Chapter 15 ®)
ISERS Microscopy for Tissue-Based oo
Cancer Diagnostics with SERS Nanotags

Yuying Zhang and Sebastian Schliicker

Abstract Immuno-SERS (iSERS) microscopy is an emerging imaging technique in
tissue-based cancer diagnostics, which is based on antibodies labelled with SERS-
active noble metal nanoparticles (NPs) in conjunction with Raman microspec-
troscopy for localizing target proteins. Advantages of SERS over existing labeling
approaches include its high capacity for spectral multiplexing (parallel detection of
target molecules), quantification (based on the characteristic SERS signatures), high
photostability (no or minimal photobleaching), minimization of autofluorescence
from biological specimens (via red to near-infrared excitation), and the technical
advantage of using only a single laser excitation line. In this book chapter, we will
first give a very brief tutorial on the fundamentals of SERS, followed by an intro-
duction into the concept and current designs of target-specific SERS probes based
on noble metal NPs. Next, the fast developing applications of iSERS microscopy for
tissue-based cancer diagnostics are highlighted, and finally the challenges and future
perspectives of this emerging field are presented.

15.1 Introduction

Cancer is one of the biggest causes of mortality in the world. Effective diagnostic
tools for cancer detection are highly desirable in order to provide early intervention
by therapy as well as to reduce costs associated with cancer patient management.
Detection and localization of prognostic markers in tissues is of central importance for
cancer diagnostics. Currently, the most widely used method to detect protein expres-
sion in tissue specimens is immunohistochemistry (IHC), a staining method based on
antigen-antibody recognition. In order to visualize the antigen-antibody immunore-
action, the antibody must be labelled, usually by enzymes, fluorophores, radioac-
tive compounds or colloidal gold [1]. Multiplexed immunohistochemistry (mIHC),
in which two or more antigens are detected simultaneously, is powerful in tumor
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diagnosis and classification as it offers greater insights into, spatial relationships
and heterogeneity of protein expression in the same tissue specimen [2]. However,
current readout methods for mIHC based on dyes or molecular fluorophores are
limited because of spectral overlap due to the broad electronic absorption and
emission bands, respectively. The introduction of quantum dots [3-5], semicon-
ductor nanocrystals with size-dependent fluorescence emission, has been a major
improvement in the multiplexing capacity of fluorescence-based detection schemes:
approx. 3—10 quantum dots may be detected simultaneously because of their narrower
emission peaks (peak width ~30 nm compared with molecular fluorophores (typi-
cally >50 nm)) [6].

Surface-enhanced Raman scattering (SERS) has experienced significant growth
in biomedical research during the past decade [7-9]. Numerous applications have
demonstrated the potential of SERS for label-free detection of various analytes,
especially in human biological samples such as blood, saliva, cells, and serum [10-
12]. More recently, “SERS labels / nanotags” that combine metallic nanoparticles
(NPs) and organic Raman reporter molecules have been designed and used for the
selective and sensitive detection of proteins and oligonucleotides [13—15]. These
SERS-active colloids produce strong, characteristic Raman signals, exhibit optical
labeling functions similar to external chromophores like organic dyes, fluorophores,
and quantum dots, and additionally, have much narrower emission peaks (<2 nm)
[16]. Compared with existing labeling approaches, SERS labels offer advantages such
as tremendous spectral multiplexing capabilities for simultaneous target detection
(>10 different “colors”), the need of only a single laser excitation wavelength to
excite multiple SERS labels simultaneously, no or only minimal photobleaching and
improved image contrast by red or near-infrared (NIR) laser excitation [17].

Immuno-SERS (iSERS) microscopy (Fig. 15.1), which employs target-specific
colloidal SERS probes in combination with Raman microspectroscopy, is an emerg-
ing imaging method in tissue diagnostics [17]. The concept of protein localization
in iSERS is the same as in conventional IHC, i.e., the target antigen is recognized by
a labelled antibody (Fig. 15.2). Tissues, either frozen or formalin-fixed and paraffin-
embedded (FFPE) specimens, are usually prepared as micrometer-thick sections
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(immuno-SERS)
Raman Microscopy SERS-labeled
Microscopy Antibody

Fig. 15.1 Immuno-SERS (iSERS) microscopy is an emerging imaging method for the selective
and sensitive localization of target molecules. Target-specific SERS particles, obtained after the
conjugation of SERS labels to target-specific binding molecules, can be localized in cells and tissue
and identified by their characteristic signature using Raman microscopy [18]
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Fig. 15.2 Principle of immunohistochemistry for target protein localization. For minimizing non-
specific binding, the tissue specimen is first blocked and then incubated with the labelled antibody
as the target-specific probe. The antibody selectively recognizes the antigen via the binding sites and
forms the corresponding antigen-antibody complex. Finally, washing removes unbound antibodies.
The antigen can be localized by the characteristic SERS spectrum of the SERS label using Raman
microspectroscopy [18]

using a microtome. In order to minimize non-specific binding, blocking agents such
as goat serum or bovine serum albumin (BSA) may be employed prior to stain-
ing. Then the tissue specimen is incubated with antibodies to form corresponding
antigen-antibody complexes, and subsequently unbound antibodies are removed by
washing. The characteristic signals of the SERS labels indicate target protein local-
ization because the labels are attached to the antibody, which specifically binds to
the target protein.

15.2 Brief Tutorial on SERS

In addition to conventional Raman spectroscopy, SERS requires metallic nanostruc-
tures that can support localized surface plasmon resonances (the so-called SERS
substrate). Figure 15.3 shows for a gold nanoparticle how the oscillating electric
field of the incoming laser radiation with angular frequency w;,. and amplitude Ej
drives an oscillation of the conduction electrons of the metal, leading to charge sep-
aration (dipole). This type of resonance is termed dipolar localized surface plasmon
resonance (LSPR). The sign of the localized induced dipole 1;,; changes period-
ically with the angular frequency w;,. of the electromagnetic wave as the external
driving force. Overall, a Hertzian dipole (see electric field lines in Fig. 15.3a) on the
nanoscale has been generated. This nanoantenna can then emit radiation at the same
frequency w;,. (green color in Fig. 15.3a, b; elastic scattering).
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Fig. 15.3 Electromagnetic enhancement in SERS. a A gold nanoparticle acts as a nanoantenna by
excitation of a dipolar localized surface plasmon resonance (LSPR); b Both the “incoming” field
(wine, green) and the “outgoing” field (w;, — wyip, orange) are enhanced by elastic light scattering
off the LSPR-supporting metal nanostructure [19]

The increased local electric field Ej,. (w;,.) in the vicinity of the metal particle can
interact with a molecule nearby the surface of the metal sphere (Fig. 15.3b) and induce
a molecular dipole (Rayleigh and Raman scattering). The Stokes-Raman scattering
component with w;,. — wy;p (left orange arrow in Fig. 15.3b) itself can excite a LSPR
of the metal colloid in Fig. 15.3a. Again, elastic light scattering off the metal sphere
can take place (right orange arrow in Fig. 15.3b) and the emitted radiation is finally
detected in the far field. This physical picture applies to all nanostructures which
support LSPRs.

The overall SERS intensity depends on both the “incoming” (w;j,.) and the
“OUthing” (winc - a)vib) field: ISERS = Iinc(winc)l(winc - a)vib) = |Einc(winc)|2 :
|E (ine — @yip)|*. Optimal SERS enhancements therefore require that both the inci-
dentradiation at w; . and the Stokes-Raman-shifted radiation at w;,. — w,;p areinres-
onance with the plasmon peak of the metal nanostructure. For w;,; & w;,c — wyip the
widely used |E |* approximation of the SERS intensity results: Isgrs =~ |E(Winc) |4,
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This electromagnetic enhancement is the dominant contribution to SERS since it
is responsible for the tremendous signal increase compared to conventional Raman
scattering: moderate local field enhancements ( E;,,.) yield huge SERS enhancements
(~ |E|*). SERS is additionally a truly surface-selective effect: only molecules on or
nearby such plasmonic nanostructures exhibit huge enhancement due to the SERS
distance dependence. The electric field strength of dipolar radiation scales with
E(r) ~ r=3. The SERS distance dependence is therefore Isprs ~ r~'2 under the
|E|* approximation, i.e. the SERS intensity drops down drastically with increas-
ing distance r between the molecule and the metal surface. The SERS enhancement
factor (EF) is a very central figure in SERS for quantifying the overall signal enhance-
ment. The experimental determination of EFs in SERS requires measurements of the
SERS intensity for the adsorbed molecule on the metal surface, relative to the normal
Raman intensity of the same, “free” molecule in solution. Both intensities must be
normalized to the corresponding number of molecules on the surface (SERS) and in
solution (conventional Raman), respectively. Further information on SERS can be
retrieved from several review articles [19-23] and monographs [24, 25].

15.3 SERS Nanoparticle Labels

The rational design of SERS nanoparticle labels with defined physicochemical prop-
erties is essential for successful applications in bioanalytical assays and cancer diag-
nostics. For an introduction to the topic of the synthesis and characterization of
SERS labels and their application in bioanalysis, recent reviews [13, 14] are recom-
mended. SERS colloids for targeted research contain three basic constituents: a col-
loidal SERS substrate for signal enhancement, Raman reporter molecules adsorbed
onto its surface for identification, and biomolecules attached to the SERS label for
target-specific recognition. Figure 15.4a shows an example of a target-specific SERS
probe [17, 26], comprising a monolayer of Raman reporter molecules on the surface
of a Au/Ag nanoshell, a silica shell, which chemically and mechanically stabilizes the
SERS label, and a spacer molecule for bioconjugation of the antibody to the SERS
label. The protective encapsulant, such as silica or polymer coatings, is optional but
desirable since it enhances the stability and biocompatibility of the colloid. Using a
spacer molecule between the antibodies and the SERS label instead of direct conju-
gation of the antibody to the metal surface introduces conformational flexibility and
may be beneficial for proper target recognition via the antigen binding sites.

Figure 15.4b depicts the sequence of chemical modifications by which SERS-
labelled antibodies are synthesized from metal colloids. The addition of Raman
reporter molecules to the colloid with subsequent encapsulation leads to a stabi-
lized SERS particle. Modification of the shell with spacers and their conjugation to
antibodies finally yields SERS-labelled antibodies.
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Fig. 15.4 a Components of a target-specific SERS probe: Colloidal SERS substrate (Au/Ag
nanoshell), Raman reporters adsorbed to its surface (organic monolayer), an optional protective
encapsulant (glass shell) and a target-specific binding molecule (antibody) attached to the SERS
label via a spacer molecule; b Synthesis of SERS-labelled antibodies: The metal colloid is incubated
with Raman labels and optionally encapsulated with a protective shell. The resulting encapsulated
SERS label is then conjugated to antibodies via spacer units [18]

15.3.1 Choice of Metal Colloids as SERS Substrates

The first step to design a SERS label is to choose and prepare a metal colloid with
the desired optical properties, in particular with respect to the position of the LSPR
peak and the achievable signal enhancement. Noble metal NPs in the size range
10-100 nm are typically suitable for SERS and in addition to size, other parameters
such as shape and chemical composition determine their optical properties. Ideally,
the Raman enhancement is so high that single nanoparticles can be detected.

15.3.1.1 Single Nanoparticle-Based SERS Substrates

Optical excitation of localized surface plasmons is achieved by matching the plasmon
peak of the metal colloid with a given laser wavelength for resonant excitation. In
biomedical applications, SERS substrates with a LSPR peak in the red or NIR region
are often favored, because of minimal autofluorescence of biological specimens and
improved image contrast [27, 28]. Silver and gold NPs are the most widely used SERS
substrates, however, their extinction maximum occurs in the blue to green region,
respectively. Au/Ag nanoshells are suitable substrates in biomedical applications
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Fig. 15.5 a Photographs of different noble metal colloids with a diameter of ~55 nm, together
with the approximate wavelength of the plasmon peak in water. In contrast to Ag and Au solid
nanospheres, the plasmon resonance of Au/Ag nanoshells occurs in the red to near-infrared region
and - in addition to the particle diameter - can be controlled by the shell thickness; b Experimental
extinction spectra of different noble metal nanoparticles (~60 nm AgNPs, Au NPs and Au/Ag
nanoshells) in water [18]

since their LSPR peak is tunable from the red to NIR region (Fig. 15.5a). The optical
properties of nanospheres can be calculated by the Lorenz-Mie theory.

Figure 15.6 illustrates the tunable plasmon band of Au/Ag nanoshells [29] with
varying shell thickness based on Mie calculations [30, 31]. All particles have a
diameter of 55 nm and the shell thickness d decreases from left to right. The position
of the LSPR peak depends on a number of parameters, in particular the size of
the NPs and the dielectric function of both the metal and the surrounding medium.
The experimental extinction spectra of quasi-spherical 60 nm AgNPs, AuNPs and
Au/Agnanoshells in water are shown in Fig. 15.5b: the corresponding LSPR peaks are
observed at ~430, ~540 and ~630 nm, respectively. By using red laser (He-Ne laser,
632.8 nm) excitation, it has been shown experimentally that 60 nm Au/Ag nanoshells
yield about 8 times higher SERS intensities compared with gold nanospheres of
the same size [26]. Besides the nanoshells with a solvent core and a Au/Ag alloy
shell discussed here, several kinds of other nanoshell structures, such as SiO,/Au
nanoshells, hollow Au nanoshells, and nanocages, have been developed as SERS
substrates [32-35].

A new class of multibranched metal NPs such as nanostars or nanoflowers [36,
37] are of particular interest because minor shape modifications enable manipulation
of their optical properties. Similar to the nanoshells, the LSPR peak of nanostars
is tunable throughout the visible and NIR spectrum. Furthermore, the increased
surface area and roughness allows more Raman reporter molecules to be attached
on the nanostars than on spherical NPs with a same size and due to their sharp
tips, they exhibit high SERS enhancement factors, enabling single-particle SERS
detection [38]. In contrast to nanospheres and nanoshells, which exhibit a single
LSPR peak, nanorods [39, 40] have two resonances: a weak transverse plasmon
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Fig. 15.6 Extinction spectra of single Au/Ag nanoshells with a constant diameter of 55 nm but
varying shell thickness, calculated by Lorenz-Mie theory with water as the surrounding medium.
The plasmon peak shifts to higher wavelengths as the shell becomes thinner [18]

peak in the visible region and a strong longitudinal plasmon peak in the longer
wavelength region. Au nanorods have also attracted much attention because their
longitudinal plasmon resonance as well as the Raman enhancement can be tuned by
changing their aspect ratio [41].

15.3.1.2 Aggregates and Assemblies of Metal Nanoparticles as SERS
Substrates

Aggregation of metal NPs (Fig. 15.7a) exhibit great SERS enhancements at the junc-
tions between the NPs, which are usually called “hot spots™.

(a) (b)
NP Aggregates NP Assemblies

Raman reporters

Fig. 15.7 a Protein (BSA)-encapsulated aggregates of metal nanoparticles; b Well-defined assem-
blies of metal nanoparticles
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The electromagnetic field enhancement at hot spots of up to several orders of mag-
nitude enables even single-molecule detection [42]. Particle aggregation is initiated
very easily, for example, simply by changing solvents or adding salts. Control over
size and shape of NP aggregates is highly desirable for fabricating uniform SERS
labels with reproducible signals on a particle-by-particle basis. The biotechnology
research group of Intel Corporation claimed to have established a method of Raman
label-induced controlled aggregation of silver NPs, the so called Composite Organic-
Inorganic Nanoparticles (COINs) [43]. BSA encapsulation is adopted to stabilize the
NPs from further aggregation and introduce surface functional groups for bioconju-
gation [44]. Alternatively, different methods such as electrophoresis, filtration, size
exclusion chromatography and density gradient centrifugation can be used to sepa-
rate small clusters from larger aggregates in crude colloidal mixtures. For example,
Salehi and Steinigeweg et al. have established a method to purify small glass-coated
clusters (dimers and trimers) of Au NPs by using continuous density gradient cen-
trifugation. The purified clusters exhibit the desired single-particle SERS brightness,
even at acquisition times as short as 30 ms per pixel [45].

In addition to small NP aggregates, well defined NP assemblies, which contain
controllable hot spots (Fig. 15.7b), are also developed as bright SERS substrates.
Dimers of metal NPs are the smallest possible assemblies, which exhibit a single hot
spot between the two NPs upon resonant laser illumination. Geometrical configu-
rations that integrate more than two metal NPs into three dimensions represent the
next level of complexity beyond dimers and produce multiple hotspots [46]. Silica
particles are commonly used as a template for the assembly of many small metal
NPs onto its surface, followed by the adsorption of Raman reporter molecules onto
the small satellites. The satellite NPs can be either synthesized in situ by adsorbing
metal salts and adding reducing agents [47, 48] or be assembled with as-prepared NPs
based on covalent linkage or electrostatic interaction [49]. For example, Jeong and
co-workers have introduced fluorescent SERS dots, which consist of silica NPs as a
core with Raman reporter-labelled silver NPs on their surface and a fluorescent dye-
conjugated outer silica shell. The overall size of the assemblies is ca.240 nm and they
have been applied for multiplexed molecular diagnostics [48]. Further, also 3D plas-
monic nanoassemblies were successfully synthesized via electrostatic self-assembly
by Schliicker’s group [46]. Specifically, monodispersed 80 nm gold nanospheres
were incubated with Raman reporters and encapsulated with an ultrathin, about 2
to 3 nm thick silica shell and functionalized with amino groups, yielding positively
charged glass-encapsulated Au cores. Negatively charged, citrate-stabilized 20 nm
AuNPs were then assembled onto the surface of the Au cores via electrostatic attrac-
tion. Finite element method (FEM) calculations indicate that the plasmonic cou-
pling between the core and satellite particles as well as between satellites results in
large |E|* values of up to ~ 2 x 10'°. In order to avoid the relatively large core-
satellite gap (>2 nm) due to the silica shell, which reduces the plasmonic enhance-
ment, recently, the same group presented a new route to core-satellite assemblies
based on heterobifunctional Raman reporters which serve as molecular linkers for
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electrostatic conjugation [50]. With a small core-satellite gap (1-2 nm), 3D noble
metal NP assemblies using both AgNPs and AuNPs as core particles in combination
with smaller AgNPs or AuNPs as satellites were fabricated.

15.3.2 Labeling with Raman Reporter Molecules

The second step to construct a SERS label is the choice of Raman reporter molecules.
A large variety of molecules may be employed as Raman reporters. Ideal Raman
reporter molecules exhibit high differential Raman scattering cross sections for bright
SERS signals, a minimal number of Raman bands for multiplexing, strong adsorp-
tion to the colloid metal surface for stable binding and low or no photobleaching for
signal stability. Generally, Raman reporter molecules must be attached directly on or
at least near the surface of SERS substrates to experience significant Raman signal
enhancement (SERS distance dependence). Positively charged dyes, such as crystal
violet, Nile blue, basic fuchsin and cresyl violet may adsorb to the metal surface by
electrostatic interactions and delocalized m-electrons. Sulfur containing molecules
such as fluorescein isothiocyanate (FITC) and rhodamine B isothiocyanate (RBITC)
are also often used because of their high affinity to silver and gold [14]. Recently,
Chang’s group reported on the combinatorial synthesis and screening of a triph-
enylmethane dye library for developing highly sensitive SERS tags, from which they
found at least 13 compounds show stronger SERS signal than crystal violet [S1]. With
alipoic acid linker, the novel Raman reporters strongly bind to gold NPs and produce
strong and stable SERS signals [52]. While most of the commonly used Raman signa-
ture molecules are active in the UV/Vis range, endeavors were also made to develop
Raman reporters with absorption maxima that are resonant with NIR detection lasers.
By synthesizing and screening of an 80-member tricarbocyanine library, Chang and
co-workers identified CYNAMLA-381 as a NIR SERS reporter with 12-fold higher
sensitivity than the standard 3,3’-diethylthiatricarbocyanine (DTTC), and validated
its advantages for the construction of ultrasensitive in vivo SERS probes [53, 54].
More recently, Kircher’s group reported the design and synthesis of a class of NIR
absorbing 2-thienyl-substituted chalcogenopyrylium dyes tailored to have high affin-
ity for gold [55]. One notable feature of the pyrylium dyes is the ease in which a broad
range of absorptivities can be accessed, and consequently be matched with the NIR
light source by careful tuning of the dye’s optical properties. When adsorbed onto
gold NPs, these dyes produce biocompatible SERRS probes with attomolar limits of
detection amenable to ultrasensitive in vivo multiplexed tumour and disease marker
detection [55].

The SERS intensity correlates with the number of Raman reporter molecules on
the metal substrates. Porter and co-workers were among the first to employ self-
assembled monolayers (SAM) of Raman reporter molecules on noble metal NPs
for SERS in immunoassays [56]. They used arylthiols/disulfides as Raman reporters
which form a SAM on the metal surface via stable Au-S bonds [57]. The formation
of a SAM provides several significant advantages: the uniform orientation of Raman



15 ISERS Microscopy for Tissue-Based Cancer Diagnostics with SERS Nanotags 357

— EtOH
MEA MTA
= monolayer
b
S
5
MEA
800 1000 1200 1400 1600 submonolayer

Wavenumber / cm™

Fig.15.8 Influence of surface coverage on the brightness of SERS labels: complete SAM compared
to submonolayer coverage with Raman labels. The concentration of the colloid with submonolayer
coverage is two times larger than in the colloid with monolayer coverage. The increase in signal
brightness is 22 £+ 5 (n = 3) [26]

reporter molecules leads to reproducible SERS signatures; the dense packing mini-
mizes co-adsorption of other molecules on the particles surface and thereby reduces
or excludes unwanted spectral signals; in addition, a SAM maximizes the number
of Raman reporter molecules on the metal surface and creates a maximum SERS
intensity. For instance, Au/Ag nanoshells covered with a complete SAM yield ca.
22 times more intense signals compared with the sub-monolayer coverage Fig. 15.8
upon red laser excitation (632.8 nm) [26].

15.3.3 Protection and Stabilization

In biomedical applications, further stabilization and protection of the SERS labels
is generally a prerequisite. The encapsulation of SERS particles has several bene-
fits. For instance, the resulting chemical and mechanical stability of the colloidal
particles allows particle storage and prevents particle aggregation. Furthermore, the
desorption of Raman labels from the metal surface as well as the adsorption of spec-
trally interfering molecules from the environment to the surface can be eliminated.
Various encapsulants, including proteins, organic polymers, silica and hydrophilic
SAMs, have been applied to improve colloid stability and biocompatibility of
SERS labels as well as to provide functional groups for further bioconjugation
[27, 44, 45, 58].
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15.3.3.1 Stabilization with Proteins or Polymers

BSA and thiolated polyethylene glycol (PEG) are two kinds of commonly used
surface-coating molecules. BSA adsorbs on the metal surfaces via electrostatic inter-
actions and produces a protective shell. For instance, in a recent study Ren and co-
workers introduced a facile way to prepare BSA-coated SERS-based pH sensors [59].
Modification of the NPs with BSA not only protected the Raman reporter molecules
in complex conditions, such as high ionic strength solution or biological systems,
which ensures the sensitivity and stability of the sensor, but also prevented further
aggregation of the NPs and improved their biocompatibility. Another example is the
functionalization of COINs [44] (Fig. 15.9a): BSA and glutaraldehyde were intro-
duced to the COINSs to form a ca. 10 nm-thick organic encapsulant around them, and
to also provide carboxylic acid groups for subsequent bioconjugation. PEG is a non-
toxic and hydrophilic polymer that is commonly used to improve drug compatibility
and system circulation. Nie and co-workers have investigated the stability of PEGy-
lated gold NPs (Fig. 15.9b) by measuring their SERS signals under a wide range of
conditions. The thiol- PEG -coated NPs were stable in even very harsh conditions
including strong acids or bases, concentrated salts, or organic solvents (methanol,
ethanol and dimethylsulfoxide) [27].

1. BSA/ Glutaraldehyde

%
2. Glycine

(b)

PEG-SH

__u,,@

Fig. 15.9 a Coating of SERS labels with BSA [44]; b Coating of SERS labels with thiol-PEG [27]
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15.3.3.2 Silica-Encapsulation

Silica-encapsulated SERS labels are attractive because of their high mechanical sta-
bility and the option for long-term storage. The concept of silica encapsulation for
SERS labels was first introduced by Natan [60] and Nie [61] in 2003. Co-adsorption
of Raman labels and SiO; precursors (typically in a 1:20 stoichiometry) leads to for-
mation of a sub-monolayer coverage with Raman reporter molecules onto the metal
surface, followed by silica encapsulation with a modified Stober method [62]. The
glass shell provides chemical and physical stability to the SERS label, as well as
storage stability and protection against mechanical deformation.

As mentioned in Sect. 15.3.2, in contrast to the sub-monolayer coverage with
Raman reporter molecules, a complete SAM with full surface coverage leads to a
higher sensitivity. Silica-encapsulated SERS particles comprising a complete SAM
combine the chemical stability of a glass shell with the spectroscopic advantages
resulting from the maximum and dense surface coverage with Raman reporters in
a uniform orientation. Figure 15.10 shows two different synthesis routes towards
silica-encapsulated SERS labels comprising a full SAM.

In the first route [26] (Fig. 15.10 left), the addition of Raman labels (Ra)
to the SERS substrate produces SAM-coated metal nanospheres (la). Layer-by-
layer adsorption of poly(allylamine hydrochloride) (PAH) and polyvinylpyrrolidone
(PVP) onto the SAM leads to the polyelectrolyte-coated SAMs 1b and Ic, respec-
tively. The silica shell in 1d is then formed upon addition, hydrolysis and finally
condensation of tetraethoxy orthosilicate (TEOS). This route involves different sol-
vents exchange and multiple centrifugations, it is therefore labor and time intensive.
A simpler, faster and generally applicable route to silica-encapsulated SERS labels is
achievable viaa SAM containing terminal SiO,-precursors [63] (Fig. 15.10right): Ra
and terminal SiO,-precursor are covalently bound to each other (Ra-Si0O5), i.e. both
functions are merged into a single molecular unit. This strategy is independent of the
SAM’s surface charge, and is therefore universally applicable. However, it requires
an additional synthesis step for the Ra-SiO, precursor conjugate. The transmission
electron microscopy (TEM) images in Fig. 15.11 demonstrate the monodispersity of
the resulting glass-encapsulated SERS NPs [26]. The thickness of the glass shell can
be controlled by the amount of TEOS. The 60 nm Au/Ag nanoshells in Fig. 15.11
have a ~10 nm thick (top left) and ~25 nm thick (bottom left, right) silica shell. In
addition to Au NPs and Au/Ag nanoshells, the silica encapsulation has also been
demonstrated for a variety of other plasmonic NPs, including gold nanostars [64],
dimers of gold NPs [65], aggregates [45], and core-satellite assemblies [46, 50],
which highlights the potential of this approach.

15.3.3.3 Hydrophilic Stabilization of SAMs

Instead of coating an additional polymer or glass layer on the SERS labels as
introduced above, another SERS label design is based on relatively short terminal
hydrophilic spacers attached to the SAM [58, 66]. In this rational design of SERS
labels depicted in Fig. 15.12, the stabilization of the SAM is achieved by attaching
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Fig. 15.10 Two different routes to SERS labels with a glass shell as an encapsulant and a self-
assembled monolayer (SAM) of Raman reporters on the surface of the metal nanoparticle. Left:
Three-step synthesis, starting from a SAM 1la of Raman reporter molecules (Ra) on the surface of
Au/Ag nanoshells, subsequent layer-by-layer deposition of the polyelectrolytes PAH (1b) and PVP
(1c) and finally the glass encapsulation using tetraethoxyorthosilicate (TEOS) to 1d [26]. Right:
One-step approach via a SAM 2a of Raman reporter molecules containing terminal SiO; precursors
(Ra-Si0,) and its direct silica encapsulation to 2b using TEOS [63]

hydrophilic monoethylene glycol (MEG) units with terminal OH groups to the Raman
reporters. A small portion of Raman reporter molecules is conjugated to longer tri-
ethylene glycol (TEG) units with terminal COOH moieties for bioconjugation. Four
advantages result from this strategy: (i) the colloidal surface is completely covered
exclusively by Raman reporters for maximum sensitivity; (ii) the entire SERS label
is hydrophilic and water soluble due to the MEG/TEG units, i.e. independent of a
particular Raman reporter molecule; (iii) increased sterical accessibility of the SAM
for bioconjugation via the longer TEG spacers with terminal COOH groups, and (iv)
the option for controlled bioconjugation by varying the ratio of the two spacer units
(TEG-OH : MEG-COOR).



15 ISERS Microscopy for Tissue-Based Cancer Diagnostics with SERS Nanotags 361

50 nm

— 50 NM = 50 nm

Fig. 15.11 Transmission Electron Microscopy (TEM) images of silica-encapsulated SERS labels
with ~10 nm (top left) and ~25 nm (bottom left and right) thick silica shells. The diameter of the
gold/silver nanoshell core is ~60 nm [26]
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Fig. 15.12 Hydrophilic SERS labels for controlled bioconjugation. A complete SAM of arylthiols
as Raman reporters is adsorbed onto the surface of the metal colloid. Hydrophilic mono- and
triethylene glycols (MEG and TEG, respectively) are conjugated to the Raman reporters and stabilize
the SAM. The water soluble SERS label can be conjugated to biomolecules via the terminal carboxy
moieties of the longer TEG spacers [58]

15.3.4 Bioconjugation with Antibodies

For iSERS applications, SERS labels must be conjugated to target-specific ligands
such as antibodies for antigen recognition. A comparison of different conjugation
protocols is summarized in a recent review [67], including physical adsorption, cova-
lent binding and use of adaptor biomolecules. The antibodies can be attached either
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directly to the NP surface, to the Raman labels, or to the encapsulant such as a PEG
or silica shell. Different conjugation strategies are discussed in this section.

15.3.4.1 Conjugation of Antibodies to SERS Substrates or to Raman
Reporter Molecules

Adsorption of proteins, especially of antibodies to colloidal gold (immunogold) based
on electrostatic forces, has been explored for decades. An initial design of SERS
labels for immunoassays by Porter and co-workers was based on the co-adsorption
of antibodies and Raman labels on the surface of gold NPs [56]. In this approach,
Raman reporter molecules (arylthiols) and antibodies are directly co-adsorbed to
the surface of Au NPs. By using different labels with little spectral overlap, two
different antigenic species can be detected simultaneously. However, this design suf-
fers from non-specific binding and “cross-talk” between different SERS labels [57].
An alternative approach based on covalent binding of the antibodies to the Raman
reporter molecules improved particle stability and lowered the detection limit, but
the steric accessibility of the COOH moieties reduced due to the densely packed
SAM [68]. Recently, the same research group presented an improved design using
a mixture of two different thiols: an aromatic thiol for the generation of intense and
characteristic Raman signals and an alkylthiol with a terminal functional group (e.g.
succinimidyl group) for bioconjugation [57]. Schliicker and co-workers have pre-
sented an approach (Sect. 15.3.3.3) to synthesize hydrophilic SERS labels in which
the colloidal particle was stabilized by two different ethylene glycols (MEG-OH
and TEG-COOH) attached to the SAM. This hydrophilically stabilized SAM design
guarantees maximum SERS signal intensity and enables efficient conjugation of
antibodies, while the number of antibodies can be controlled via the stoichiometric
ratio of the two spacers [58].

15.3.4.2 Conjugation of Antibodies to Protecting Shells

Proteins such as BSA contain a large number of amino and carboxyl groups, which
can be used for conjugation with targeting molecules. For example, the functional-
ization of an encapsulated COIN is based on the activation of the carboxylic acid
groups of BSA by N-(3-(dimethylamino)-propyl)-N’-ethylcarbodiimide (EDC); the
resulting O-acylisourea intermediates are reacted with amino groups from the anti-
bodies to form amide bonds between the encapsulation layer and the antibodies [69].
Polymer-encapsulated SERS labels usually provide terminal functional groups from
the polymer shell. For instance, Nie and co-workers introduced AuNPs coated with
thiolated PEG containing terminal carboxyl groups, to which single-chain variable
fragments (scFv) were covalently linked [27].

Silica encapsulation provides chemical and physical stability to the SERS labels.
Bioconjugation of silica-encapsulated SERS labels usually requires the introduction
of functional groups via silane chemistry, e.g. APTMS (NH,) or MPTMS (SH) [13].
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The presence of functional moieties on the silica shell then allows bioconjugation
of antibodies by established protocols, i.e. amino groups (via succinimides, isoth-
iocyanates or hydrazines), carboxyl groups (via carbodiimides), thiol groups (via
maleimides or acetyl bromides) and azides (via click chemistry) [70].

15.3.4.3 Conjugation of Antibodies by Chimeric Proteins

Molecular recognition of the target antigen by the antigen recognition sites of the
antibody is highly important for obtaining molecular specificity and reliable diag-
nostic results in IHC. However, conventional bioconjugation schemes (Fig. 15.13a)
through covalent binding do not provide site-specificity, i.e. there is no control over
reaction with a particular amino acid residue: the amino acid residues might be close
to the Fc part of the receptor (preferred) or within the antigen recognition sites (non-
preferred). Overall, this uncontrolled binding in terms of missing site-specificity
may result in a “scrambled” orientation of the antibodies on the surface of the SERS
labels. In contrast, the approach (Fig. 15.13b) employed by Salehi et al. avoids this
problem by using the chimeric protein A/G, which exhibits multiple bindings to the
Fc domain of the antibody [71]. Coating the silica surface of the SERS labels with
protein A/G leads to controlled binding and directed orientation of the antibodies

Fig.15.13 Silica-encapsulated clusters of AuNPs coated with a SAM of Raman reporter molecules
(left) are bright SERS labels with single-particle SERS brightness. a Uncontrolled binding of the
antibody onto the glass surface of the SERS NP clusters. Due to the uncontrolled orientation of the
antibodies, antigen binding sites may be blocked. b Controlled binding and directed orientation of
the antibodies onto the silica surface of the SERS NP cluster via coating with protein A/G (blue),
which exhibits multiple binding sites for the Fc fragment of the antibody (red). In this case, all
antigen binding sites are accessible [71]
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onto the silica surface, and is therefore desirable in iISERS staining since all antigen
recognition sites of the antibody are accessible for binding to the antigen.

15.3.5 Single-Particle Brightness and Homogeneity
of SERS Labels

iSERS microscopy is a novel imaging technique in tissue diagnostics based on the
selective staining of multiple target proteins in tissues. The quality of the IHC stain-
ing results strongly depends on the quality of the SERS NPs. Brightness, ideally a
detectable SERS signal at the single-particle level, and homogeneity, ideally every
SERS particle is equally bright, are the two key issues related to (quantitative) iSERS.
The term “‘single-particle brightness” may be defined in a pragmatic way: a SERS
label with single-particle brightness per definitionem exhibits a detectable SERS sig-
nal within the defined acquisition time per point (pixel), usually milliseconds [45] or
at most 1s. In a recent study [45], two central questions in iSERS microscopy were
addressed: (i) What is the role of SERS labels with single-particle brightness in IHC
in terms of false-positive results? and (ii) What are the resulting requirements on the
purity of the SERS colloid at the ensemble level?

The role of single-particle brightness in IHC is schematically illustrated in
Fig. 15.14. Silica-encapsulated dimers of gold NPs have been demonstrated to exhibit
single-particle SERS brightness (1 sec acquisition time) in correlative single-particle
AFM/SERS experiments [65]. Figure 15.14a shows the situation of “binding plus
detectable SERS signal” when such a dimer, conjugated to the corresponding anti-
body, binds to the antigen presented on the tissue section. Due to the single-particle
SERS brightness of this type of highly active SERS label, a Raman signal is detectable
within the defined acquisition time of the Raman mapping experiment. Overall, the
presence of the antigen is correctly indicated by the Raman spectrum of the SERS
label (positive result). In contrast to dimers, single gold NPs do not exhibit a notable
plasmonic enhancement. In previous experiments on single 60 nm gold NPs, no
SERS signal could be detected within 1 s acquisiton time [65]. A recent experimen-
tal study also demonstrated that 80 nm gold and silver NP monomers were both not
SERS-active [72]. Figure 15.14b shows the situation of “binding but no detectable
SERS signal” for gold NPs monomers conjugated to antibodies for target recognition.
Although the antibody correctly recognizes its antigen, no SERS signal is detectable
due to the lack of plasmonic activity of the single gold NP used as a SERS label.
Overall, a false-negative result is obtained.

The second question on the role of using homogenous SERS colloids at the ensem-
ble level is directly related to the first one. Again, antibody-monomer conjugates
yield false-negative results (Fig. 15.14b) and the corresponding antigen is not acces-
sible anymore for detection by an antibody-dimer conjugate. Therefore, a colloidal
mixture containing both NPs with and without single-nanoparticle brightness is not
optimal for iSERS microscopic experiments; instead, only highly sensitive SERS
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Fig. 15.14 The role of single-particle brightness in IHC via iSERS microscopy. a Clusters (dimers
and trimers) of gold NPs with single-particle brightness yield positive results, while b monomers
without single-particle brightness give false negative results [45]

labels with single-particle brightness should be employed. In summary, in a popu-
lation of SERS labels, every particle exhibits single-particle brightness. Every indi-
vidual SERS NP that selectively binds to the target should be detectable within the
given (short) acquisition time (per pixel). Otherwise, false-negative results may be
generated.

Correlative SEM/SERS experiment of single particles provide the most direct and
unambiguous way for establishing structure-activity correlations [46]. Determining
the structure of a single plasmonic nanostructure as well as its optical activity requires
electron and optical microscopic experiments on the same particle. First, it is nec-
essary to ensure that exactly the same particle is characterized by both electron and
optical microscopy. Second, this particle must be spatially isolated from other par-
ticles in order to avoid disturbing spectral interferences in the optical experiments.
Salehi et al. have compared SERS signals from a glass-coated monomer, dimer, and
trimer of gold NPs by correlative SEM/SERS experiments [45] Fig. 15.15. Colloids
were deposited on a framed silicon waver and high resolution scanning electron
microscopy (HR-SEM) was employed to identify single NPs/clusters. With 30 ms
integration time, the glass-coated trimer (red) and dimer (blue) yielded detectable
SERS signals, while the glass-coated monomer (black) did not. The SERS signal
from the single trimer is about two to three times stronger than that from the sin-
gle dimer. This is presumably due to orientation effects since the dimer response is
highly anisotropic while that of the trimer is not. Also, the trimer has a larger number
of hot spots than the dimer. Multiple hotspots occurs at the tips of nanostars and at
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Fig. 15.15 Correlative dark-field/SERS/SEM single-particle experiments on glass-coated
monomers and clusters of gold NPs. a Dark-field microscopy, b SERS microscopy and ¢ HR-
SEM images. Only the glass-coated gold trimer (yellow arrow) and dimer (green arrow) exhibit
single-particle SERS brightness (30 ms integration time), while the glass-coated monomer (blue
arrow) does not. d Normalized single-particle SERS spectra of the glass-coated monomer, dimer,
and trimer from (b) [45]

the junctions between two nanospheres in 3D plasmonic superstructures. Thus, they
exhibit a quasi polarization-independent SERS response at the single-particle level
[38, 46, 50].

15.4 Application of iSERS Microscopy for Tissue-Based
Cancer Diagnostics

iSERS microscopy is the combination of target-specific SERS probes and Raman
microspectroscopy. Various methodologies in Raman microspectroscopy are avail-
able [73]. Mapping approaches with point or line focus illumination, providing full
spectral information in combination with a xy-translation stage are most commonly
applied.

15.4.1 Localization of Single Proteins by iSERS Microscopy

The proof of principle for iSERS microscopy using a SERS-labelled primary anti-
body for protein localization in tissue was demonstrated by Schliicker and coworkers
in 2006 [74]. Prostate-specific antigen (PSA) was chosen as a target protein because of
its high expression levels in prostate tissue and its selective histological abundance in
the epithelium of the prostate gland. By using Au/Ag nanoshells as colloidal SERS
substrates, aromatic thiols as Raman reporters, the localization of PSA in tissue
specimens of biopsies from patients undergoing prostatectomy was achieved with
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Fig. 15.16 Proof of principle for iSERS microscopy using SERS-labelled primary antibodies for
tissue diagnostics. Prostate-specific antigen (PSA) was localized in biopsies from patients with
prostate cancer. Left: White light image of the prostate tissue section. Three different histological
classes can be observed: epithelium, stroma or connective tissue and lumen, in which PSA is either
abundant (+) or not (—). Right: Spectra obtained at the locations (A) to (E) indicated by arrows in
the white light image. SERS-labelled anti-PSA antibodies are detected in the PSA-(+) epithelium
(locations A-C), exhibiting the characteristic Raman signals of the SERS label. Locations in the
PSA-(-) stroma (D) and lumen (E) serve as negative controls where no spectral contributions of the
SERS-labelled antibody are detected [74]

SERS-labelled primary anti-PSA antibodies. SERS signals were detected in the
PSA-(+) epithelium of the incubated prostate tissue section (Fig. 15.16A-C),
while locations in the PSA-(-) stroma and lumen served as negative controls
(Fig. 15.16D, E).

Further applications of iSERS microscopy for tissue diagnostics with various
types of SERS probes appeared soon after this initial study. For example, Sun and
coworkers used BSA-coated aggregated silver clusters (COINs) as SERS NPs for
PSA localization in prostate tissue sections [44]. In order to illustrate the multiplexing
capabilities of iSERS in tissue staining, a two color-COIN staining against PSA was
performed: SERS labels with two distinct Raman signatures were conjugated to anti-
PSA antibodies, and simultaneous applied to the tissue. The characteristic Raman
signatures from both COINs were detected at almost every location in the epithelium,
suggesting that steric hindrance from the SERS probes does not represent a major
problem. In a subsequent study, the same group presented a detailed comparison of
the staining performance with SERS- and fluorophore-PSA antibody conjugates on
adjacent tissue sections [69]. Staining with COIN- and Alexa-fluorophore labelled
antibodies yielded similar results, with a lower staining accuracy for COINs, which
is attributed to an elevated false negative rate, but signal intensities were comparable
for COINs and Alexa-fluorophore, supporting the further development of SERS NP
labels for iSERS.

Application of Au/Ag nanoshells with a hydrophilic-spacer SAM on selective
imaging of PSA by SERS microscopy is illustrated in Fig. 15.17 [58]. A bright
field image is shown in Fig. 15.17a, the region used for Raman point mapping is
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Fig. 15.17 iSERS imaging for tissue diagnostics. a Bright field microscope image of a prostate
tissue section. Different histological classes are indicated: lumen (L), epithelium (E) and stroma
(S). The rectangular box shows the region in which spectra were acquired by point mapping. b
The false-color SERS image. ¢ Representative SERS spectra recorded at selected locations in the
(E), (L) and (S). d Overlaid bright field image with the false-color SERS image shows that the
characteristic signal of the SERS-labelled antibody is observed selectively in the epithelium. Low
nonspecific binding is attributed to the hydrophilic ethylene glycols of the SERS probes [58]

indicated with a white box. Three different histological classes can be identified:
epithelium (E), stroma (S) and lumen (L). Epithelium is PSA-(+), while (S) and
(L) are PSA-(-). The false-color image in Fig. 15.17b is based on the intensity of
the Raman marker band at 1336rel. cm™!, which shows the selective abundance of
PSA in the epithelium. Representative SERS spectra recorded at selected locations
in the (E), (S) and (L) are shown in Fig. 15.17c. In negative control experiments
with either bare SERS labels or SERS labels conjugated to BSA, no binding to the
tissue was observed. This additionally confirms the specific recognition capacity of
the SERS-labelled anti-PSA antibody in the epithelium.

Localization of the basal cell marker p63 is a clear test whether iSERS microscopy
provides the necessary specificity for selectively staining the nuclei of the basal cells.
In a recent study [66], hydrophilically stabilized gold nanostars served as SERS
labels for imaging of p63 in benign prostate biopsies. The comparison of the SERS
false-color image and the white light image in Fig. 15.18a reveals that p63 is only
abundant in the basal epithelium of benign prostate tissue, but not in the lumen
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Fig. 15.18 a Bright field image of a prostate tissue specimen with an overlaid SERS false-color
image based on the intensity of the 1340rel. cm~! Raman marker band of the SERS label. b Five
representative SERS spectra from different locations in (a), indicated by white crosses in the SERS
false-color image (from top to bottom) [66]

or other histological classes and subclasses such as connective tissue (stroma) and
secretory epithelium. Five representative SERS spectra from different regions in
Fig. 15.18a are displayed in Fig. 15.18b: (1-3) basal epithelium, (4) lumen and (5)
stroma. The corresponding locations are marked with white crosses in Fig. 15.18a
(1-5: from top to bottom). The SERS mapping experiment clearly demonstrates the
specific binding of the SERS-labelled anti-p63 antibody to its target molecule p63
in the basal epithelium. Negative control experiments with SERS-labelled BSA did
not exhibit detectable Raman signals.

Epstein-Barr virus (EBV)-encoded latent membrane protein 1 (LMP1) is closely
associated with the occurrence and development of nasopharyngeal carcinoma and
can be used as a tumor marker in screening for the disease [75]. Chen and cowork-
ers fabricated LMP1-functionalized and 4-mercaptobenzoic acid (4-MBA)-labelled
Au/Ag core-shell bimetallic NPs. They applied them for analyzing LMP1 in nasopha-
ryngeal tissue FFPE sections obtained from 34 cancer patients and 20 healthy con-
trols. Data from iSERS microscopy showed that this kind of SERS NP conjugates
detected LMP1 in nasopharyngeal tissue sections with high sensitivity and speci-
ficity. The results are superior to those of conventional IHC staining for LMP1 and
in excellent agreement with those of in situ hybridization for EBV-encoded small
RNA [75].

The development of increasingly sensitive SERS NP labels with single-particle
brightness enables faster imaging experiments. Earlier reports of iSERS microscopy
used integration times of 100 ms [44, 66] or even 1 sec [74]. In a recent study
presented by Salehi et al. a proof of concept for rapid iSERS microscopy with 30 ms
acquisition time per pixel for selective imaging of p63 in prostate tissue sections
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was demonstrated [45]. Purified glass-coated clusters (dimers and trimers) of gold
NPs were applied as SERS labels and conjugated to anti-P63 antibodies. With 30 ms
acquisition time per pixel, the selective staining of p63 in the basal cells of the
epithelium is clearly observable. Negative control experiments (100 ms per pixel)
with SERS-labelled BSA indicate no or only minimal non-specific binding. Time
efficiency is critically important in particular when large or even very large areas
in histopathological studies must be investigated, not necessarily with high spatial
resolution, but with a large number of points.

15.4.2 Co-localization of Multiple Proteins by iSERS
Microscopy

A central advantage of iSERS is its enormous spectral multiplexing capacity for
multi-color IHC. Generally, the term multiplexing refers to the parallel determina-
tion of several parameters within a single experiment. In the context of SERS as a
labeling strategy for targeted research, multiplexing addresses the issue of simulta-
neously detecting and identifying the spectral fingerprint of several distinct SERS
nanoparticle labels conjugated to different target-specific ligands, i.e. antibodies in
the case of IHC.

Fig. 15.19 shows the SERS spectra of two different SERS labels comprising aro-
matic thiols present as a SAM on the surface of AuNPs [71]. The two Raman reporter
molecules are 4-nitrothiobenzoic acid (4-NTB, red solid line) and 4-mercaptobenzoic
acid (4-MBA, green solid line), respectively. Since unique and spectrally separated
Raman marker bands for both SERS labels are available, a univariate approach based
on the integrated Raman intensities of single peaks - here around 1340rel. cm™! (4-
NTB, red) and around 1590rel. cm~! (4-MBA, green) - is sufficient for spectral
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discrimination in a two-color SERS microscopic experiment employing 4-NTB- and
4-MBA-based SERS labels.

Using highly sensitive, silica encapsulated gold nanoparticle clusters as SERS
labels, two-color iSERS microscopy for co-localization of PSA and p63 in non-
neoplastic prostate tissue FFPE specimens was demonstrated [71]. The tissue sections
were incubated with both SERS-labelled PSA antibodies (Raman reporter: 4-NTB)
and SERS-labelled p63 antibodies (Raman reporter: 4-MBA). The false-color SERS
image in Fig. 15.20 confirms the binding specificity and signal brightness of the two
SERS probes: p63 is selectively observed in the nuclei of the basal cells, while PSA
is abundant in the entire epithelium, but not in the stroma.

For multi-color (>2) SERS experiments, data analysis based on single Raman
peaks is usually not feasible because of spectral overlap. For decomposition of the
overlapping spectral contributions of the individual SERS probes, signal processing
algorithms must be applied. Knudsen and coworkers reported a multiplex spectral
fitting method that exploits the entire fingerprint to separate and quantify individual
SERS probe signals [76]. They first tested four COINs conjugated to antibodies in
a quadruplex plate binding assay detecting PSA in solution. Figure 15.21a shows
the spectral decomposition for one sample. The best-fit spectrum (black) is overlaid
on the measured spectrum (gray, largely covered by the black) and contains sig-
natures of all four antibody-COIN conjugates. Isolated peaks arising from a single
COIN are indicated by colored arrows, while peaks arising from multiple COINs
are indicated by colored boxes. The typical single peak method cannot be used for
quantification due to spectral overlap. The spectral fitting method exploits the entire

CCDects
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Fig. 15.20 Two-color immuno-SERS microscopy for the co-localization of p63 (green) and PSA
(red). a White light image of a healthy prostate sample. b Overlay with a p63 false-color SERS
image; Raman reporter: 4-MBA. ¢ Overlay with a PSA false-color SERS image; Raman reporter:
4-NTB. d Co-localization by overlay with p63/PSA false-color images. Acquisition time: 100 ms
per pixel [71]
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Fig. 15.21 a Spectral deconvolution of the quadruplex assay. The upper traces represent the mea-
sured spectrum (gray, largely covered by the black spectrum) and best-fit (black) spectrum. The
colored lines represent the pure COIN spectra extracted with the spectral deconvolution method.
Peaks that primarily arise from a single COIN are shown by colored arrows, and peaks arising from
multiple COINSs are color-coded by boxes. b Dose-response curves for the multiplex plate binding
assay using four COIN preparations conjugated to anti-PSA antibody. ¢ Spectral deconvolution in
a multiplex FFPE tissue assay. BFU-COIN was conjugated to anti-CK18 antibody (BFU-CK18);
AOH-COIN was conjugated to anti-PSA antibody (AOH-PSA), and a fluorescent dye targeted DNA
(YOYO) [76]

spectral signature to extract individual component spectra (Fig. 15.21a, colored) and
quantitative signals for each antibody-COIN conjugate. The calculated intensity of
individual antibody-COIN conjugates in Fig. 15.21b is proportional to the coated
PSA concentration and comparable to the linear antibody-COIN dose-response in
singlet experiments. Then the authors applied the spectral fitting method to image
the expression of PSA, cytokeratin-18, and DNA in FFPE prostate tissue sections
(Fig. 15.21c). The spectral analysis method effectively removes tissue autofluores-
cence and other unknown background, allowing accurate and reproducible imaging
at subcellular spatial resolution.

15.4.3 Non-specific Binding

Rapid advances in nanotechnology have led to an increasing number of nanomate-
rials for biomedical applications in the areas of cancer diagnostics and therapeutics.
For both in vitro and in vivo applications of NPs conjugated to targeting molecules,
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one of the major challenges is the reduced targeting efficiency caused by non-specific
binding. The main reasons for non-specific binding using functionalized NPs are: the
increased size, weight and surface area of NPs compared to traditional labeling with
dyes or molecular fluorophores; conjugation of the targeting molecules onto NPs usu-
ally requires the introduction of reactive functional groups on the NPs, while excess
or unreacted groups often lead to increased nonspecific protein interaction; aggre-
gation of NPs during the preparation process or in physiological media. Numerous
efforts have been made to analyse and reduce non-specific binding of bioconjugated
NPs, including: comparing the effect of size and shape of NPs on their targeting
efficiency; surface modification of NPs; blocking the surface of NPs with proteins or
hydrophilic molecules. A new strategy to minimize the effect of non-specific binding
in tissue staining is the simultaneous detection and ratiometric quantification of tar-
geted and non-targeted NPs by staining tissues with an equimolar mixture of targeted
NPs and non-targeted NPs that account for nonspecific effects [77].

15.4.3.1 Size and Shape of NPs

Immunogold labeling, in which colloidal gold in the size range from few nm up to
30 nm is attached to antibodies, has been broadly applied for identification and local-
ization of proteins at the ultrastructural level. Colloidal gold particles with different
diameters (5 and 20 nm) were compared with respect to non-specific binding. The
results indicate that small gold NPs have a greater tendency to non-specific binding
although they present higher labeling densities resulting from the greater accessibil-
ity to binding sites and lower steric interference [78]. This is probably due to a larger
percentage of uncoated surface area with proteins on 5 nm NPs than the larger NPs
[79]. Recently, Mitragotri and coworkers reported a surprising finding that particle
shape enhances avidity as well as specificity of interactions of antibodies with their
targets. Using spherical, rod-, and disk-shaped polystyrene NPs and trastuzumab as
the targeting antibody, they studied specific and nonspecific binding and uptake in
breast cancer cells. The conclusion is that, rod-shaped NPs exhibit higher specific
and lower nonspecific accumulation compared with their quasi-spherical counter-
parts [80].

15.4.3.2 Surface Modification and Blocking of NPs

Covalent conjugation of target-specific binding molecules to the SERS nanoparti-
cle labels requires the presence of functional groups on the surface of the parti-
cles. However, following conjugation, excess active functional groups, which are
capable of binding to or reacting with various chemical and biological species,
might induce aggregation of NPs or non-specific adsorptions, and lead to false
positive/negative results. Therefore, nanoparticle surface design involves an opti-
mum balance of the use of inert and active surface functional groups [81]. Tan
and coworkers produced silica NPs with different functional groups, including
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carboxylate, amine, amine/phosphonate, poly(ethylene glycol), octadecyl, and car-
boxylate/octadecyl groups, and compared their non-specific binding behavior using
confocal imaging of amine-modified glass slides. The results indicate that silica NPs
modified with a combination of carboxylate and octadecyl groups have less agglom-
eration and non-specific binding to the glass slide as compared to NPs having only
carboxylate, octadecyl, or PEG groups on the surface [81]. In another immunoas-
say performed by Arslanoglu et al., carboxyl-terminated SERS tags show strong
Raman signal, specificity for the target protein, robust response in the presence of
various inorganic pigments, and reduced aggregation on sample surfaces compared
to amino-terminated or commercial SERS tags [82]. An elegant strategy established
by Nie’s group for modifying SERS labels is to functionalize the NPs with a mixed
layer of 85% thiolated PEG (HS-PEG), which ensures minimal non-specific binding
and stabilizes the NPs against aggregation, and 15% HS-PEG-COOH containing an
additional carboxyl group for conjugation with targeting molecules [27, 83]. The
dual-SAM design reported by Schliicker’s group is a similar approach to synthe-
size hydrophilic SERS probes. Two different ethylene glycol spacers are covalently
bound to the same type of Raman reporter molecule: a short monoethylene glycol
(MEG-OH) and a longer triethylene glycol (TEG-COOH) moiety. The terminal of
hydroxyl group of the MEG spacer guarantees water solubility and reduces non-
specific interactions, while the terminal carboxyl group of the TEG spacer allows
subsequent conjugation to biomolecules such as antibodies. Controlled bioconjuga-
tion is possible by varying the stoichiometric ratio of both spacers [58, 66].

An alternative approach to reduce non-specific binding is to block the NPs with
proteins like BSA or protein/PEG mixtures [84]. BSA is a blocking agent widely
used in enzyme-linked immunosorbent assay (ELISA), western blot and IHC, which
blocks potential sites of nonspecific interaction, eliminates background without alter-
ing or obscuring the epitope for antibody binding. It has also been reported that
BSA-conjugated NPs show improved stability against flocculation and low toxicity,
while simultaneously providing functional groups for further bioconjugation [85].
In recent studies on NP-based cell imaging, intracellular sensing or tissue staining, it
was found that an additional blocking step with BSA on the NPs effectively reduces
non-specific binding and minimizes cross talk [59, 85, 86].

15.4.3.3 Ratiometric Quantification of Specific and Non-specific
Binding

In the approaches discussed above, efforts are mainly made to minimize non-specific
binding through optimizing the preparation or modification process of the SERS
NPs. Recently, the dual-reporter ratiometric detection with multiplexed positive- and
negative-control contrast agents has become a valuable new strategy for accurately
quantifying specific versus non-specific signals [77, 87]. Distinguishing between
specific and non-specific probe accumulation on tissues is critical. Current designs
of the negative control to detect non-specific binding are normally performed in
two ways: i) staining two adjacent sections with target antibody-modified SERS
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NPs and non-targeted isotype control antibody-modified SERS NPs, respectively; ii)
compare accumulation of target antibody-modified SERS probes on normal tissue
sections and cancerous tissue sections. However, variable tissue optical and mechan-
ical properties (e.g. diffusion, porosity, interstitial pressure), uneven rinse removal of
unbound probes, and uneven detection working distance can all lead to non-specific
and misleading sources of contrast [88]. For example, Liu and coworkers observed
that non-targeted NPs which are topically applied on tissues show higher reten-
tion in normal tissues versus xenograft tumors [77]. Instead of using FFPE tissue
sections, they stained fresh tissues with an equimolar mixture of targeted NPs and
non-targeted NPs. A calibrated ratiometric analysis method was used to investigate
the performance of SERS probes under clinically relevant conditions, demonstrat-
ing the ability to accurately quantify molecularly specific versus nonspecific NP
accumulation on tumor and normal tissues with a spectral integration time of 0.1s
[77]. The authors claimed that, SERS NPs are particularly well-suited for ratiometric
detection, not only because of their high multiplexing capability but also due to the
ability to excite multiple SERS NP colors with a single laser wavelength, ensuring
that all SERS NPs are interrogated identically in terms of illumination intensity, spot
size and effective excitation depth [77]. Using a cocktail of many targeted SERS NPs
and one non-targeted NP to account for nonspecific effects, this approach will offer
increased accuracy for multiplexed-tumor detection in spite of the large degree of
molecular heterogeneity amongst tumors [88].

15.5 Summary and Outlook

iSERS microscopy is anovel and promising imaging approach for tissue-based cancer
diagnosis, in particular because of its immense multiplexing capacity for simulta-
neous target localization in combination with quantification (see Fig. 15.22) [17].
First applications of iSERS microscopy in ex-vivo tissue imaging, i.e. the combi-
nation of target-specific antibody-SERS NP conjugates in conjunction with Raman
microspectroscopy, have been demonstrated within the last 10 years. These studies
were mainly performed on prostate tissue, which was also used in the proof of concept
experiment as a model, but multiplexed detection of prognostic markers in various
kinds of tissues are expected to appear within the next years.

As emerging optical nanodiagnostic probes, SERS NP labels have been devel-
oped as an attractive class of biological labeling agents with unique advantages and
applications that are not achievable with organic dyes or molecular fluorophores.
Advantages include spectral multiplexing, quantitation in combination with high
sensitivity and photostability. High quality data, in particular the ability to clearly
distinguish the SERS signals from background autofluorescence, is also an important
aspect. A disadvantage may be the relatively large size of SERS labels compared with
molecular fluorophores and quantum dots. However, in a recent study using SERS
NPs with two distinct spectral signatures for staining the same protein in tissue, both
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Fig. 15.22 SERS microscopy has the potential for the detection of multiple targets (multiplexing)
and their quantification, two important aspects for tissue diagnostics [17]

particles were detected in all spots, suggesting that steric hindrance from the SERS
probes does not represent a major problem [44].

Two most essential issues in the preparation of colloidal SERS labels are their
brightness, ideally at the single-particle level, and their homogeneity/uniformity at
the ensemble level. Several groups worldwide are actively working on improved
designs and syntheses of SERS labels with high brightness and reproducible sig-
nals. Target-specific binding molecules, including antibodies, peptides, engineered
proteins and nucleic acid aptamers, are “smart molecules” which recognize and
selectively bind to the corresponding targets. Antibodies are the most widely used
targeting molecules in current applications, however, in future studies, smaller tar-
geting molecules like peptides or aptamers may be increasingly used, in particular
because of their lower cost.

Advances in laser, filter, spectrometer and detector technology contributed to the
fact that Raman including SERS spectroscopy is now a mature analytical technique.
Easy to use commercial equipment permits to perform experiments without an in-
depth knowledge of optics and lasers. For Raman microscopy, extremely fast Raman
systems equipped with motorized xy-stages are commercially available, enabling
data acquisition down to only few milliseconds or even sub-milliseconds per pixel.
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In order to enable a direct comparison and correlation of Raman images to other
optical microscopic images, like fluorescence and dark-field, an integration of dif-
ferent optical techniques on the same microscope setup is favorable.
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