) or gaseous environments (e.g., in catalysis) 

that contain species which adsorb on the surface (Figure 2a). 

Even if the liquid or gaseous environment does not contain any 

such adsorbates, probe molecules can move from the surface 

of interest to the surface of the bare NPs. The SERS signal from 

molecules adsorbed on the bare NPs, which is likely to be 

dominant, may interfere with the SERS signal from molecules 

adsorbed on the surface of interest. 

(ii) Electrical contact with the surface. If bare NPs are used in 

the examination of other metal or semiconductor surfaces, 

with the bare NPs in direct contact with the surface of interest, 

charge transfer can significantly affect the electronic structure 

of the system under study (Figure 2b). 

As an example, SERS and SHINERS spectra showing CO 

adsorption on Pt(111) are compared in Figure 3. Two strong 

bands can be seen in the spectrum obtained with bare gold 

NPs, one at 2060 cm
-1

 that is due to C-O(Pt) stretching and 

another at 2125 cm
-1

 that is due to C-O(Au) stretching. The 

latter is clearly undesirable as it could mislead interpretation 

of the spectrum. More importantly, the C-O(Pt) stretching 

frequency is different in the SERS and SHINERS spectra. It is 

downshifted to 2060 cm
-1

 in the SERS spectrum because the 

work functions of these two metals are different (5.1 eV for 

polycrystalline gold, 5.7 eV for Pt(111)) and charge transfer 

occurs from gold to platinum.
33

 This charge transfer increases 

electron density at the Pt(111) surface in the vicinity of the 

gold NPs. On the other hand, SHINERS can provide accurate 

vibrational information about surface adsorbates. In this case 

it provides the true C-O(Pt) stretching frequency, 2072 cm
-1

. 

(iii) Contact with probe molecules. A probe molecule adsorbed 

on the surface of interest may interact with a bare NP as well, 

adopting a two-end adsorption rather than a one-end 

adsorption (circled pink/blue molecules in Figure 2c). This 

direct contact would change the distribution of electron 

density in the probe molecule and its adsorption behavior, 

resulting in significant changes to its SERS spectral features 

and misleading spectral interpretation. In some cases, a probe 

molecule may undergo photocatalytic reactions owing to a 

direct contact between one of its functional groups and the 

bare NP (exploding yellow/blue molecules in Figure 2c).  

(iv) Stability. Shell-isolated nanoparticles (SHINs) are much 

more stable than bare NPs because they are coated with an 

inert shell (Figure 4).
20

 When 10 μL of concentrated (~1.07 

nM) Au@SiO2 SHIN solution are placed in 0.5 mL of 0.01 M 

pyridine, the SHINs are stable beyond 240 hours. When 10 μL 

of concentrated (~1.07 nM) bare gold NP solution are placed 

in 0.5 mL of 0.01 M pyridine, the solution changes color in just 

3 minutes and shows complete aggregation after 15 minutes. 

SHINERS, with its unique shell-isolated mode, can be used to 

overcome the four problems outlined above. An ultrathin, 

chemically and electrically inert shell prevents contact with the 

chemical environment, contact with the surface of interest, 

and contact with probe molecules (Figure 2d). If an 

appropriate shell material is chosen, inadvertent adsorption, 

charge transfer and photocatalytic reactions can all be 

avoided. Furthermore, NP stability is greatly improved. 

3. 3D-FDTD simulations 

Theoretical simulations were carried out using the 3-

dimensional finite-difference time-domain (3D-FDTD) method 

so that electric field distribution could be visualized and 

Raman scattering enhancement factors could be calculated.
34

 

Results obtained for a 2 × 2 array of Au@SiO2 NPs on a 

perfectly smooth gold surface are presented in Figure 5. As the 

gold cores are brought near the smooth gold surface by 

 
Fig. 3 SERS and SHINERS spectra showing CO adsorption. Bare gold NPs (lower 

curve) or Au@SiO2 NPs (upper curve) were spread over a Pt(111) electrode 

surface, and the electrode was placed in a 0.1 M HClO4 solution saturated with 

CO gas.
 
Reprinted with permission from Nature, 2010, 464, 392; copyright 2010 

Nature Publishing Group.

 

 
Fig. 4 Comparing the stability of SHINs and bare NPs.

20
 Photos of Au@SiO2 SHINs 

(a) and bare gold NPs (b) in 0.01 M pyridine solution at different times. 

Corresponding spectra of pyridine obtained with the SHINs (c) and the bare NPs 

(d). Reprinted with permission from Nat. Protoc., 2013, 8, 52; copyright 2013 

Nature Publishing Group.
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decreasing shell thickness, localized surface plasmons are 

excited in the core-to-surface gaps. Electric field is 

concentrated there, and Raman scattering from molecules 

adsorbed on the smooth gold surface will increase 

dramatically. The calculations reveal that electric field strength 

is enhanced 85 times for the 4 nm shell and 142 times for the 2 

nm shell, and that the Raman scattering enhancement factors 

in the SHIN-to-surface junctions will be 5 × 10
7
 and 4 × 10

8
 for 

these two shell thicknesses respectively.
19

 The calculations 

also show that the interparticle distance does not significantly 

affect these values. If the 2 × 2 array is replaced by a single 55 

nm Au@4 nm SiO2 SHIN, electric field strength is enhanced 55 

times instead of 85 times and the Raman scattering 

enhancement factor will be 9 × 10
6
 instead of 5 × 10

7
. It is 

therefore possible to characterize the adsorption of a 

monolayer on an atomically flat single-crystal gold surface, 

without any interfering signals from the molecule on 

polycrystalline gold NPs, by SHINERS. 

Since the Raman scattering enhancement factor will depend 

critically on the distance between the gold core and the 

smooth gold surface, a combined theoretical and experimental 

investigation into the dependence of Raman intensity on silica 

shell thickness was made.
20

 The diameter of the gold core was 

held constant at 55 nm, and pyridine was used as the probe 

molecule in the experimental component of this study. As 

expected, Raman intensity decreased exponentially with 

increasing shell thickness in both the theoretical and the 

experimental results.  

4. Single particle SHINERS 

To further understand the surface plasmon physics of 

SHINERS, several measurements were made on single 

particles. Figure 6a shows a dark field microscopy image and a 

scanning electron microscopy (SEM) image of five individual 

SHINs on a gold film (120 nm Au@1 nm SiO2, each circled in 

red). Figure 6b provides the surface plasmon resonance (SPR) 

spectrum of a single SHIN on the gold film. Peak I at 541 nm is 

assigned to a dipole mode of the particle, and peak II at 608 

nm is assigned to a multipolar mode that involves both the 

particle and the gold film.
35, 36

 Figure 6c shows the single 

particle SHINERS spectrum of pyridine on the gold film. 

It is well known that the ~600 nm resonance (peak II) is 

important for generation of electromagnetic hot spots in the 

gap between a particle and a film. If a SHIN is placed on a Si 

substrate, there is no SPR peak in this region. Then no SHINERS 

signal can be obtained from pyridine, even if the accumulation 

time is increased 20-fold. A 514 or 532 nm excitation 

wavelength, commonly available in Raman systems, cannot be 

used with a gold particle because so much of this energy is lost 

to d-sp interband electronic transitions. Hence, the multipolar 

mode involving the SHIN and the gold film is critical for a large 

Raman signal enhancement.  

5. Various SHIN types 

A general overview of the synthetic procedure is provided in 

Figure 7.
20

 Different SHIN types are used to meet different 

analysis requirements. 

Gold cores with a 55 nm diameter (Figure 8a) are usually 

employed because these SHINs are easy to make and provide 

enough Raman signal enhancement for most applications.
19

 

Gold cores with a 120 nm diameter (Figure 8b) are prepared if 

more enhancement is required.
28

 3D-FDTD simulations have 

shown that a 120 nm gold core diameter is optimal for use 

with a 633 nm excitation wavelength. Gold nanocube and 

nanorod SHINs (Figures 8c and 8d) were developed because 

their SPR absorption maxima can be tuned from the visible to 

the near infrared by adjusting nanocube size and nanorod 

aspect ratio.
20

 This quality is essential for biosensor 

applications. SHINs with a mostly silver core (Figure 8e) were 

synthesized because silver is a more efficient plasmonic 

substrate than gold, and because the SPR of silver 

nanostructures can be forced to any wavelength in the visible 

region of the spectrum.
25

 

The shell must be less than ~5 nm thick to ensure 

satisfactory electromagnetic field enhancement. A thicker shell 

may not allow the desired Raman signal strength. Ultrathin 

 
Fig. 5 A 3D-FDTD simulation reveals the distribution of optical electric field 

surrounding a 2 × 2 array of 55 nm Au@4 nm SiO2 SHINs on a perfectly smooth 

gold surface. The shell-to-shell distance is 4 nm. Side view (a) and top view (b); 

the direction of incidence (a) and the polarization (b) of the 633 nm laser are 

also shown. Reprinted with permission from Nature, 2010, 464, 392; copyright 

2010 Nature Publishing Group.
 

 

 
Fig. 6 Dark field and SEM images of individual SHINs on a gold film (a), the SPR 

spectrum of a single SHIN on the gold film (b), and a single particle SHINERS 

spectrum of pyridine on the gold film (c). Reprinted with permission from J. 

Raman Spectrosc., 2013, 44, 994; copyright 2013 Wiley.
 

 

 
Fig. 7 Overview of SHIN synthesis.
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shells consisting of different materials, such as graphene 

(Figures 8f and 8g),
31, 32

 SiO2 (Figure 8h),
19

 Al2O3 (Figure 8i)
19

 

and MnO2 (Figure 8j),
24

 have been synthesized for specific 

functions (Sections 9 and 10) and to meet the demands of 

various chemical environments (e.g., stability in solutions of 

varying pH). 

The most challenging and important part of a SHINERS 

experiment is the fabrication of an ultrathin shell such that the 

enhanced electromagnetic field extends from the surface of 

the core to the surface of interest. Pinholes in the shell 

become more likely as it is made thinner; and if small areas of 

the gold core are exposed to the chemical environment 

through pinholes in the shell, comparably strong SERS signals 

from molecules on the gold core may interfere with the 

desired SHINERS signals from molecules on the surface of 

interest. In general, the shell must be ultrathin, uniform, and 

free of pinholes for the application of SHINERS to a wide range 

of chemical systems.  

Three methods can be used to ensure that the shell is 

pinhole-free.
19

 First, shell uniformity can be evaluated by high-

resolution transmission electron microscopy (HR-TEM). 

Second, cyclic voltammetry can be used to look for a 

characteristic gold reduction peak in H2SO4 solution. This peak 

will be absent if the gold cores are isolated by silica shells. 

Finally, SERS from pyridine on gold will be seen if a small 

number of pinholes are present in the shell, as pyridine 

adsorbs on gold but not on silica (Figure 9). 

To demonstrate the last of these tests, 10 μL of a solution 

containing SHINs with pinholes were placed on a Si wafer and 

allowed to dry. 20 μL of 10 mM pyridine were added, and a 

quartz coverslip was placed on top. As expected, strong Raman 

signals from pyridine adsorbed on the gold cores through the 

pinholes were seen at 1011 and 1035 cm
-1

 (Figure 9a). When 

the procedure was repeated with pinhole-free SHINs, pyridine 

bands were not observed for several hours (Figure 9b). When 

pinhole-free SHINs were instead placed on a Au(111) single-

crystal electrode surface, strong Raman peaks were again seen 

at 1011 and 1034 cm
-1

 (Figure 9c). In this case, the signals 

should come from pyridine adsorbed on the Au(111) surface 

but not from pyridine adsorbed on the gold cores. To further 

test this, pinhole-free SHINs were dispersed on a smooth silver 

electrode surface. Two strong Raman peaks with roughly equal 

intensities were observed, one at 1005 cm
-1

 and the other at 

1034 cm
-1

 (Figure 9d). This is the SERS spectrum of pyridine on 

silver.
37

 All of these results are consistent with pyridine 

adsorption on the gold core when pinholes are present, but 

not when pinholes are absent. 

Finally, one should be aware that pinholes in the shell are 

acceptable if the probe molecule does not adsorb on the core 

material (e.g., hydrogen does not adsorb on gold). 

6. Single-crystal electrode surface applications 

A free-electron metal must be rough at the nanoscale in order 

to support surface plasmon activity and give SERS. It is 

therefore quite difficult to unambiguously characterize 

adsorption on atomically flat single-crystal surfaces by this 

method, but the ability to do so would be a great asset in the 

fields of surface science, electrochemistry and catalysis where 

single-crystals serve as model systems. It may also provide 

opportunities to study the SERS selection rule. 

SHINERS was introduced to solve this problem, and it was 

recently used to characterize pyridine adsorption on Au(hkl) 

single-crystal electrode surfaces in an electrochemical 

environment.
29

 The cyclic voltammograms (CVs) in Figure 10a 

provide electrochemical points of reference for the SHINERS 

data in Figures 10c and 10d. Figure 10b gives some typical 

SHINERS spectra of pyridine on a Au(hkl) surface; specifically, 

Au(111) in the -0.8 to 0.4 V potential range. Large signal/noise 

ratios are seen. The peaks at 1011 and 1035 cm
-1

 are assigned 

to the ν1 ring breathing mode and the ν12 symmetric triangular 

ring deformation mode of the pyridine molecule respectively.
37

 

The ν1 mode frequency is plotted against potential in Figure 

10c. For Au(111), the frequencies (black squares connected by 

straight lines) change little in the negative potential region and 

 
Fig. 8 HR-TEM images of various SHIN types. Au@SiO2 NPs with a 55 nm spherical 

core (a), a 120 nm spherical core (b), a nanocube core (c), and a nanorod core (d). 

A Ag@SiO2 NP (e) and a Cu@graphene NP (f). SHINs with a core of gold and a shell 

of graphene (g), SiO2 (h), Al2O3 (i), and MnO2 (j). f reprinted with permission from J. 

Phys. Chem. C, 2014, 118, 8993; copyright 2014 American Chemical Society. g 

reprinted with permission from Sci. Rep., 2014, 4, 6093; copyright 2014 Nature 

Publishing Group.
 

 
 

Fig. 9 SHINERS spectra of pyridine using SHINs with pinholes (a) and without 

pinholes (b) on a Si wafer, without pinholes on a Au(111) single-crystal 

electrode (c), and without pinholes on a smooth silver electrode (d). Pyridine is 

adsorbed on gold and silver, but not on Si or silica. a to c reprinted with 

permission from Nature, 2010, 464, 392; copyright 2010 Nature Publishing 

Group.
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then increase with a Stark tuning rate of 5.6 cm
-1

/V when E ≥ 

0.1 V. The transition marks a change in the orientation of 

adsorbed pyridine. The ν1 frequencies are relatively small at 

low potentials because pyridine is flat-adsorbed and the 

binding interaction between π-orbital electrons and the metal 

is weak. On the other hand, they are relatively large at high 

potentials because pyridine is vertically adsorbed and the 

interaction between the nitrogen atom lone-pair electrons and 

the metal is strong. This result is in agreement with the 

proposal, based on an extensive analysis of chronocoulometric 

data made previously by Stolberg et al.,
38

 that the coverage 

potential dependence (bold black curve in Figure 10c) shows 

pyridine forms a full monolayer on Au(111) at higher 

potentials.  

Pyridine also changes orientation, from flat-adsorbed at low 

potentials to vertically adsorbed at high potentials, when on 

Au(100) and Au(110) (red circles and blue triangles in Figure 

10c). The potentials for the completion of a pyridine 

monolayer increase in the following order: Au(110) < Au(100) < 

Au(111). This trend follows the potential of zero charge (Epzc) 

sequence obtained in the absence of pyridine, 0.06 V for 

Au(110) < 0.19 V for Au(100) < 0.33 V for Au(111), and 

suggests that the electrode charge plays a key role in the 

adsorption process. In addition, ν1 mode frequencies for the 

three Au(hkl) facets increase in magnitude at a given potential 

when E ≥ -0.1 V in the following order: Au(111) < Au(100) < 

Au(110). This order also coincides with the sequence of Epzc 

values. It suggests that the binding interaction between 

pyridine and Au(hkl) is affected by surface charge and 

becomes stronger in the order: Au(111) < Au(100) < Au(110). 

It may be seen in Figure 10d that the ν1 mode peak intensity 

for adsorbed pyridine increases as Au(111) < Au(100) << 

Au(110). The Raman enhancement factors amount to 8.6×10
4
 

at 0.6 V for Au(111), 2.6×10
5
 at 0.3 V for Au(100) and 1.2×10

6
 

at 0.2 V for Au(110). The same qualitative trend in SHINERS 

intensity was observed for pyridine on the low-index Pt(hkl) 

surfaces.
22

 Density functional theory (DFT) calculations and a 

theoretical analysis of dielectric functions indicate that this 

facet dependence of SHINERS intensity is for the most part 

governed by the dielectric properties of the single-crystals, 

which result in different SHIN-to-surface electromagnetic field 

coupling strengths.
22

 

Thus, SHINERS can be used to characterize metal-molecule 

interactions which are difficult or impossible to characterize by 

more traditional methods, such as pyridine adsorption on 

Au(hkl) single-crystal electrode surfaces. It can be used to 

understand the correlations that exist between structure and 

reactivity for a wide range of interfacial phenomena. 

7. Food inspection 

The accurate and rapid detection of pesticides on food can be 

accomplished by SHINERS using a portable Raman 

spectrometer. This agricultural and industrial application is 

demonstrated in Figure 11. 

The ordinary Raman spectrum of a clean orange skin (Figure 

11a) and the ordinary Raman spectrum of an orange skin 

contaminated with parathion pesticide (Figure 11b) are 

essentially the same. The bands at 1165 and 1526 cm
-1

 are due 

to naturally occurring carotenoids. SHINs with a 20 by 60 nm 

gold nanorod core, for resonance with the 785 nm excitation 

wavelength employed, and a 2 nm silica shell were then added 

 
Fig. 10 (a) CVs obtained from Au(111), Au(100) and Au(110) electrodes in 1 mM 

pyridine + 0.1 M NaClO4 using a Pt coil auxiliary electrode and a Ag/AgCl reference 

electrode. (b) SHINERS spectra of pyridine on a Au@SiO2 NP film Au(111) electrode 

in the potential range -0.8 to 0.4 V. The dependence of Raman frequency (c) and 

normalized Raman intensity (d) on applied potential for the pyridine ν1 ring 

breathing mode (data points connected by straight lines), and these are compared 

with surface concentration isotherms (bold curves). Reprinted with permission 

from J. Am. Chem. Soc., 2015, 137, 2400; copyright 2015 American Chemical 

Society.
 

 

 
Fig. 11 Testing for pesticide residues with a DeltaNu Inspector Raman 

spectrometer (785 nm excitation, 30 mW on the sample, 30 second 

accumulation). Ordinary Raman spectra were obtained from an orange skin 

before (a) and after (b) it was sprayed with parathion. A SHINERS spectrum was 

then obtained from the contaminated orange skin (c). SHINERS spectra were 

acquired from a cabbage after it was sprayed with parathion (d), fenthion (e), 

and both of these pesticides (f). a to c reprinted with permission from Nature, 

2010, 464, 392; copyright 2010 Nature Publishing Group.
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to the contaminated orange skin. Parathion bands
39

 appear at 

1109 and 1339 cm
-1

 (Figure 11c).  

Furthermore, the simultaneous detection of multiple 

pesticides can be accomplished with SHINERS. Figures 11d and 

11e show typical SHINERS spectra of cabbage leaves 

contaminated with parathion and fenthion pesticides 

respectively. Figure 11f shows that both pesticides can be 

detected at the same time. Parathion bands
39

 are seen at 1109 

and 1331 cm
-1

, and fenthion bands
40

 appear at 1054 and 1222 

cm
-1

. These results demonstrate SHINERS’ tremendous 

potential as a field-portable method of analysis for agricultural 

and industrial inspection applications.  

8. Cultural heritage science 

Raman spectroscopy is commonly used to analyze objects of 

cultural importance. Ordinary Raman scattering is intrinsically 

weak, however, and the fluorescence of resonant dyes can 

make their Raman signals even more difficult to obtain. The 

importance of SERS in this field has grown quickly in recent 

years because of the sensitivity increase and fluorescence 

quenching that it offers.
41-43

 Yet this method has its own 

challenges. When the analyte is placed in contact with a SERS 

substrate of gold or silver, charge transfer can result in 

changes to the spectrum of the unknown.
44, 45

 Then a SERS-

specific library of reference spectra may be required for 

compound identification. A SERS library must be specific for 

the metal used, since gold and silver yield different charge 

transfer effects. Changes in the spectrum of the analyte also 

depend on its orientation relative to the metal, and multiple 

reference spectra may be required for a single molecule/metal 

combination. A chemically inert shell around the metal will 

prevent charge transfer; and if it is sufficiently thin, will permit 

the enhanced electromagnetic field to reach the analyte. It will 

also permit fluorescence quenching if it is just a few 

nanometers thick.
46

 

In this section, it is shown that an inert shell can eliminate 

the need for a SERS-specific library. Historically, thiazine dyes 

have been used on paper, textiles and leather.
47

 They are of 

interest here because they can interact with gold in a variety 

of ways: through a conjugated π system, through a hetero 

atom lone pair of electrons, and through an amine lone pair. 

Thionine (color index number CI 52000, also called Lauth’s 

violet) is the structurally simplest thiazine dye, and the one 

chosen for this proof of concept. 

Ordinary Raman spectra were collected from solid crystals 

of thionine, SERS spectra were collected from thionine 

adsorbed on bare gold NPs with a 55 nm diameter, and 

SHINERS spectra were collected from thionine adsorbed on 

NPs with a 55 nm gold core and a 3 to 4 nm silica shell. 

Samples were prepared for SERS and SHINERS analysis by 

placing a drop of the appropriate NP solution on separate glass 

microscope slides and allowing the aqueous solvent to 

evaporate. Each slide was then held at an angle while 50 µL of 

10 µM thionine in methanol were added to the slide above the 

NPs and allowed to run over top. Excess dye was wicked away 

from the bottom of each slide with a piece of laboratory tissue, 

and the remaining solvent was allowed to evaporate. Water 

was placed on the surface of each slide, allowed to remain in 

contact with the thionine-covered NPs for a couple of seconds, 

then poured off. The goal of this procedure was to cover the 

NPs with as close to a monolayer of the dye as possible so that 

a strong effect can be observed.  

The results are presented in Figure 12. A number of changes 

appear between the ordinary Raman spectrum (Figure 12a) 

and the bare gold NP SERS spectrum (Figure 12b), then 

disappear in the gold-core silica-shell NP SHINERS spectrum 

(Figure 12c). First, the 1627 cm
-1

 band in the ordinary Raman 

spectrum shifts to 1619 cm
-1

 in the SERS spectrum and then 

shifts back to 1625 cm
-1

 in the SHINERS spectrum. A vertical, 

dashed violet line appears in the figure to highlight these 

changes. Second, the overall shape of the 1350 to 1450 cm
-1

 

region is similar in the ordinary Raman and SHINERS spectra, 

but different in the SERS spectrum. Third, the intensity of the 

1290 cm
-1

 band is greater than the intensity of the 1320 cm
-1

 

band in the ordinary Raman spectrum, the relative heights of 

these peaks are reversed in the SERS spectrum, then they are 

reversed again in the SHINERS spectrum. Fourth, the intensity 

of the 1120 cm
-1

 band is relatively low in the ordinary Raman 

spectrum, increases in the SERS spectrum, and decreases again 

in the SHINERS spectrum.  

Figure 12 shows that an inert shell can eliminate the need 

for a SERS-specific library. The NPs remain effective even after 

they have been stored for some time, as the spectra in Figures 

12b and 12c were obtained using 4 month old NPs and they 

are similar to spectra obtained using 1 week old NPs. Thionine 

does not absorb at the laser wavelength used here, but the 

fluorescence of resonant dyes was indeed quenched in 

SHINERS experiments (fluorescence quenching will be detailed 

in later publications). It is worth noting that silica shells can 

also be applied to silver NPs
25

 because silver is more 

commonly used than gold in conservation science. Further 

work, directed toward applying this methodology to the 

 
Fig. 12 The structure of thionine (inset). Ordinary Raman spectrum of thionine 

powder (a) obtained with a 0.02 mW laser power and a 60 second accumulation 

time. Bare gold NP SERS (b) and gold-core silica-shell NP SHINERS (c) spectra of 

adsorbed thionine obtained with a 1 mW laser power and a 300 second 

accumulation time. All three spectra were collected with a Bruker Senterra 

Raman microscope employing the 633 nm He-Ne laser line. They were 

normalized to the height of the 1627 cm
-1

 peak and offset for clarity.
 

 

Page 7 of 11 Chemical Society Reviews



ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

analysis of heritage objects, is currently underway at the 

Canadian Conservation Institute.  

9. Multimodal cell imaging with GIANs 

Graphene can offer special advantages as a nanoparticle 

isolating material.
32, 48, 49

 First, it provides strong D and G 

vibrational mode SERS signals around 1325 and 1595 cm
-1

, as 

shown in Figure 13a. Either of these bands can be used for 

Raman imaging. Second, graphene-isolated Au nanoparticles 

(GIANs) may be functionalized through hydrophobic 

interactions, which are thermodynamic in nature, or π 

bonding.
2
 For example, they can be made water soluble by the 

addition of polyoxyethylene stearyl ether (PEG) molecules 

when the hydrophobic alkyl chains anchor to the hydrophobic 

GIAN surface. Third, GIANs are biocompatible. GIANs that have 

been made water soluble by the addition of PEG are 

endocytosed by living cells.  

Bright field images of MCF-7 breast cancer cells are 

presented in the first column of Figure 13b. Raman images, 

obtained by monitoring the D and G vibrational modes, are 

presented in the second column. It may be seen from the 

overlaid images in the third column that GIANs are distributed 

throughout the cytoplasm, with no Raman signal arising from 

the nucleus of the cell. 

Furthermore, GIANs exhibit two-photon luminescence (TPL). 

The advantages of TPL imaging include minimal 

autofluorescence background, minimal photon-induced 

damage to the sample, and high spatial resolution. Because a 

near infrared wavelength in the optically transparent window 

for biological samples is normally used to excite TPL, increased 

light penetration is also accomplished. If the graphene shell is 

functionalized with an aptamer that interacts preferentially 

with a certain type of cell, targeted cell imaging can be 

achieved. This is shown in Figure 13c. Sgc8 aptamers bind 

selectively to protein tyrosine kinase 7 (PTK7) cell membrane 

proteins. They adsorb on graphene through π-π interactions, 

and show a higher binding affinity for HeLa cervical cancer cells 

than for 95-C lung cancer cells. Therefore, HeLa cells could be 

imaged by GIAN TPL whereas 95-C cells remained dark. It is 

believed that SPR of the gold core and two-photon absorption 

by the graphene shell both to contribute to the TPL signal, as 

 
Fig. 13 Multimodal cell imaging with GIANs. (a) The Raman spectrum of GIANs (633 

nm excitation). (b) Bright field images of MCF-7 cells, and Raman images obtained 

by monitoring the D and G modes shown in a. (c) Bright field images of HeLa cells 

and 95-C cells incubated with GIAN and GIAN-Sgc8, and two-photon luminescence 

images demonstrating cell selectivity. Reprinted with permission from Sci. Rep., 

2014, 4, 6093; copyright 2014 Nature Publishing Group.
 

 

 
Fig. 14 Cancer therapy with GIANs. (a) Bright field images of MCF-7 cells after treatment with varying amounts of 0.2 mg/mL GIAN solution (constant irradiation time), and 

varying irradiation times with an 808 nm laser at 2 W/cm
2
 (constant amount of GIAN solution). Trypan blue was used to stain dead cells. The scale bar represents 50 μm. (b 

and c) Cell viability after treatment with varying amounts of GIAN solution and varying irradiation times. (d) Schematic overview: GIANS are functionalized with Dox, they 

are endocytosed, the anticancer drug is released, and GIANs continue to facilitate photothermal cancer therapy. (e) MCF-7 cell viability after treatment with free Dox, GIANs 

loaded with Dox, and GIANs never loaded with Dox. All three of these treatments were tested without and with 808 nm laser irradiation. Reprinted with permission from 

Sci. Rep., 2014, 4, 6093; copyright 2014 Nature Publishing Group.
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bare gold NPs and hollow carbon capsules both exhibit the TPL 

effect. 

10. Photothermal cancer therapy and 

photothermally-enhanced chemotherapy with 

GIANs 

GIANs have shown great potential in photothermal cancer 

therapy and photothermally-enhanced chemotherapy.
32

 The 

former entails placement of GIANs in a sample of cancer cells 

and irradiating with near infrared laser light. GIANs strongly 

absorb in the near infrared region of the spectrum, so they can 

rapidly increase the temperature of their surroundings and 

cause cell death. In the latter, this effect is combined with 

release of an anticancer drug. 

Figure 14a shows MCF-7 breast cancer cells which can be 

stained with trypan blue only after death. The photothermal 

treatment is made more effective by increasing the amount of 

0.2 mg/mL GIAN solution added (constant irradiation time), 

and increasing the irradiation time with an 808 nm laser at 2 

W/cm
2
 (constant amount of GIAN solution). Figures 14b and 

14c show that more than 80% of the cells died with the 

addition of 8 uL of GIAN solution and 8 minutes of laser 

irradiation. 

In a separate set of experiments, GIANs were functionalized 

with the anticancer drug doxorubicin (Dox) through π bonding. 

Following endocytosis by MCF-7 cells, a relatively slow partial 

release of Dox was caused by the low pH inside the endosome, 

and a further controlled release was accomplished by heating 

the GIANs via near infrared laser irradiation (Figure 14d). After 

release of the Dox, GIANs continued to facilitate photothermal 

cancer therapy. Cell viabilities are compared in Figure 14e. In 

the absence of laser irradiation, treatment with free Dox was 

found to be most effective. With laser irradiation, however, 

the combination of GIAN-mediated Dox delivery and 

photothermal cancer therapy proved significantly more 

effective than treatment with free Dox.  

11. Conclusion and perspective 

By replacing the direct contact mode (SERS) or the non-contact 

mode (TERS) with the shell-isolated one, SHINERS has mostly 

broken the long-standing material-specific and morphology-

specific limitations of SERS. SHINERS has made it possible to 

detect, identify and characterize various analytes and 

materials that were either very difficult to examine or 

completely inaccessible before. In this Tutorial Review we have 

shown that it can be used to characterize adsorption on single-

crystal electrode surfaces, detect pesticides on food with a 

field-portable Raman spectrometer, eliminate charge transfer 

effects for the identification of unknown dyes in cultural 

heritage science, carry out multimodal cell imaging, and 

destroy cancer cells in vitro. 

Since the shell can be used to attenuate hot-electron 

transfer from the core to a molecule or metal, SHINERS can 

offer new possibilities for the study of photocatalytic reactions 

and the development of metal-insulator-metal (MIM) device 

architectures. In the Tian and Li groups, the concept of SHIN 

enhancement is being applied to other spectroscopies such as 

infrared absorption and sum frequency generation. Aroca and 

co-workers have applied it to fluorescence.
50

 

As a method of analysis, SHINERS is fast, inexpensive, simple 

and reliable. Beyond that, the shell-isolated mode is extremely 

flexible and of use in many areas of science and technology. 
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By changing to the shell-isolated mode, SHINERS has largely broken the long-standing materials and 
morphological limitations of SERS for accurate characterization of various adsorbates and surfaces. 
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