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Abstract. Surface-enhanced Raman spectroscopy (SERS) is an analytical
technique exploiting plasmonic effects that enhance sensitivity significantly,
compared to conventional Raman spectroscopy. Progress in nanotechnology led to
new fabrication methods for nanostructures and nanoparticles over the last decade.
Besides increased comprehension of mechanisms that cause the signal
enhancement, computational methods have been developed to tailor analyte-
specific nanostructures efficiently. The ability to control the size, shape, and
material of surfaces has facilitated the widespread application of SERS in
biomedical analytics and clinical diagnostics. In this review, a brief excerpt of
such SERS applications is shown, with special focus on cancer diagnostics,
glucose detection and in vivo imaging applications. Simulation techniques are
discussed to show that electro-dynamic theory can be used to predict the
characteristics of nanostructure arrangements. Different fabrication methods, such
as nanoparticle synthesis, their immobilization and lithographic methods are
reviewed in brief.
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1. Introduction

During the last decade, the evolving field of life sciences has led to a growing need of
sensitive optical techniques for biosensing, biomedical diagnostics, pathogen detection,
gene mapping and DNA sequencing [1-2]. Nanostructures are powerful analytical tools
based on two of their inherent key features. Firstly, the local field enhancement around
the nanostructures allows detection of very few molecules, enabling low limits of
detection down to single molecules. Secondly, substrates decorated with nanoparticles
(NPs) provide much larger surface areas than their macroscopic dimensions indicate
and therefore provide an improved sensitivity. Surface-enhanced Raman spectroscopy
(SERS) became popular within the scientific community, because of its non-invasive
nature and varied applications for in vivo assemblies. For example, it allows
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simultaneous detection of multiple analytes (multiplexing) and reduces the need for
labeling markers [2-3].

In general, Raman spectroscopy is an analytical method to detect chemical and
biological samples. It is based on inelastic scattering of laser light on atoms or
molecules [4]. Compared to other analytical methods, Raman spectroscopy suffers
from an inherently small cross-section (e.g. 10-3° cm? per molecule) thus reducing the
possibility of detecting analytes in low concentrations [2]. During the last three decades,
much effort has been put into finding ways to overcome this deficit. In the early 1970s,
Fleischmann eral. observed enhanced signal intensity when analyzing pyridine
adsorbed onto electrochemically roughened silver electrodes. After this enhancement
was confirmed by Jeanmaire ef al. and Albrecht et al., it became evident that NPs also
enhance Raman signals [5-7]. This enhancement is caused by excitation of localized
surface plasmon resonances (LSPR), which are electromagnetic waves that enhance the
electromagnetic field near to the metallic nanostructures [8-10]. In the 1980s, electro-
dynamical models have been developed to predict optical properties of substrates
which can be used for SERS. Further, the first analytical applications of SERS, like the
detection of cyanopyridines, have been developed [11-13]. Major achievements in
analytics were the single molecule detection and DNA based SERS probes for medical
diagnosis in the mid-1990s [14-16]. The growing popularity of SERS applications in
biomedical research is shown by a hundredfold increase of yearly publications from
1991 to 2011 (searching for “SERS in the literature meta database “Pubmed”).

This review will address SERS applications like glucose sensors, cancer detection and
in vivo applications used for biological imaging and medical diagnostics. Fabrication
methods from NP synthesis and their immobilization on surfaces, to lithographic
methods and combinations thereof, will also be discussed. Finally, the most commonly
used simulation techniques, including a very short introduction to the electromagnetic
theory on LSPR, are reviewed in brief. In order to cover a wide spectrum from the
fabrication of substrates to the latest biomedical applications, the authors can only
provide a very concise outline to each single topic.

2. SERS Applications

Today’s applications of SERS techniques are manifold. For applications in the general
field of analytical chemistry, we refer the reader to recent reviews [17-18]. In
bioanalytical applications, SERS substrates are used with and without the need for
labeling in genetics and proteomics [19-20]. Beside the above applications, recognition
of biomarkers released from bacterial spores [21-24], DNA or RNA analysis [25-27],
medical diagnostics [2,28-31] and the detection of biological warfare agents [29,32-35]
can be found.

The SERS effect is not substrate-bound, but can also be used in form of soluble silver
or gold NPs of various sizes, for example in analytical chemistry [36-37]. In DNA
biosensors, NPs allow label-free detection [38-40]. In biochemical analysis, NPs are
used as labels for biomolecules functionalized with reporter molecules (e.g. dyes) [41-
45], or with antibodies enabling the specific linking to binding sites [46-48].
Modification of the SERS labels with protective layers such as hydrophilic molecules
[46], silica shells [41-42] or layer-by-layer deposited polyelectrolyte [49] has achieved
robust sensing devices. An upcoming field for applications of NPs is the in vivo
diagnosis of cancer [50-54] and related imaging techniques [55-57].



The following sections focus on SERS applications for glucose sensing, cancer
diagnostics and in vivo applications for imaging in more detail.

2.1. Towards in vivo glucose detection with SERS sensors

An intriguing application of SERS in biomedical sensing is the real-time and
quantitative detection of drugs and hormones. Especially in vivo diagnostics of glucose
experienced considerable progress during the last few years. A significant healthcare
challenge of the 21* century is the growing incidence of diabetes mellitus, a metabolic
disease characterized by the patient’s high blood sugar level. Two types of diabetes are
known, either the body does not produce its own insulin (Type I), or cells do not
respond to the insulin that is produced (Type II). Successful treatment makes it
necessary to quantitatively monitor the blood sugar level over time to determine the
right dosage of medication. The currently most prevalent but invasive “finger-stick”
method is based on the electrochemical detection of hydrogen peroxide, the redox
species produced by enzymatic reduction of glucose by glucose oxidase [58-59]. Other
indirect techniques relying on protein-glucose interaction [60-61] have similar
limitations i.e. finite protein stability [62] and liability to false positives by interfering
analytes [58-59,63]. For direct detection of glucose, a number of laboratory techniques
are established [64-65]. Unfortunately, these methods are limited for application in
medical diagnostics, in particular for everyday clinical or personal use because of their
size and cost.

Optical techniques for the direct glucose determination, like polarimetric [66-67],
infrared [68-69] and Raman scattering methods [70-71] have been developed. The
polarimetric methods lack specificity due to interferences of other chiral molecules [72].
In IR spectroscopy, the competing absorbance of water and difficulties in producing
miniaturized broad-band light sources are the challenges for routine application. The
initial drawbacks of Raman scattering methods, such as long acquisition times and high
powers not feasible in biomedical applications have been overcome with the
employment of SERS [73].

The Van Duyne group showed recently that SERS is applicable for real-time in vivo
analysis of a complex biological matrix under varying conditions. In order to monitor
glucose levels over time, an in vivo glucose sensor needs to be specific, reversible and
stable. To accurately determine physiologically relevant glucose concentrations, a fast
temporal response of the sensor is necessary. In 2003, the first in vitro glucose sensor
based on SERS was introduced, using a Ag film over a nanospheres architecture
(AgFON) [73]. Because of the low intrinsic affinity of glucose towards noble metal
surfaces, a self-assembled monolayer (SAM) was used to preconcentrate glucose
within the range of electromagnetic enhancement. Initially, alkanethiol monolayers
were used, but the SAM composition was optimized later on as described below [74].
Since the SAM layer acts like a stationary phase in chromatography, it partitions and
also departitions glucose on AgFON, thus providing reversible conditions for long term
measurements [62]. By avoiding direct contact of analytes with the metal surface, the
nanostructures are prevented from fouling. A quantitative real-time analysis of glucose
at physiological levels has been achieved in presence of interfering analytes and bovine
plasma using multivariate analysis [63]. Transferring an in vitro technique to the living
object generally poses a challenging task and was addressed by implanting the AgFON
nanostructure in the interstitial space between muscle and dermis of a Sprague-Dawley
rat as a live animal model [75]. Difficulties in this approach were the surgical



placement of the implant without causing damage to the host or sensor surface as well
as interfering effects on the sensor immersed in the biological milieu. Non-target
molecules such as clotting factors and other blood constituents may create interfering
signals and noise while blocking the analyte from accessing the sensor surface. These
problems were solved by developing a mixed SAM consisting of decanethiole (DT)
and mercaptohexanol (MH). Thus creating a stable, biocompatible surface that can be
used as internal standard and resists non-specific binding of proteins [75-77]. The
accuracy of blood glucose concentration in the interstitial fluid acquired by SERS using
an optical window is comparable to that of commercial glucometers [75,78].

The latest developments of in vivo glucose sensors were achieved by combining the
AgFON DT/MH sensor and spatially offset Raman spectroscopy (SORS). Unlike in
conventional Raman spectroscopy, where the points of excitation and collection are
coincident, the Raman scattered light is collected from regions offset from the laser
excitation area in SORS [79]. SORS highlights the spectral features of underlying
layers compared to the actual surface that gives a greater contribution in the Raman
spectrum. The combination of highly sensitive SERS and the depth resolution of SORS
led to the new transcutaneous glucose sensor, shown in Fig. 1 [80]. Long term stability
of up to 17 days without calibration and a lower limit of detection than clinically
required have been shown for this technique [81].

PC

)

Collection Optics

/ with Filters

P

Rat

Fiber
Bundle

Beam Steering

Optics
bbad Fiber Coupled
nterference i /
Filter Diode Laser - 0 \
Prism I I ’ il ’
= LR e
Collimator QOutput Collection
End End

Fig. 1. Scheme of the surface-enhanced spatially offset Raman spectroscopy (SESORS) device. The inset
shows the annular fiber bundle used to achieve offset collection. Reprinted with permission from [80].
Copyright 2010 American Chemical Society.

2.2. SERS-based cancer diagnostics

The use of nanostructures and nanoparticles for cancer-related diagnostics has become
an extremely active field during the last few years. With cancer posing one of the most
challenging medical problems, it is expected that the development of nanoparticle-
based technologies improves cancer diagnosis and treatment. Methods for diagnosis of
cancer using conventional Raman spectroscopy have been reported previously, but
these are based on investigation of cancerous tissues after the disease has advanced
[82-86]. Different from normal Raman spectroscopy that provides molecular
information of the entire cell, SERS techniques allow the detection and identification of



single molecules under ambient conditions [87-88], thus enabling cancer detection at
an earlier stage. The high signal intensity and sensitivity qualifies SERS for application
in read out immunoassays and biomarker detection. Immunoassays have become the
dominant test method for detection of tumor markers i.e. specific proteins that are
released by the tumor into the circulation system. Conventional fluorescence detection
via molecular labels is used to identify a specific antigen-antibody interaction in an
immunoassay. Concentrations of tumor markers are associated with different stages of
cancer. Accordingly, reliable and sensitive quantification of these molecules is
significant for early clinical diagnosis of cancer [89]. Advantages of SERS are the
absence of photobleaching and its narrow band width (10-100 times narrower than that
of fluorescence), which leads to exceptional multiplexing capability [90-91]. Another
point is the low limit of detection accompanied by the inherent surface selectivity. Yan
et al. employed this feature by performing SERS on cell surfaces of tumor and non-
tumor cell lines on Ag NP agglomerate substrates [92]. The aim is to detect changes of
the lipid bilayer, glycoproteins and morphology of the cell which are all associated
with carcinogenesis.

For biomarker detection, Au or Ag NPs are usually labeled with Raman reporter
molecules that exhibit a strong and specific signal. The outer surface of the probes is
functionalized with specific targeting molecules such as antibodies (see Fig. 2B). Yang
et al. utilized receptor-mediated endocytosis of these extrinsic Raman labels (ERL) for
distinguishing breast cancer cells from normal cells [93]. In a pioneering work, Qian
etal. decorated the ERL with thiolated polyethylene glycol to increase the
biocompatibility and achieve non-invasive cancer targeting under in vivo conditions in

living animals [50].
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Fig. 2. General SERS-based immunoassay chip design and assay. (A) substrate functionalized with a self-
assembled monolayer of linker molecules to specifically extract and concentrate antigens from solution; (B)
Au NPs surface functionalized with a Raman reporter and detection antibodies (ERL), to bind to captured
antigens selectively and generate intense SERS signals; (C) sandwich immunoassay with SERS readout.
Reprinted with permission from [91]. Copyright 2011 American Chemical Society.



Using ERLs in combination with a capture substrate (Fig. 2A), Wang ef al. developed a
SERS based immunoassay to detect a pancreatic cancer marker molecule in serum
samples (see Fig. 2C) [91]. Recently, the SERS-based immunoassay technique was
used to design an optofluidic chip to analyze alpha-fetoprotein, an indicator of
hepatocellular carcinoma [94]. Besides the immunoassay approach, SERS-based
detection was also used on nucleic acid assays to diagnose breast cancer [90,95-96].

An entirely different approach is applied by employing the direct measurement of body
fluids like blood or saliva [97-100]. Nanoparticles without any functionalization are
used for signal enhancement. Olivo and et al. developed a Au NPs surface that allowed
detection of oral cancer by evaluating spectral features of saliva samples [98]. The
facile sample preparation of just mixing Au NPs with blood serum enabled Lin ef al. to
differentiate between colorectal cancer patients and healthy individuals after rigorous
application of principal component analysis and linear discriminant analysis (PCA-
LDA) on the SERS data [99].

2.3. In vivo applications for SERS imaging

Within the fast growing and advancing field of SERS, there has been an explosion in
the number of publications reporting on SERS imaging applications, in particular
employing in vivo imaging in living animal models. General progress in SERS imaging
has been extensively reviewed recently [101-105], so the following section concerns
exclusively in vivo imaging applications. In the field of non-invasive in vivo imaging,
several different modalities have been used for medical diagnostics, such as nuclear
imaging, magnetic resonance imaging (MRI), computer tomography, ultrasound
imaging bioluminescence, and fluorescence imaging [106]. In this animate area of
activity, in vivo imaging with SERS has gained significant interest during the last years
and is about to become a predominant imaging modality [107]. Advantages over other
imaging methods include low detectable amounts of targeted molecules, employment
of multiplex imaging due to the narrow peak shapes and low toxicity because of the
inert nature of NPs [104].

Modifications of NPs with reporter molecules (e.g. dyes) that exhibit a strong, unique
Raman spectrum allow the detection of multiple NPs (functionalized with different
Raman reporters) simultancously. Gambhir efal demonstrated multiplexing
capabilities in a living mouse by intravenously administering differently tagged NPs
and observing their natural accumulation in the liver [56-57]. Fig.3 shows the
transcutaneously acquired SERS spectra and images with penetration depth of up to
5 mm. Deconvolution of the SERS image (Fig. 3B), according to the unique SERS
spectra of the Raman reporters (Fig. 3A) allowed the separate evaluation of the
accumulation of each functionalized nanoparticle type (Fig.3C). Further
functionalization of NPs with targeting ligands (e.g. peptides, proteins, antibodies) is
the predominant approach for tumor targeting. This technique can also be applied to in
vivo imaging. Following the early work of Nie et al. [50], a growing number of in vivo
studies involving functionalized SERS-tags were reported over the last years [108].
Recently, Maiti et al. demonstrated multiplexed targeted in vivo cancer detection,
employing modified Au NPs with Raman reporters and anti-epidermal growth factor
(EGFR) antibodies [54-55]. EGFR overexpression has been related to various solid
tumor types such as head, neck, lung and bladder cancer. Current investigations are
headed towards designing contrast agents for multimodal imaging, thus overcoming the



shortcomings of one imaging method with the advantages of the other [109-111]. MRI
offers high image resolution, but suffers from poor sensitivity and low detection limit.
To combine MRI with the high sensitivity yet low resolution of SERS, Yigit et al.
reported on nanotags based on MRI-active superparamagnetic iron oxide nanoparticles.
These NPs are stably complexed with SERS-active gold nanoparticles and were
successfully tested in vivo [112].
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Fig. 3. Demonstration of deep-tissue multiplexed imaging of five unique SERS nanoparticle batches
simultaneously. (A) Graph depicting the Raman spectra of the five individual SERS batches. (B) Raman
image of liver overlaid on digital photo of mouse, showing accumulation of all five sorts of NPs
accumulating in the liver. Panels below depict separate channels associated with each of the injected SERS
nanoparticle batches. Individual colors have been assigned to each channel. All NPs show accumulation in
the liver, while their distribution is not homogenous [57]. Reproduced with permission by the author.

3. Surface Shapes and Fabrications

Various techniques have been reported on manufacturing structures which support the
excitation of LSPR and further lead to the surface-enhancement effect [113-114].
Research on nanostructures for SERS shows extensive possibilities for optimization,
since the maximum field enhancement depends strongly on the shape, size and
arrangement of the metallic nanostructures [115]. While average enhancement factors



range between 10* and 10°, enhancement factors as high as 10'° have been reported
[116]. It is crucial to keep in mind, that there is no single standard procedure for
determining enhancement factors. A comprehensive overview on this topic is given in a
review by Le Ru et al. [117].

Beside the aim of maximal signal intensity, other requirements are inexpensive and
easy production, as well as reproducibility. A common compromise is to employ
fabrication methods that have average enhancement, but provide good reproducibility.
For a facile overview, we discuss the manufacturing methods for nanostructure
arrangements as follows: firstly, chemical production of NPs and their immobilization
onto substrates and secondly, fabricated nanostructures using lithographic methods and
combinations of nanoparticles with lithographic methods.

3.1. Nanoparticles and Immobilization

The process of creating SERS substrates that employ NPs starts with solution-phase
synthesis of metal nanocrystals. Here, formation of small clusters of atoms, i.e.
nucleation, plays a major role [118-119]. During this synthesis, citric acid can be used
to establish a controllable coagulation of NPs [119-121]. When the nuclei reach a
critical size, they show a relatively stable crystallinity and well defined crystallographic
facets, so-called seeds [122]. The shape of the resulting seeds depends on the minimal
surface energy, a distinct property of the materials in use. A common crystallographic
defect within these seeds is called twinning. It occurs under low temperatures and can
be understood in terms of minimization of the surface energy [123]. While the twinned
seeds are of almost spherical shape, several different shapes of nanocrystals can be
grown. The shape depends on the growth rate along the different directions of the
crystal structure, as shown in Fig. 4 [124-125].

In the next step, the metallic nanoparticles have to be deposited onto the substrate. The
most commonly used method is the self-assembly of nanoparticles using bifunctional
molecules, primarily reported by the Natan group [126]. Amine or thiol groups are
commonly used as bifunctional anchor molecules that bind to the substrate on the one
side and to the NPs on the other [127-128]. This self-assembly method also works for
non-flat materials, as demonstrated using 4-aminobenzenethiol to immobilize Ag NPs
onto Ag nanowires [129]. The latest developments showed that 3D structures, made out
of multiple self-assembled NP layers show a SERS signal that is about two orders of
magnitude higher than that of single NP layers [3,130-131]. Besides these more
common methods, other modification methods have been established. For instance
using silane-chemistry is used to increase sample-to-sample reproducibility [121,132].
Self-assembly due to electrostatic interaction of polymers and biomolecules such as
proteins, antigens and nucleic acid systems has also been reported [133-137].
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Fig. 4. Illustration of reaction pathways that lead to differently shaped NP using Pd. Once the nuclei have
grown past a certain size, the seeds become single or multiple twinned, or single crystalloid, respectively.
The colors green, orange, and purple represent the different crystallographic facets <100>, <111> and <110>.
Twinning planes are marked in red, and R is defined as ratio between the growth rates along the <100> and
<111> direction. From [122], Copyright © 2007 by John Wiley & Sons, Inc. Reprinted by permission of
John Wiley & Sons, Inc.

3.2. Nanolithographic Methods and Combinations

The ongoing miniaturization in semiconductor technologies made it possible to develop
lithographic methods that provide resolutions far below the 100 nm mark. Nowadays
nanolithographic methods are manifold and span atomic force microscope
nanolithography, neutral particle lithography, photo- and X-ray lithography [138-140].
By far the most common fabrication methods are photo- and electron-beam
nanolithography. Both are based on chemical resists sensitive to the exposure of the
incident light- or electron-beam. Positive and negative resists are available. For the
positive resist, areas exposed to the beam will be soluble in the developer, so that the
resist will be rinsed away in these areas during the following washing step. Negative
resists work the opposite way. The most used positive resist in electron beam
lithography is poly-methyl methacrylate [17]. There are two different methods of



10

fabricating substrates, the lift-off technique and reactive ion etching. Nanoparticle
arrays are normally created using the lift-off-method, while linear and crossed gratings
are typically transferred onto a substrate by reactive ion etching method (see Fig. 5)
[17]. In performance evaluation of both methods for gold, the continuous film approach
lead to better results than the isolated NPs substrate [141].
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Fig. 5. Scheme of etching and lift-off fabrication strategies for SERS substrates. In the etching process, the
substrate is covered with metal on the whole surface. Using lift-off, the substrate presents a series of isolated
NPs, after the removal of the resist. From [141]; Copyright © 1998 Elsevier B.V. Reprinted by permission of
Elsevier B.V

The most important advantage of lithography is the possibility to control NP size,
shape and arrangement with great accuracy. Numerous studies on distance and shape
dependency of the plasmon resonance positions, and differences between NP gratings
and nanohole gratings can be found in literature [142-144]. In highly ordered
arrangements of NPs, plasmonic grating resonances, also called propagating surface
plasmons (PSP), can be excited in addition to LSPR. PSP generation depends on the
size and environment of the NPs. Substrates combining both, PSP and LSPR have been
reported to provide enhancement factors of up to 8.4 10% [145-148]. However, even if
substrates prepared by photo- or electron-beam lithography show the highest
reproducibility, these methods are not suitable for mass-production because of their
high cost.

A promising approach is the usage of templates that allow deposition of metals in a
controllable way. A good example for that is nanosphere lithography (NSL), which was
developed by Van Duyne’s group [149]. In NSL, self-assembled monolayers of
nanospheres are used as templates for vapor deposition of metals. After the metal is
directly deposited on the nanosphere layer, the nanosphere mask is removed. This leads
to a periodic structure of triangles or hexagons. The final structure depends on the
number of nanosphere layers deposited onto the substrate [150-151]. Immobilization of
the nanospheres is again performed using methods described in the previous section.
Using NSL, Van Duyne et al. examined the relationship between localized plasmon
excitation and the SERS enhancement factor, reaching a maximum enhancement factor
of 108 [152]. Based on NSL, nanocrescents and crescent shaped nanoholes have been
developed, which exhibit multiple localized surface plasmon resonances form the
visible to the infrared region [153-155].
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4. Theoretical Background

Simulation techniques are typically used to adapt nano-structured geometries for
biosensing applications to develop made-to-measure devices. Several excellent reviews
on the theoretical background are available [156-158]. The following section describes
the theory behind the interaction of light with free electrons at a metal-dielectric
interface, approximate solutions and numerical simulation methods.

Even though surface plasmon polaritons are named in a way that sounds similar to
quantum quasiparticles, the classical description based on Maxwell equations is
suitable to describe the electron waves resulting from interactions between electrons
and photons at interfaces [157]. In a review from Gustav Mie on the optics of metallic
colloidal solutions, the scattering problem of a polarized plane wave on a spherical
metal-particle in a non-conductive solution has been addressed [159]. The usage of
spherical coordinates helped Mie to find the first approximation to the scattering
problem for NPs in solution. The resulting wave can be developed in an infinite series,
similar to multipole expansion in electric fields. The accuracy of the predicted
wavelengths of the plasmon resonances, when compared to scattering experiments,
made “Mie scattering” to an eponym for elastic scattering at spherical particles in the
size range of the wavelength of the exciting light. This theory was then extended to
spheroidal particles, taking into account oblate and prolate particles by Gans [160].
Since modern computing techniques facilitate the simulation of light scattered on
objects of any shape, we will only discuss the simple example of a plane wave on the
flat interface between a metal and a dielectric material, as shown in Fig. 6. Surface
plasmons propagating along this interface can be described as a transverse magnetic
wave, which leads to the following equations [161]. For the two sides of the interface,

the magnetic field His given by

—

H=9 Ay exp(ikX + ay42) z<0 (1)
H= y A, exp(ikX — anyz) z>0 (2)
with the wavevector kX and its lateral wavenumber k, the transverse wavenumbers o

and a,,, and the coefficients A; and A,,,, which have to be determined. The condition
for real transverse wavenumbers can be written as

2 2
2 _ 2 27TTLd 2 _ .2 2mn
A =K _(/1)' Gm = K _( Am) (3)

using the free space wavelength A and the complex refractive indices ny and n,, of the
dielectric material and the metal, respectivley. In order to satisfy the boundary

conditions for the electric and magnetic fields at the interface (z=0), the Maxwell
equations lead to the dispersion relation (i.e. the energy-momentum relation)

amns + agnd, =0 “4)

which is typically written in the form of
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The latter equation is assuming materials where the relation between the complex
refractive index n and the relative permittivity € is given by n =+/e, assuming a
relative permeability p = 1, which is a common expectation for metals at optical
frequencies [162]. A few conclusions can be drawn from this simple example. One
condition for a plasmon wave to exist is that the real parts of the permittivities of the
metal and the dielectric need to have opposite signs. Since the permittivity functions
are usually complex, the wavevector is also complex, leading to a finite propagation
length of the wave. For long range propagation, for which the complex values of k are
diminishing, the condition £; < —¢&,, must hold.
Current methods for calculating the electromagnetic properties of NPs make use of
different numerical techniques in order to simulate the influence of adsorbed molecules
on metal films, different shapes of nanoparticles and coupling effects of regular
gratings. In the following sections, the three most common simulation techniques are
discussed in brief.

metal n
m

dielectric n,

Fig. 6. Scheme of a plasmonic resonance at a metal-dielectric interface. Through an external stimulation
(blue), a standing electromagnetic wave (green) can be generated, called surface plasmon resonance. The
propagation length is predefined by the complex wavenumber k. For long range propagation, the complex
value of x diminishes.

4.1. Finite Difference Time Domain (FDTD)

In 1966, Kane Yee published a method, where he replaced Maxwell equations with a
set of finite difference equations [163]. In principle, the finite difference time domain
method (FDTD) is based on discretization of geometries into calculation grids, in
which the three components of the electric and magnetic field are stored at different
positions of a single voxel (i.e. volumetric pixel element). Even though Yee already
proposed a stability criterion, a general stability condition was introduced later by
Taflove etal. [164]. Based on this criterion, the first validated simulation of a
electromagnetic wave penetrating a metal cavity was performed [165]. The acronym
FDTD reflects that the temporal evolution of the fields is calculated in this method,
while the frequency domain spectra of nanoparticles have to be calculated through
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Fourier transformations. FDTD advanced rapidly during the last few decades. A major
milestone was the development of the so-called perfectly matched layers, which mimic
an open boundary condition where electromagnetic waves are not or only barely
reflected [166-167]. This effective boundary technique has been improved later by
uniaxial perfectly matched layers and convolutional perfectly matched layers [168-
169]. The latest development in FDTD is an unconditionally, numerically stable
algorithm, which was introduced by DeRaedt and further improved by Ahmed et al.
[170-171].

Correlations between measured and simulated spectra from reflectance, transmission,
fluorescence and SPR-measurements, have proven the ability of this method to
properly describe reality [145-148].

4.2. Discrete Dipole Approximation (DDA)

Another popular method for computing the optical spectrum from near field
distributions of NPs is the discrete dipole approximation (DDA). Hereby, arbitrary
geometries are mapped on a cubic array of voxels representing electric dipoles, each
with its own polarizability function. Even if methods using individual polarizabilities to
describe compositions can be traced back to Lorentz, the first de-facto DDA simulation
was performed by Purcell and Pennypacker [172]. They validated their model of a
spherical colloid, consisting of 136 polarizable elements, using Mie theory. Since then,
several attempts to improve accuracy, numerical stability, data analysis and material
assumptions have been undertaken. We kindly refer the interested reader to the review
of Yurkin and Hoekstra [173].

(@)

Fig. 7. Comparison between measured and simulated field strength pattern. (a) shows the geometry of the Ag
nanorods, (b) illustrates the intensity image form electron energy loss spectroscopy at three different energies
and (c) shows the simulated field strength of the electric field using a DDA method. Adapted with permission
from [177], Copyright 2011 American Chemical Society.

For a long time, field strength patterns were exclusively accessible through simulations.
Recently, the correlation between the intensity in electron energy loss spectroscopy and
the electric field density, which is equivalent to the photonic density of states, showed
that the simulated and real field patterns are in good agreement. As an example, Fig. 7
shows how field pattern calculated using the DDA method behave compared to
electron energy loss measurements.

The most commonly used DDA code is DDSCAT, written in FORTRAN 90, which
includes functions of various target geometries and periodic structures [174]. Recently,
C based codes as well as Matlab based codes have been published [173,175-176].
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4.3. Finite Elements Method (FEM)

A method particularly interesting for complex geometries is the finite elements method
(FEM). It was first outlined by Courant [178]. A result is obtained by using the
variational principle to find solutions, where every element of the mesh satisfies Gauss’
law and the appropriate boundary conditions on the surface of the element [158]. A
variety of mesh generation software to divide the domain into a fine grid of elements,
on which the partial differential equations are solved, is available online [179]. Since
FEM is also very popular for solving fluid mechanics and structural mechanics, there
are many software tools for solving electro-dynamic problems as well. A review on
FEM applied to electromagnetic problems was published by Coccioli et al. [180].

A comparison between field patterns calculated by FDTD and FEM is shown in Fig. 8.
The FEM results show some small artifacts, but they agree well with the FDTD results.
FDTD is more accurate, but it consumes much more computation power. In the shown
example the FDTD simulation took 2058 CPU hours (4 2.8 GHz), while the FEM
simulation only took four CPU hours (4 3.4 GHz) [158].

Fig. 8. Field patterns of scattered light of a cubic nanoparticle with 50 nm edge length. The left side shows
the FDTD simulations and the right side the FEM simulation, respectively. Adapted with permission from
[158], Copyright 2008 American Chemical Society.

Several software packages, from open-source and freeware to proprietary codes, are
available. Most open-source codes are command line based, using C++ or FORTRAN
libraries, while most of the commercial software packages have a graphical user
interface. Due to the wide variety, an application-oriented analysis of which software
satisfies the user’s requirements is advisable before deciding on any simulation
software. All discussed simulation methods can be used to predict the wavelengths of
LSPR excitations and therefore fasten the development of new SERS applications.

5. Conclusions

In applications involving the diagnosis of cancerous lesions, the current standard is
surgical resection and analysis by histopathology. Since this procedure is invasive,
expensive and time-consuming, the availability of rapid, non-invasive analytical
techniques is very desirable. SERS applications have shown their great potential to
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become the future standard. This is not only true for cancer diagnostics but also for
glucose detection. The growing number of applications in DNA sequencing using
multiplexed SERS sensors, as well as progress in in vivo glucose detection, show that
SERS has finally matured to levels of reproducibility and dependability that are needed
for routine applications.

These advances also result from the rapid development of new fabrication techniques
during the last decade. Thanks to lithography, the possibilities in creating new
geometries are manifold. The fast evolving field of template based lithography opens
the door for high-throughput analysis and minimizes expenses. The development time
of new SERS applications can be further reduced by accompanying experiments with
numerical simulations. Various commercial, as well as non-commercial modeling
techniques are available. Knowledge of the near field behavior of a substrate is crucial
for tailoring new devices.

The number of publication on SERS exploded in the past years; therefore this review
only covers a fraction of those publications. Even with the high research activity on
SERS, a unanimous definition of a general enhancement factor has not yet been found.
In order to rate and compare different SERS techniques, a uniform definition for the
enhancement factor would be highly desirable.
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