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Abstract

Surface-enhanced Raman scattering (SERS) is a phenomenon that occurs on nanoscale-roughed

metallic surface. The magnitude of the Raman scattering signal can be greatly enhanced when the
scatterer is placed in the very close vicinity of the surface, which enables this phenomenon to be a
highly sensitive analytical technique. SERS inherits the general strongpoint of conventional
Raman spectroscopy and overcomes the inherently small cross section problem of a Raman
scattering. It is a sensitive and nondestructive spectroscopic method for biological samples, and
can be exploited either for the delivery of molecular structural information or for the detection of
trace levels of analytes. Therefore, SERS has long been regarded as a powerful tool in biomedical
research. Metallic nanostructure plays a key role in all the biomedical applications of SERS
because the enhanced Raman signal can only be obtained on the surface of a finely divided
substrate. This review focuses on progress made in the use of SERS as an analytical technique in

bio-imaging, analysis and detection. Recent progress in the fabrication of SERS active
nanostructures is also highlighted.

1. Introduction

In 1923, inelastic light scattering was first theoretically predicted by Smekal. Then Raman
and Krishnan experimentally observed the phenomenon in 1928 which is now known as
Raman scattering.? The wavelength changes when a phonon undergoes this inelastic light
scattering attributed to the excitation of vibrational modes of a molecule. Because the
molecular polarizability changes as the molecular vibrations displace the constituent atoms
from their equilibrium positions,2 Raman spectroscopy provides abundant structural
information and does not suffer from aqueous interference. It plays an increasingly
important role in analytical science, especially in biomedical analysis. However, Raman
scattering cross sections are typically 12-14 orders of magnitude smaller than those of
fluorescence.3 The inherently small intensity of the signal has restricted the application of
Raman spectroscopy to the analysis of relatively concentrated samples for many years. In
1974, Fleischman and co-workers observed enhanced Raman signals from pyridine on a
rough silver electrode.# The signal enhancement was attributed to the enrichment of analyte
molecules on the rough surface. After that many studies from different laboratories gave
evidence that the enormously strong Raman signal is caused by the special property of the
noble-metal substrate.>: This phenomenon is known as surface-enhanced Raman scattering
(SERS), which has overcome the inherent problem of low sensitivity in conventional non-
resonant Raman spectroscopy. The enhancement factors can reach 1014 corresponding to a
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cross section of at least 10 16 cm?2 for each molecule.’” Such a big cross section has made
SERS a single molecule detection tool.8-13

SERS fully inherits the advantages of normal Raman spectroscopy, abundant structural
information and low aqueous interference. At the same time, along with the development of
biomedical science, chemists and biologists have paid more attention to the components
present in very low absolute amounts in living organisms. Therefore, SERS is an ideal
method for the detection and characterization of low analyte concentration in a complex
biological environment, and has attracted growing interest in biochemical and biomedical
fields. Besides, every SERS active molecule has a unique enhanced spectrum because
different functional groups have different characteristic vibrational energies.2 Some of the
active molecules have extremely strong SERS signal even at a very low concentration. They
can be used as Raman reporters for the imaging or detection of bio-markers in biological
samples by their high spectral intensity and specificity. The SERS signal originated from
different molecules can be easily distinguished based on their characteristic narrow bands.
Simultaneous detection of different components can be realized either by using the unique
spectra of molecular reporters or by the signals directly from analytes. In this article, we will
review the application of SERS in bio-imaging, analysis and detection. Since the SERS
enhancement strongly depends on the metallic nanostructure substrates, we will also discuss
the use of nanostructures in biomedical field.

2. Fundamental theory of Raman and SERS

Generally, when light is incident upon a substance, the photons with a wavelength in the
region of infrared and ultraviolet are easily to be absorbed. The ultraviolet photons will
excite the outer-shell electron from ground state to an excited state. A fluorescent emission
will be generated when the electron goes back to the ground state after vibrational relaxation
in the excited state. In Raman scattering, the electron will undergo a transition from ground
state to a virtual state after being excited by an excitation photon (vg). When the electron
moves back to the ground state, a scattered photon with a frequency of v; will be generated.
The difference between vg and v corresponds to the vibrational level of the molecule. If the
excitation frequency vg changes, the scattering frequency v, will change, but the difference
between them (Av = |vp-v4|) will not change. The wave number shown in a Raman spectrum
stands for the frequency shift from excitation photon to scattered photon. Therefore, the
position of a Raman band will not change if a different excitation wavelength is used. The
excited electron in Raman scattering does not undergo a vibrational relaxation and the
process of Raman scattering is shorter than that of fluorescence. The optical absorption in
infrared region will change the vibrational mode of a molecule. Thus infrared spectroscopy
(IR) and Raman spectroscopy are both molecular vibrational spectroscopy. The difference is
that IR is a single-photon process and the absorbed photon must correspond to the molecular
vibrational energy level. Raman scattering is a two-photon process, and, in principle, it can
be excited by any excitation wavelength.

When light is scattered, most of the photons will be elastically scattered, which is known as
Rayleigh scattering. Only a small part of the photons will undergo a Raman scattering. If the
scattering frequency vy is smaller than the original vg, the scattering is called Stokes Raman
line. Otherwise, it is an anti-Stokes line (v1 > vg). As shown in Fig. 1, the electron is excited
from vibrational energy state to the virtual energy state in the anti-Stokes scattering. Stokes
line and anti-Stokes line are symmetrically distributed on two sides of the Rayleigh line.
However, anti-Stokes line is weaker than Stokes line because the number of electrons in
vibrational energy state is much smaller than that in ground state according to Boltzmann's
law of distribution.
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The mechanism of SERS has become a hot topic of research since the discovery of the
phenomenon. Indeed, there are several models established for the enhancement. The two
common mechanisms are chemical enhancement and electromagnetic enhancement. In
chemical enhancement, the metal and adsorbate molecules create a charge-transfer state,
which increases the probability of a Raman transition by providing a pathway for resonant
excitation.14 Chemical enhancement is site-specific and analyte-dependent. The analyte
molecules must be directly adsorbed to the metallic surface to experience the charge-transfer
state.? The theory of chemical enhancement has been developed slowly in recent years.
Because charge transfer process is complicated, and there are too many influencing factors
such as analyte molecules, nanostructures of metals, excitation wavelength, and molecular
vibrational modes, it is difficult to simulate all these factors theoretically. In addition, the
charge-transfer state is an excited state with very short life. It is not possible to observe such
unstable state in experiment. So far, only a few simple models have been theoretically
studied.1>

In electromagnetic enhancement, when electromagnetic radiation with certain frequency is
incident upon the nanostructures, the conduction electrons will be driven into collective
oscillation by the electric field of the radiation, which is known as surface plasmon
resonance (SPR). Large electromagnetic fields will be generated at the surface of the
nanostructures. The Raman signals originated from the molecules being confined within
these electromagnetic fields will be greatly enhanced. Therefore, the electromagnetic
enhancement has long-range effect because analyte molecules do not have to “touch” the
metallic surface. Electromagnetic enhancement emphasizes the role of the substrate
supporting the electromagnetic fields, which depends strongly on its inherent properties such
as material, size, shape, and interparticle spacing. Theoretical modeling has long been a
method to study the electromagnetic enhancement.16:17 By this method many special
metallic nanostructures have been predicted to be extremely SERS active.18-20 We believe
that the progress made in fundamental theory can greatly facilitate the development of SERS
in the future.

3. SERS substrates used for bio-imaging, detection & analysis

The most important aspect of performing a SERS experiment is the choice and use of SERS
substrate. It has been proved that only substrates with nanoscale “roughness”, such as rough
electrodes and nanoparticles, can provide SERS enhancement. The shape, component, size
and interparticle spacing of the metallic nanostructures are critical factors influencing the
SPR and electromagnetic fields. These factors must be chosen carefully to ensure strong
SERS enhancement and good signal reproducibility.2! Generally, conventional SERS
substrates include rough electrodes, nanoparticles, and supported nanoarrays. Electrodes
roughened by the oxidation—reduction cycle are the earliest and most stable SERS
substrates. They enable in situ SERS detection of catalytic reactions and other
electrochemical systems.22:23 However, rough electrodes are rarely used in biomedical
research because their SERS enhancement factor is lower than other substrates and the
surface reproducibility is poor.

Metallic nanoparticles can be chemically synthesized in glass flasks without sophisticated
instrumentation. By far, they are the most commonly used SERS substrates and provide the
most sensitive SERS experiments, even single-molecule detection.®24 As we know, the
Raman scattering in SERS takes place in the high local optical fields of noble metallic
nanostructures, and this is the most important factor of the targeted study within a complex
biological environment. Therefore, nanoparticles are well suited to the targeted imaging and
detection in biological samples because they can be easily dispersed in solution-phase
systems. Besides bio-application, nanoparticles are also used extensively in chemical
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sensing, especially in trace analysis. Examples are the detection of perchlorate,2> TNT,26
and nuclear waste.2’

Although nanoparticles have strongest SERS enhancement, the SERS signal they provided
are often not reproducible. The nanoparticle suspension is an unstable system and the
interparticle structure changes from time to time. Supported nanoarrays can overcome this
disadvantage by fixing the nanoparticles or other delicate metallic nanostructures on a 1D,
2D or 3D substrate. The supporting substrates, such as carbon nanotubes and porous
materials, 2829 always have well-defined structures. Thus a supported nanoarray may have a
secondary structure or even tertiary structure. These unique structures provide not only
stability to the SERS substrates but also strong SERS enhancement due to the coupling of
different SPR modes. Today, researchers worldwide continue to fabricate novel SERS
substrates to maximize the enhancement and improve the reproducibility. These studies are
extended to non-coin metals and even metal oxide materials.3%-34 Typical SERS substrates
and their chemical analytes are listed in Table 1.

4. Biomedical applications of SERS

4.1 Detection and analysis of biomolecules based on SERS

Sensitive and detailed molecular structural information plays an increasingly important role
in biochemistry and biomedicine. Delivering molecular structural information from the
target analyte in aqueous solution is the most important advantage of SERS, which until now
has not been possible by any other technique. SERS has therefore become a useful
spectroscopic method in detection and analysis of biomolecules. The sensitivity of SERS in
biomolecular detection has been proved to be excellent since the single adenine molecule
SERS spectrum was first obtained by using Ag nanoparticles as SERS substrate.10
Generally, SERS detection of biomolecules is very straightforward. Two approaches can be
used to make the analyte molecules anchored onto SERS active substrates. In one approach,
sample molecules are immobilized onto nanoparticles, typically Au and Ag, suspended in
solution phase, through either electrostatic interaction or conjugation chemistry. In the other
approach, instead of using suspended nanoparticles, solid substrates that contain
nanostructured SERS active components are employed to anchor the analytes. In both
methods, only low concentrations of analytes are needed, due to the high sensitivity of
SERS detection.

Recently, preconcentration method was applied to SERS detection to earn additional
sensitivity. In that work, adenine molecules were concentrated on the surface of gold
electrode by an electrokinetic preconcentration technique, and the SERS signal of 10 fM
solution was amplified to the level of the signal of non-preconcentrated 1 uM sample.86
Besides high sensitivity, SERS provides high structural information content that can be used
to study the secondary structure of macromolecules such as proteins and nucleic acids. A
recent example is the study of the structural changes of different proteins including
lysozyme, ribonuclease-B, bovin serum albumin (BSA) and myoglobin due to alteration of
temperature in the range of 65 and 90 °C.87 Fig. 2 shows the spectral changes of BSA at
different temperatures. The position and intensity ratio changes obtained in the difference
spectra indicate the structural changes of the protein molecules. Interaction between
different biomolecules, or between biomolecules and drugs, is usually accompanied with
molecular structural changes. SERS can be employed to study the mechanisms of such
interactions by providing real-time structural information.88 And the methods developed in
the mechanism studies could be used to screen anti-cancer drugs in vitro.89 Surface-
enhanced resonance Raman scattering (SERRS) is similar to SERS except that it is carried
out under certain conditions. When the excitation frequency is close to the absorption of the
analyte and the plasmon of the metal surface, a resonance contribution from the
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chromophore will be coupled with the SERS effect and give higher enhancement. SERRS
can be used to detect the disentangling interfacial redox processes of proteins.?9 Recently,
gold film covered silver electrode was used to take advantage of the electrochemical
properties and chemical stability of gold and the strong SERS enhancement of silver.
SERRS of cytochrome ¢ molecules adsorbed on gold surface was excited in the violet
spectral range for the first time.%1

4.2 Imaging and analysis of cells based on SERS

Because the native constituents are present in a cell at very low concentrations and the
applicable excitation laser intensity is limited by effects of cell degeneration, normal Raman
scattering from cells is very weak. However, it is easy to collect informative signals from the
intracellular microcosm within seconds in a SERS experiment. The strategic point of
performing a SERS experiment for cells is the emplacement of SERS substrate. Studying
single living cells by SERS based on Au nanoparticles was first reported by Kneipp et al.9?
The nanoparticles’ internalization into cells was achieved by fluid phase uptake. Generally
the nanoparticles were mixed with the culture medium 24 h before the experiment.
Immediately before the experiments, free nanoparticles were removed by rinsing with a
buffer solution. The obtained Raman bands were originated from native constituents such as
DNA, RNA, phenylalanine, and tyrosine. However, there is an unarguable fact that the
distribution of bare nanoparticles in cells is not under control. In the past few years, SERS
detection methods for intracellular localized measurements have been developed by
transporting the nanoparticles to cell organelles. For example, nuclear targeted detection can
be realized by functionalizing nanoparticles with nuclear localization signal (NLS) peptide
derived from virus.93 Fig. 3 shows the SERS mapping of a single living cell treated with
targeted nanoprobe. The conjugation of functional biomolecules and the SERS substrate is
very important in the fabrication of targeted SERS nanoprobe. The theory of SERS
enhancement emphasizes the adsorption or compact adjacency of the analyte and the metal
surface. If the metal surface is fully covered, or if the modified reagents impose too much
influence on the SERS detection, the functionalized nanoparticles will not be able to
enhance the Raman signal from cellular components.®* Recently, a new analytical approach
for intracellular detection utilizing a SERS-enabled nanopipette has been reported. A glass
pipette was modified with positively charged polymer and then coated with negatively
charged Au nanoparticles. This nanopipette tip can enhance Raman signal in its vicinity
after insertion into the living cells.9°

Except for collecting Raman signal from intracellular molecules by fluid phase uptake of
SERS active nanoparticle substrates into cells, characteristic Raman information can also be
detected on the outer wall of cells. Currently such measurement is critically important in the
detection of one-celled creatures such as bacteria and yeast cells as internalization of
nanoparticles into these small cells is difficult. Sujith et al. detected the cell wall of living
yeast cells by mixing them together with Ag nanoparticles. The nanoparticles aggregated
and deposited on the cell wall and enabled SERS detection.?8 Similar detection performed
on bacterial cells coated with Au and Ag nanoparticles has been reported by Kahraman and
co-workers (Fig. 4a).96 Besides coating nanoparticles onto cell surface, Raman measurement
can also be done by directly placing cells onto a macro-scale SERS active solid structure.
Recently, in situ reduction of metal ions has been reported to introduce metallic
nanoparticles directly inside bacteria, making it possible to analyze intracellular components
of bacteria as well (Fig. 4b).%”

4.3 Imaging and analysis of tissues based on SERS

Raman spectra of tissues can be obtained without enhancement because tissue is more
condensed than cell. However, SERS can quench the fluorescent background and shorten
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the signal acquisition time. Moreover, the preparation of tissue sample is simpler than cell
experiment. The SERS substrates can either be dropped on tissue sections or be mixed with
tissue fragments. Since tissue samples are generally gathered for clinical/medical purpose,
SERS studies of tissues are mainly focused on optical diagnosis. For example, SERS
differentiation of normal brain tissue and tumors has been performed recently. Frozen tissue
samples collected from hospitals are crashed and mixed with Ag nanoparticles before the
SERS detection. The obtained spectra show significant spectral differences which can be
used to distinguish tumors from healthy tissue regions (Fig. 5).2% Some previous work in
SERS detection and analysis of biomedical samples are listed in Table 2.

4.4 Bio-imaging and detection using SERS tags

The enhancement of SERS is analyte-dependent. SERS active molecules such as cresyl
violet, 4-mercaptobenzoic acid and Rhodamine compounds can provide high intensity SERS
signal at a very low concentration. But most of the natural bio-components are not SERS
active. It's very difficult to detect them in a complex biological environment which contains
large amount of different biomolecules. The SERS active molecular reporter can be used to
highlight the target analytes by their high SERS intensity and spectral specificity. Fig. 6
shows a typical strategy of detection of antibody-specific biomolecules based on SERS tags.
Metallic nanoparticles are modified with Raman reporter molecules. The metallic surface
can be conjugated covalently to mercaptoacetic acid (MAA), which can be easily coupled to
the amine group of many compounds such as Rhodamine and cresyl violet (CV). Su and co-
workers have reported the synthesis of composite organic-inorganic nanoparticles (COINSs)
by aggregating the nanoparticles with organic molecules, which allows the incorporation of
the organic Raman reporter into COINSs to produce SERS spectra. They demonstrated multi-
detection capability of COINs by using different Raman reporters for different proteins.131
Sun et al. developed DNA micro-pattern imaging method by using Raman reporter labeled
gold nanoparticles and SERS (Fig. 7). This study proved again that SERS is a powerful
optical readout method for array based miniaturized systems.132 SERS is also capable of
multi-detection for nucleic acids. For example, the multiplex detection of viral DNA or
RNA using dye-labeled Au nanoparticles was carried out by Mirkin's group. They used
different reporters to label different oligonucleotides to distinguish the complementary
oligonucleotide sequences by hybridization reactions.133 SERRS has also been used for
DNA detection based on the signal from Raman reporters. This research field has been
reviewed previously34 and will not be discussed here.

The Raman scattering in SERS only takes place on the surface of metallic substrate.
Therefore, intracellular SERS signal can only be obtained in the position where the metallic
nanoparticles meet the analyte molecules. Some of the nanoparticles may be blind because
the native components inside cells are not homogeneous. That means the distribution of
metallic nanoparticles in a cell can not be determined even if SERS mapping is obtained.
SERS tags can be used to highlight themselves in the cells by their characteristic Raman
fingerprint, like the role of fluorescent reagents or quantum dots, which are used extensively
in cellular imaging and detection.138 Nithipatikom et al. detected enzymes in cells by using
modified Ag nanoparticles. In their study, antibodies were used to conjugate enzymes or
receptors of interest with Raman labels before SERS detection of the cells (Fig. 8).13° This
research shows that multiple detection of different components in a single cell could be
realized by using SERS tags. Aggregation of cell surface receptors could be related to their
biological signaling. For example the heart beating of mammalian is controlled by the ,-
adrenergic receptors clusters. Recently, detection of Bo-adrenergic receptors clustering by
SERS of antibody functionalized Ag nanoparticles has been reported. In this work, an
isolated nanoparticle didn't enhance the Raman signal of the modified label molecules
because the electromagnetic field generated by a single particle is too weak (Fig. 9). The
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characterized Raman bands obtained in the SERS imaging of a cell only highlighted the
position of Bo-adrenergic receptor aggregations.137 This technique can be used to investigate
the aggregation of other receptors and explore their distribution on cell surfaces.

SERS nanotags can be designed as chemical sensors by changing the functional residues.
Talley and co-workers developed an intracellular pH sensor based on Ag nanoparticles
modified with 4-mercaptobenzoic acid, which yields different Raman signal under different
pH values. Then the modified nanoparticles were added into cells by passive uptake before
the measurement. SERS image of the cells shows that the nanoparticle sensors with robust
SERS signal were incorporated into living cells and the pH value of the micro-environment
is below 6, indicating that the particles are encapsulated in lysosome.138 Kneipp et al.
demonstrated their intracellular pH sensing based on 4-mercaptobenzoic acid and Au
nanoaggregates. They use the ratio of Raman band at 1423 and 1076 cm™ as a function of
pH. Fig. 10 shows the pH imaging of a single live cell using a SERS nanosensor.139 2-
aminobenzenethiol is a widely used Raman reporter which has similar molecular structure as
mercaptobenzoic acid, and also can be used for pH sensing. For example, Wang et al.
reported the use of 2-aminobenzenethiol functionalized Ag nanoparticles for SERS detection
of living cells at different pH values. The pH-dependent SERS spectra can be used to detect
pH value of the surrounding over the range of 3.0-8.0.140

By a more sophisticated nanoparticle engineering process, SERS tags conjugated with
antibodies can be used for cancer identification via cultured cells, tissues and even living
animals. Sha and coworkers reported the identification of breast cancer cells in blood
samples. They combined anti-her2 antibody conjugated SERS tags with epithelial cell-
specific antibody functionalized magnetic nanoparticles. Both of these two components can
specifically bind to breast cancer cells in a mixed sample of whole blood and cultured
SKBr3 cells. Once recognized, the cancer cells are concentrated onto the wall of container
tube by applying an external magnetic field. SERS measurement can then be conducted
rapidly with good sensitivity (Fig. 11).141 Prostate cancer can be identified by SERS
detection of prostate-specific antigen (PSA) on tissue section. The SERS mapping of the
tissue section incubated with anti-PSA antibody modified metallic nanoparticles could be a
criterion of epithelium and stroma.142 Cancer detection in living animals by using optical
method is a challenging task. Qian et al. reported a tumor targeted nanoprobe for in vivo
SERS detection. Au nanoparticles modified with Raman reporter molecules were stabilized
by thiol-modified polyethylene glycols. These PEGylated SERS nanotags were even more
sensitive than quantum dots with scattering in near-infrared region. When single-chain
variable fragment (ScFv) antibodies were conjugated, the nanoparticles were able to target
epidermal growth factor receptors. The resultant nanoprobes were then injected into nude
mice bearing human head-and-neck squamous cell carcinoma (Tu686) xeno-graft tumor for
in vivo SERS detection (Fig. 12).143 Recently, possibility of SERS detection in deep tissue
was demonstrated by Stone et al. They injected the Raman reporter modified silver
nanoparticles into thick (15-25 mm) pig tissue and collected SERRS signal on the opposite
side of the samples.144 This work has the potential to open applications in noninvasive
SERS biomedical diagnoses. The samples and substrates of bio-imaging and detection by
using SERS tags are summarized in Table 3.

5. Conclusion

This article introduces the application of SERS in biomedical research. Generally, SERS
enables biomedical detection in three ways: First, an analyte locates directly on the metallic
nanostructure surface. A SERS spectrum originated form the analyte molecules can be used
to study the structural changes due to various reactions. Second, the metallic nanostructures
enhance the signal from Raman reporter molecules which detects a specific analyte. The
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SERS spectrum obtained here is a code or fingerprint without any structural information of
the analyte itself. Third, the reporter molecules modified on the SERS substrates respond to
the chemical surroundings. In the past decade, SERS has become a well established optical
detection tool in these three ways including the studies of drug-biomolecule interaction,
intracellular targeted probing, cancer-marker identification, and chemical environment
sensing. These studies have confirmed that SERS can provide molecular structural
information in addition to qualitative analysis, making it a more excellent analytical method
for biomedical samples than other optical techniques such as fluorescence.

However, the conflict between reproducibility and sensitivity is a stubborn disadvantage of
SERS, which has not been overcome yet. The problem is that the SERS active metallic
nanostructures have poor structural reproducibility. New substrates for SERS enhancement
should be developed to solve this problem. The breakthrough of the fabrication of novel
metallic nanostructures will open up great opportunities in both fundamental theory and
application of SERS.

Moreover, SERS is dependent on the nanostructures of the substrates and the biological
samples such as cells and tissues are intrinsically inhomogeneous. As a result, any
inhomogeneous distribution of the SERS probes superimposed on the inhomogenous
molecular distribution on the biological samples will reduce the accuracy of the SERS-based
bio-imaging, detection and analysis. Therefore, controlling the spatial localization of the
nanostructures is another challenge in the biomedical application of SERS. Ideally, SERS
measurements on the biological samples need to obtain enhancements from components of
interest and get rid of the interference from the complex environment of the samples.
Developing targeted nanoprobes with controllable distribution on the biological samples
should be the most promising solution and is also a daunting challenge. Availability of such
nanoprobes should no doubt facilitate SERS based bio-imaging, detection and analysis.
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Fig. 1.
Diagram of energy level of Raman and Rayleigh scattering.
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Diff. Raman Intensity (2. u)

Fig. 2.
Difference SERS spectra of BSA protein with respect to the BSA spectrum at room
temperature.8’Reproduced by permission of Elsevier.
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High
Low
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Fig. 3.

(A) Merged SERS image made up of a SERS map and an optical transmission image. (B)
Fluorescent image of the cell after nuclear staining by Hoechst 33258. (C) Differential
interference contrast micrograph of the cell. Scale bar: 10 um.23 Reproduced by permission
of The American Chemical Society.

J Mater Chem. Author manuscript; available in PMC 2012 April 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xieetal.

Page 18

Fig. 4.

(A) SEM image of E. coli coated with Au nanoparticles.*®Reproduced by permission of
Springer. (B) TEM image of a G. sulfurreducens bacterial cell with intracellular Au
deposits.%” Reproduced by permission of The American Chemical Society.
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Fig. 5.

SERS spectra of the tissue collected from a patient with meningioma, (a) tumor, (b)
peripheral, and (c) healthy tissue.? Reproduced by permission of The Optical Society of
America.
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Fig. 6.
Illustration of a typical SERS detection of antibody-specific analytes.
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Fig. 7.

A 50 x 50 um SERS image of DNA micro-patterns using Raman band from the labeled
reporter at 1641 cm~1. The inset shows the AFM of the nanoparticle conjugated patterns.132
Reproduced by permission of The Royal Society of Chemistry.
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Fig. 8.
SERS detection of Angiotensin I receptor in bovine adrenal zona glomerulosa
cells.135Reproduced by permission of Elsevier.
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Fig. 9.

Schematic depiction of the fabrication of functionalized Ag nanoparticles and particles
binding to the cell surface receptors via the covalently immobilized antibody.137
Reproduced by permission of The American Chemical Society.
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Fig. 10.

(a) White light image of the cell after incubation with nanotags. (b) pH mapping of the cell
according to the intensity ratios of Raman bands at 1423 and 1076 cm™2. (c) SERS spectra
obtained in endosomal compartments of different pH values.139 Reproduced by permission
of The American Chemical Society.
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Detection of SKBR3 cancer cells spiked into blood.14! Reproduced by permission of The
American Chemical Society.
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Fig. 12.
In vivo cancer targeting and SERS detection by using antibody conjugated Au
nanoparticles.143 Reproduced by permission of The Nature Publishing Group.
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Metallic nanostructures Analytes Detection limits  Ref.
Rough electrodes
Au electrode Fluoroacetate anions N.A. 23
Polypyrrole N.A. 35,36
Ethylene N.A. 37
Benzonitrile N.A. 38
Bombesin N.A. 39
Pyridoxine N.A. 40
Ag electrode Pyridine N.A. 4,41
Bombesin-like peptides N.A. 39,42
Single-walled carbon nanotubes N.A. 43
Flavone and hydroxy derivatives N.A. 44
Isonicotinic acid N.A. 45
Benzonitrile N.A. 38
a-Aminophosphinic acids N.A. 46
Phosphonate derivatives of imidazole, thiazole, and pyridine N.A. 47
Supported 1D nanoarray
Ag NPs on single-walled carbon nanotube Single-walled carbon nanotube N.A. 48
Au-Ag core-shell NPs on multi-walled Adenine and 4-aminothiophenol N.A. 28
carbon nanotube
Supported 2D nanoarray
Ag NPs on Ag surface Pyridine, pyrazine and benzene N.A. 49
Ag island film N,N’-Bis(neopentyl)-3,4,9,10-perylenebis(dicarboximide) Single molecule 50
TiO, NPs on Au surface Polypyrrole N.A. 51
Au NPs in Si microholes Rhodamine 6G 1x108M 52
Ag NPs in Si microholes Rhodamine 6G 1x 10710\ 52
Pd nanostructures on flat film 4-Mercaptopyridine N.A. 53
SiO,—Ag “post-cap” nanostructure trans-1,2-Bis(4pyridyl)ethane N.A. 54
Ag on cicada wing Rhodamine 6G N.A. 55
Ag elliptical arrsay on Si wafer Rhodamine 6G N.A. 56
Au on polystyrene nanosphere arrays Crystal violet and urine N.A. 57
Ag nanoarrays on poly(dimethylsiloxane) Crystal violet 1x108M 58
Mitoxantrone 1x10°M
Ag dot dimer arrays 4,4'-Bipyridine and 2,2’-bipyridine N.A. 59
Ag NPs on silica rods arrays 4-Aminobenzenethiol N.A. 60
Supported 3D nanoarray
Ag NPs on aluminium oxide 4-Mercaptopyridine 1x10°%M 61
Nanoporous Cu and Ni Rhodamine 6G 1x108M 29
Au nanostructures on polyaniline 4-Mercaptobenzoic acid N.A. 62
membranes
Ag-coated silica beads r-1IgG 1x100gmL?t 63
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Metallic nanostructures Analytes Detection limits  Ref.
Au-Ag core-shell NPs on Fe30, hybrid 4-Aminothiophenol N.A. 64
nanospheres
NPs suspension
Ag NPs Rhodamine 6G Single molecule 8
Crystal violet Single molecule 9
Bombesin-like peptides N.A. 65
Flavone and hydroxy derivatives N.A. 44
Polycyclic aromatic hydrocarbons and calixarenes 1x108M 66
2,4,6-TNT <1x1010g 26
Phenylacetic acid, 3-phenylpropionic acid, 4-phenylbutyric acid, N.A. 67
5-phenylvaleric acid, and 6-phenylhexanoic acid
Pyrene 1x107 M 68
Triphenylene 1x107"M 69
1,10-Phenanthroline N.A. 70
Au NPs 2,2'-Biquinoline and 8-hydroxyquinoline N.A. 71
2,4,6-TNT <1x1010g 26
Poly(4-vinylpyridine) N.A. 72
Phenyldithioester N.A. 73
Star-shaped Au NPs 1-Naphthalenethiol, AlexaFluor 750, and phenol N.A. 74
Au-Ag core-shell NPs 1,10-Phenanthroline N.A. 75
Ag-Au core-shell NPs 1,10-Phenanthroline N.A. 75
Au-SiO, core-shell NPs Nile blue A, toluidine blue O, and methylene blue N.A. 76
TiO,-core Au-shell NPs meso-Tetra(4-carboxylphenyl) porphine, tris(2,2'-bipyridyl) N.A. 77
ruthenium(in) chloride and Rhodamine 6G (R6G)
Other substrates
Electromigrated nanoscale Au gaps p-Mercaptoaniline <100 molecules 78
Sphere segment void Au surface Benzenethiol N.A. 79
Cy3 and Cy5 N.A. 80
Fe, Co, and Ni electrodes 1,10-Phenanthroline N.A. 32
Au@Pt NPs film electrodes CO, H, and benzene N.A. 81
Rh and Pd surfaces Adenine N.A. 31
Ni electrode Pyridine N.A. 82
TiO, NPs 4-Mercaptobenzoic acid 1x10°M 33
Ag NPs dimers 4-Methylbenzenethiol N.A. 83
Metal coated tip Single-walled carbon nanotube 1 tube 84
Double-hole nanostructure in metal film Oxazine 720 ~20 molecules 85

J Mater Chem. Author manuscript; available in PMC 2012 April 14.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Xieetal.

Page 29

Table 2
SERS detection of biomedical samples

Samples Substrates Detection limits  Ref.
Biomolecules
Calf-thymus DNA and herring sperm DNA Ag NPs N.A. 100
Insulin Adaptive silver films N.A. 101
Adenine, adenine phosphate and polyadenine Films of Au nanoshells on quartz and silicon N.A. 102
Adenine Au electrode 1x104Mm 103

Ag NPs Single molecule 10
Pterins Ag NPs 1x10°M 104
Lysozyme, ribonuclease-B, bovin serum albumin and Au nanograin-aggregate array N.A. 87
myoglobin
Aromatic peptides Au nanoshells N.A. 105
Hairpin ribozyme RNA Ag NPs N.A. 106
Adenosine triphosphate, hemoglobin and myoglobin Ag-Au core-shell NPs N.A. 107
Albumins Ag NPs N.A. 108
Lysozyme Au NPs and Ag NPs N.A. 109
Cytochrome ¢ Anodized Al oxide films N.A. 110

Au film covered Ag electrode N.A. 91
Phenylalanine and antifreeze glycoprotein Ag-coated porous substrate N.A. 111
Cytochrome c and heme protein Ag tip N.A. 112
Herring sperm DNA Ag NPs N.A. 88
Glucose Alkanethiol modified Ag substrate N.A. 113,114
Human integrins Ag NPs 3x108M 115
Phospholipids Ag NPs N.A. 116
Cells
HT29 intestinal epithelial cells Au NPs Subcellular level 92
E. coli and B. cereus Metalized poly(p-xylylene) films Single cell 117,118
Thermophilic bacteria Ag NPs N.A.
Hela cells Au NPs coated glass pipettes Subcellular level 95

Peptide modified Au NPs Subcellular level 93
Multispecies biofilm Ag NPs N.A. 119
Spores of Bacillus subtilis Anodized Al oxide films N.A. 110
HSC3 oral squamous carcinoma cell Au nanorods Subcellular level 120
E. coli Antibody conjugated Ag NPs N.A. 121
G. sulfurreducens Au NPs N.A. 97
E. coli and S. cohnii Au NPs and Ag NPs N.A. 96
Human dermal keratinocytes Ag coated AFM tip N.A. 122
Yeast cells W303-1A Ag NPs Subcellular level 98
Macrophage cells Au NPs Subcellular level 123
T. asperellum Au NPs and Ag NPs N.A. 124
C666 nasopharyngeal and A431 epidermoid carcinoma cells ~ Ag NPs Subcellular level 125
Mitochondria isolated from A549 lung cancer cells Au NPs N.A. 126
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Samples Substrates Detection limits  Ref.
Tissues
Colon adenocarcinoma tissue and normal colon epithelial Ag NPs N.A. 127
tissue
Normal brain tissue and tumor tissue Ag NPs N.A. 99
Cancerous and normal nasopharyngeal tissues Au NPs N.A. 128
Prostate cancer tissue Silica-encapsulated SAMs on Au/Ag nanoshells  N.A. 129
Rat tissues (heart, lung, liver, kidney, spleen, testes and Ag NPs N.A. 130

brain)
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Bio-imaging and detection using SERS tags

Table 3

Page 31

Samples Substrates Raman reporters Detection limits  Ref.
Biomolecules
Interleukin-2 (IL-2) and IL-8 Composite organic- 8-Azaadenine and benzoyladenine N.A. 131
proteins inorganic NPs
DNA pattern Ag NPs Benzotriazole azo dye N.A. 132
Virus DNA and RNA Ag stained/enhanced Au Cy3, TAMRA, Texas red, Cy3.5, 2x10°14 M 133
NPs Rhodamine 6G, Cy5
Mouse-1gG (anti-insulin) Ag NPs Azoaniline 0.158 ngmL! 145
Glutathione Ag NPs Rhodamine 6G, crystal violet, and 5,5'- 1x10%M 146
dichloro-3,3'-disulfopropyl thiacyanine
Recombinant human interleukin-2 ~ Ag NPs 8-Azaadenine and N-benzoyladenine N.A. 131
Human 1gG Au nanorods embedded 4-Aminothiophenol 0.1ngmL? 147
silica particles
Biotin Silica-Ag-magnetic beads  Benzenethiol, 4-mercaptotoluene, 2- N.A. 148
naphthalenethiol and 4-aminothiophenol
Cells
Bronchioalveolar stem cells Ag-doped silica NPs Mercaptotoluene, benzenethiol and Single cell 149
naphthalenethiol
Magnetic-SERS dots with  4-Methylbenzenethiol and benzenethiol N.A. 150
Ag NPs
MCF-7 mammary gland Au nanorods 4-Mercaptopyridine Subcellular level 151
adenocarcinoma cells i
Hollow Au nanospheres Crystal violet Subcellular level 152
Ag NPs embedded silica 4-Mercaptotoluene and 2-naphthalenethiol Subcellular level 153
spheres
Bovine adrenal zona glomerulosa ~ Ag NPs Cresyl violet Subcellular level 135
Human hepatoma cells Ag NPs Carborane Subcellular level 154
Mouse fibroblast 3T3 cells Au NPs Rose Bengal and crystal violet Subcellular level 155
Au NPs 4-Mercaptobenzoic acid Subcellular level 139
Human mammary epithelial cells ~ Ag coated optical fibers 4-Mercaptobenzoic acid Subcellular level 156
and PC-3 prostate cancer cells
R3327 rat prostate carcinoma cells ~ Au NPs and Ag NPs Indocyanine green Subcellular level 157
SKBRS3 breast cancer cells silica coated Au NPs N.A. 10 cells mL™t 141
Hela cells PVP coated Ag NPs 4,4'-Bipyridine and 4-mercaptobenzoic acid N.A. 158
Macrophage cells Au nanoflower Rhodamine B N.A. 159
H9c2 cardiac myocytes Ag NPs 4-(Mercaptomethyl)benzonitrile Subcellular level 137
U937 monocytic leukemia cells Ag NPs Basic fuchsin N.A. 160
MCF10 epithelial cells Au NPs Dinitrophenol derivative N.A. 161
MIAPaCa-2 pancreas carcinoma Ag NPs 2-Aminothiophenol Single cell 140
cells
HEK 293 embryonic kidney cells Ag NPs Brilliant green Subcellular level 162
Chinese hamster ovary cells Ag NPs Cresyl violet Subcellular level 163,164
Ag NPs 4-Mercaptobenzoic acid Subcellular level 138
Lymphocyte Au NPs Rhodamine 6G Subcellular level 165
Tissues
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Samples Substrates Raman reporters Detection limits  Ref.
Prostate tissue Au nanoshells 5,5"-Dithiobis(succinimidyl-2-nitrobenzoate)  N.A. 166

Ag NPs N.A. N.A. 142
Au nanoshells 5,5"-Dithiobis(2-nitrobenzoic acid) N.A. 167
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