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Abstract

Early diagnosis, monitoring and treatment selection of cancer represent major chal-
lenges in medicine. The definition of the complex clinical and molecular landscape
of cancer requires the combination of multiple techniques and the investigation of
multiple targets. As a result, diagnosis is normally lengthy, expensive and, in many
cases, cannot be performed recursively. In recent years, optical biosensors, especially
those based on the unique properties of plasmonic nanostructures, have emerged as
one of the most exciting tools in nanomedicine, capable of overcoming key limita-
tions of classical techniques. In this review, we specifically focus our attention on the
latest advances in optical biosensors exploiting surface-enhanced Raman scattering
encoded particles for the characterization of tumor single cells (molecular biology)
and tissues (immunohistochemistry and guided surgery), as well as their application in
guided surgery or even in bioimaging of living organisms.

Keywords: Cancer, Diagnosis, Prognosis, Plasmonics, Surface-enhanced
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Introduction

Nowadays, one of the fundamental goals in medicine is the characterization of cancer
for early diagnosis, monitoring and treatment selection (precision medicine). To this
end, techniques such as cytology (Schramm et al. 2011), immunohistochemistry (Gown
2008), genomics [i.e., fluorescent in situ hybridization, FISH (Gerami et al. 2009), poly-
merase chain reaction, PCR (Khan and Sadroddiny 2016)] and next-generation sequenc-
ing (Koboldt et al. 2013) are currently employed to investigate solid samples of tumor
obtained by biopsy or surgery. Alternatively, imaging tools such as magnetic resonance
imaging (MRI) (Verma et al. 2012), computerized tomography scan (CTS) (Pearce
et al. 2012), positron emission tomography (PET) (Silvestri et al. 2013) and the differ-
ent variants of ultrasound imaging such as endobronchial ultrasound imaging and
echoendoscopy (Gu et al. 2009; Kuhl et al. 2005) are commonly applied directly on the
patient. As cancer is a multifactorial disease; a combination of information using dif-
ferent technologies, various imaging agents and diverse biomarkers is required to avoid
ambiguity. Thus, diagnosis is normally lengthy, expensive and, in many cases, cannot be
performed recursively, as it would require monitoring the actual state of the disease and
the efficiency of the treatment. In the last decade, many approaches have been devel-

oped to complement or even substitute the current methodologies in cancer diagnosis
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and monitoring. In fact, there is a strong interest in the development of highly sensi-
tive nanotechnological methodologies that would shift medical diagnosis (Howes et al.
2014) to the next level of the state of the art in biomedical diagnostics (Pelaz et al. 2017),
pathogen detection (Pazos-Perez et al. 2016) or gene identification (Morla-Folch 2016;
Morla-Folch et al. 2017). Among them, optical systems are ideally suited for fast and
accurate classification of tumor cells and tissues, early detection of intraepithelial or
intraductal diseases, including most cancers, and to assess tumor margins and response
to therapy. Optical methods offer several significant advantages over the routine clinical
imaging methods, including noninvasiveness through the use of safe nonionizing radia-
tion, the transparency of the soft tissues to the radiation in the biological window (Qian
et al. 2008; Smith et al. 2009), a facility for continuous bedside monitoring, and the high
spatial resolution (< 0.5 um lateral resolution in the visible range) (Alvarez-Puebla 2012).

Optical nanosensors based on surface-enhanced Raman scattering (SERS) are cur-
rently emerging as one of the most powerful tools in biomedicine. SERS combines the
extremely rich structural specificity and experimental flexibility of Raman spectros-
copy with the tremendous sensitivity provided by the plasmonic nanostructure-medi-
ated amplification of the optical signal (Le and Etchegoin 2009; Schliicker 2014). SERS
spectroscopy has now reached a level of sophistication that makes it competitive with
classical methods (e.g., confocal fluorescence microscopy) as it provides direct biochem-
ical information (vibrational fingerprint). The structural fingerprinting is very effective
owing to its narrow and highly resolved bands (0.1 nm compared with a bandwidth of
20—-80 nm for fluorescence). This resolution, in addition, can be exploited for the gen-
eration of a potentially infinite number of SERS-encoded particles (SEPs) that can be
used as contrast agents for real multiplex analysis. During the last 10 years, SERS has
been extensively used for the study and characterization of single tumor cells, tumor tis-
sues or even in vivo imaging of tumors (Jenkins et al. 2016). Although some strategies
based on direct SERS (using “bare” plasmonic nanoparticles with no surface function-
alization) (Allain and Vo-Dinh 2002; Baena and Lendl 2004; Gonzalez-Solis et al. 2013;
Sha et al. 2007) or even normal Raman scattering (Kong et al. 2015) have been proposed,
nowadays the most promising alternatives rely on the use of SERS-encoded particles to
screen, detect and characterize tumor cells and tissues.

Here, we review the latest advances exploiting SERS-encoded particles for the charac-
terization of tumor single cells (molecular biology) and tissues (immunohistochemistry
and guided surgery), as well as their application in bioimaging of living organisms (diag-
nosis), as illustratively summarized in Fig. 1).

Surface-enhanced Raman scattering encoded particles

The ability to quantify multiple biological receptors in parallel using a single sample
allows researchers and clinicians to obtain a massive volume of information with minimal
assay time, sample quantity and cost. Classically, such multiplexed analysis has been car-
ried out by using fluorescent labels (e.g., by attaching fluorophores to antibodies in the
case of immunostaining). Unfortunately, the broad (20-80 nm) and unstructured signal
provided by fluorescence limits to no more than four the number of codes that can be
used simultaneously and unambiguously in the same sample. In contrast, the high spec-
tral resolution of SERS allows acquiring well-defined vibrational spectra with bandwidths
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Fig. 1 Schematic outline of a representative example of SERS-encoded particle (SEP) and illustrative images
of diverse classes of applications for SEPs in (i) SERS imaging of an individual MCF-7 cell; adapted with permis-
sion from Nima et al. (2014). Copyright 2014, Nature Publishing Group. (i) Ex vivo SERS imaging of a tumor
tissue; adapted with permission from Wang et al. (2016). Copyright 2016, Nature Publishing Group. (iii) In vivo
SERS imaging at two different sites of an injected tumor. Adapted with permission from Gao et al. (2015).
Copyright 2015, Elsevier

smaller than 0.1 nm. Since each vibrational SERS spectra represents the chemical finger-
print of a specific molecule, the combination of efficient plasmonic nanoparticles with
molecular systems of large Raman cross sections (SERS probes) can generate a potentially
infinite library of encoded nanoparticles. Thus, SERS-encoded particles (SEPs) can be
schematized as hybrid structures comprising a plasmonic nanoparticle core, usually of sil-
ver or gold, coated with a SERS code and, preferably, with an additional protective layer of
polymer or inorganic oxide (mainly silica). It is worth noting that the terms SERS “code’,
“probe’; “label’; “reporter”, and “active molecule” are generally used as synonyms in the
scientific literature. Besides the multiplexing capabilities, SEPs may also offer key advan-
tages such as (i) quantitative information, as the spectral intensity of the corresponding
SERS code can be devised to scale linearly with the concentration of particles; (ii) the
need for only a single laser excitation wavelength to excite the Raman spectra of all SEPs;
and (iii) a high photostability and optimal contrast when near-infrared (NIR) excitations
are employed to minimize the disturbing autofluorescence of cells and tissues, while pro-
tecting them from the damage caused by visible lasers (Wang and Schlucker 2013).

Once prepared, SEPs can be conjugated with a variety of molecular species to
afford selectivity. For example, SEPs have been coupled with antibodies, nucleic acids
sequences or folates and used for selective targeting and imaging of different sub-
strates such as cells and tissues (Fabris 2016). It is worth noting that, in addition to such
active targeting, SEPs can also be delivered to tumors by a passive targeting mechanism
(Maeda et al. 2013; Weissleder et al. 2014). This approach exploits the preferred accumu-
lation of nanoparticles, within a certain size range and surface charge, on cancer tissue
as compared to normal tissues, a unique biological mechanism ascribed to an enhanced

permeability and retention (EPR) effect such as micropinocytosis.
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The major challenges associated with the SEP production are related to: (i) the colloi-
dal stability; (ii) functionalization and immobilization of (bio)molecules at the particle
surface; and (iii) leaching of the SERS probe. Several alternatives have been reported
to overcome these problems. Figure 2a illustrates a typical procedure to fabricate the
SEPs either with or without encapsulation. The simplest way to produce SEPs is by
using citrate-stabilized spherical Au or Ag colloids functionalized with a mixed layer
of an SERS active molecule and a stabilizing agent such as thiolated polyethylene gly-
col (PEG), mercaptoundecanoic acid (MUA) or bovine serum albumin (BSA) (Fig. 2b).
The outer protective layer improves nanoparticle stability and prevents the desorption
of the SERS codes from the particle surface. Further, the external stabilizing coating
provides functional groups on their surface for further bioconjugation (e.g., antibodies
or aptamers) for selective targeting (Catala et al. 2016; Conde et al. 2014; Pallaoro et al.
2011).

However, even though PEG or BSA improves SEP stability, nanoparticles are still sus-
ceptible to aggregation, and great care must be taken when manipulating colloids within
biological fluids. Therefore, a more robust coating was also developed and applied on
such constructs, such as a silica layer (Bohndiek et al. 2013; Jokerst et al. 2011; Mir-
Simon et al. 2015) or polymers like poly(N-isopropyl acrylamide) (NIPAM) (Alvarez-
Puebla et al. 2009; Bodelon et al. 2015) (Fig. 2f, g, respectively). These types of SEPs
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Fig. 2 a Schematic representation of a typical SEP fabrication route. b—j TEM images of various SEPs: b indi-
vidual and ¢ dimer Ag-encoded particles. Reproduced with permission from Catala et al. (2016) and Vilar-Vidal
etal. (2016). Copyright 2016, Wiley-VCH, and 2016 Royal Society of Chemistry. d Ag nanostars functionalized
with a Raman active molecule. Reproduced with permission from Rodriguez-Lorenzo et al. (2012). Copyright
2012, Springer-Nature. @ Au nanorods coated with Ag and codified (reproduced with permission from Chen
etal. (2016). f, g Spherical SERS-encoded Au particles coated with silica and NIPAM, respectively. Reproduced
with permission from Alvarez-Puebla et al. (2009) and Mir-Simon et al. (2015). Copyright 2009, Wiley-VCH,

and 2015, American Chemical Society. h Au nanostars functionalized with a Raman reporter and coated with
silica. Reproduced with permission from Gao et al. (2015). Copyright 2016, Wiley-VCH, and 2016, Royal Society
of Chemistry. i SERS-encoded Au@Ag nanorods deposited on silica-coated magnetic beads. These composite
materials are further coated with an outer silica shell decorated with CdTe quantum dots. Reproduced with
permission from Wang et al. (2014b). Copyright 2014, Wiley-VCH. j SERS-encoded silver particles coated, first,
with silica and then with mesoporous TiO, loaded with a fluorescent dye. Reproduced with permission from
Wang et al. (2012). Copyright 2012, Wiley-VCH
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are very stable due to the protective glass or polymer shell on their surface which, fur-
thermore, can be also easily modified to anchor biomolecules such as antibodies or
aptamers. Thus, for this reason, nowadays, silica- and polymer-coated SERS-encoded
nanoparticles are the most widely used SEPs.

SEPs made of metallic spherical cores are efficient enough for imaging, but larger
amounts are required to yield good signals. To increase the SERS efficiency of SEPs,
similar constructs were produced by using aggregates instead of individual nanoparti-
cles. These structures are also usually encapsulated in silica, PEG or mixed BSA—glu-
taraldehyde for stability and protection of the SERS codes (Henry et al. 2016). This
approach creates a collection of hot spots within the SEPs, leading to a considerable
intensity increase. However, the limited control over aggregate geometric features
(size, configuration and gap separation) that can usually be imposed in most of the
nanofabrication methods determines significant intensity variability from SEP to SEP.
Moreover, the final cluster sizes are relatively large. This factor is very important, as
there is an intrinsic size limitation of around 300 nm after which the hydrodynamic
stability of the particles is lost (Barbé et al. 2004; Feliu et al. 2017). On the contrary,
when homogeneous assemblies such as dimers (Fig. 2c), trimers or even assemblies
with higher coordination numbers can be prepared in high yields (Pazos-Perez et al.
2012; Romo-Herrera et al. 2011; Vilar-Vidal et al. 2016), the size limitations pose no
longer a problem while extraordinary field enhancements for SERS are indeed gener-
ated. However, their current synthetic protocols are tedious and require multiple puri-
fication steps.

Different single particle morphologies such as stars or rods have been proposed to
achieve higher SERS intensities than those produced by spherical particles without using
complicated assembly processes or producing inhomogeneous aggregates. Nanostars
and nanorods accumulate the electromagnetic field at their tips, giving rise to very
strong single particle SERS intensities (Alvarez-Puebla et al. 2010). Similar approaches as
for spherical colloids were applied for the preparation of SEPs using Au nanostars func-
tionalized with thiolated PEG (Morla-Folch et al. 2014; Yuan et al. 2012), or coated with
silica shells (Andreou et al. 2016; Henry et al. 2016; Huang et al. 2016; Mir-Simon et al.
2015; Oseledchyk et al. 2017). Figure 2d, h shows Au nanostars coated with Ag and silica,
respectively. The obtained intensities of the SEPs produced with Au nanostars are con-
sistently higher than those of spherical particles of the same size (Mir-Simon et al. 2015).
However, although many nanostars look homogeneous, the actual geometrical param-
eters of their tips are not (Rodriguez-Lorenzo et al. 2009), yielding significant intensity
variability from particle to particle. Besides, nanostars are usually produced with poly-
vinylpyrrolidone (PVP) in dimethylformamide (DMF), thus demanding an extensive
cleaning of the particles before the encoding process (PVP is retained at the gold surface
after the synthesis, hampering the diffusion and adsorption of the SERS probes at the
particle). Contrary to nanostars, geometrical features (length, width and even tip) of Au
nanorods can be nowadays perfectly controlled (Chen et al. 2013) allowing for a homo-
geneous SERS response of each particle while also offering the possibility of fine-tuning
their localized surface plasmon resonance (LSPR) within the visible—near infrared (Vis—
NIR). This characteristic has been used in conjunction with well-selected dyes, to create
SEPs with double resonance with the laser (i.e., LSPR of the particle + HOMO-LUMO
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band of the dye) giving rise to surface-enhanced resonance Raman scattering (SERRS)
with the subsequent increase in the signal intensity up to two to three orders of magni-
tude (Jokerst et al. 2012a; Qian et al. 2011; Von Maltzahn et al. 2009). As silver exhib-
its larger plasmonic efficiency than gold, fabrication of Ag nanorods has been pursued
to improve the enhancing SERS capabilities. However, the preparation of Ag nanorods
is extremely challenging and, for this reason, silver coating of preformed Au nanorods
(Au@Ag nanorods) has been largely preferred for this aim, paving the way to the fabri-
cation of SEPs (Fig. 2e) with a considerable increase in the SERS intensity (Chen et al.
2016). Still, synthesis of nanorods requires the use of hexadecyltrimethylammonium
bromide (CTAB) as a surfactant that electrostatically binds the metallic surface. As
for PVP for nanostars, the CTAB layer hinders the adsorption of SERS probes at the
nanoparticles, therefore demanding tedious and delicate post-synthetic procedures
to efficiently produce SEPs. Notably, while SERS intensities provided by nanostars or
nanorods are much higher than those of isolated rounded particles, they still remain far
below those afforded by (controlled or random) aggregates of spherical nanoparticles.

Multimodal imaging technologies have also been developed by implementing SERS
with other imaging techniques based on different physical effects such as fluorescence
and magnetism. For instance, silica- or titania-coated SEPs (Fig. 2j) have been conju-
gated with fluorophores or quantum dots on the silica surface (Cui et al. 2011; Qian et al.
2011; Wang et al. 2012, 2014b). In this case, the final goal is combining the fast acqui-
sition of fluorescence signal with the high multiplexing capability of SEPs. Likewise,
since magnetic resonance (MR) imaging is also a technique widely used, bimodal SEPs
combining SERS and magnetism have been similarly developed. Most of the reported
structures are achieved by conjugating magnetic particles onto the outer silica shell of
SEPs (Gao et al. 2015; Ju et al. 2015; Kircher et al. 2012). Finally, trimodal SEPs (Fig. 2i)
have been also demonstrated by using a multi-layered structure where the inner core is
a magnetic nanobead protected with a silica layer, which is further covered with SEPs
(Au@Ag nanorods) and, finally, with an outer silica layer. This latter shell allows to fix-
ate the deposited nanorods and provide anchor spots for CdTe quantum dots, which are
exploited as the fluorescent agents (Wang et al. 2014b) These multimodal approaches
further highlight the capabilities and great potential of SEPs for enabling more accurate
imaging.

SEP characterization of single cells

Cancer cells, even those within the same tumor, are characterized by high phenotypic
and functional heterogeneity as a result of the genetic or epigenetic change, environ-
mental differences and reversible changes in cell properties (Meacham and Morrison
2013). Such intrinsic variability plays a major role in metastasis, therapy resistance and
disease progression and, thus, experimental approaches capable of providing a complete
molecular landscape of cancer are key tools in cancer diagnosis, prognosis and treat-
ment (Meacham and Morrison 2013; Siravegna et al. 2017).

Although SERS microspectroscopy has been extensively employed in the study of
tumor tissues (this will be discussed extensively in the next section), the phenotypic
characterization of single cells is still in its infancy (Altunbek et al. 2016; Chourpa et al.
2008; Hu et al. 2016; Kneipp 2017; Nolan et al. 2012; Taylor et al. 2016). The rationale
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of using SERS for single cell studies over other imaging techniques, such as those based
on fluorescence read-outs, rests on its high multiplexing capabilities, sensitivity and
robustness to investigate the distinct properties of cancer cells, in particular by exploit-
ing antibody-conjugated SEPs targeting cell membrane receptors for immunophenotyp-
ing studies. Arguably, the most impacting single cell SERS phenotyping was reported
by Nima et al. (2014), who fabricated four different sets of SEPs (Fig. 3a) comprising an
Au@Ag nanorod as the plasmonic unit, a unique SERS label and an antibody (Ab) selec-
tively targeting a specific breast cancer marker. In detail, the authors employed three
anti-epithelial cell adhesion molecules (anti-EpCAM, anti-CD44, anti-cytokeratinl8),
and an anti-insulin-like growth factor antigen (anti-IGF-I receptor {). Notably, rod nan-
oparticles were designed to display an absorption maximum in the NIR range (a spectral
region where the biological tissue absorbance is minimal). As a result, SEPs also act as
excellent photothermal (PT) contrast agents (Jain et al. 2008; Polo et al. 2013), enabling
the possibility to combine a rapid sample pre-screening using pulsed PT excitation with
the high sensitivity of multiplex SERS imaging. Molecular targeting of tumor cells was
demonstrated in unprocessed healthy human blood (7 x 10° white blood cells, WBCs)
spiked with MCEF-7 cells (Nima et al. 2014). Upon 30 min incubation with the cocktail of
SEPs, 2-D SERS mapping of a single MCF-7 cancer was acquired (Fig. 3b). Each of the
four colors associated with the Raman vibrational barcode of the four SEPs can be eas-
ily distinguished despite the complex biological background, while no significant signals
were collected from WBCs in the sample or from cancer cells in the absence of SEPs.
Co-localization of multiple SEP signatures provides a highly enhanced level of detection
specificity by rejecting false positive readings, which may arise from monoplex or biplex
targeting. On the other hand, integration of super-contrast SERS method with PT func-
tionality into bimodal SEPs dramatically reduces the imaging time, allowing the rapid
detection of a single cancer cell without any tedious enrichment or separation steps.
Multimodal SEPs for fast and multiplexed imaging of cancer cells in vitro were also
previously employed by Wang et al. (2012), who, in this case, integrated fluorescence and
SERS signal read-outs. On the other hand, the multiplexing capabilities of SERS imaging
with SEPs were further investigated by Bodelon et al. (2015), who discriminated human
epithelial carcinoma A431 and nontumoral murine fibroblast 3T3 2.2 cells in mixed
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Fig. 3 a Outline of the fabrication steps of silver-coated gold nanorods (Au@Ag nanorods) and correspond-
ing SERS spectra of four different SEPs. The following colors were assigned to a non-overlapping peak from
each SERS spectrum: (i) blue (SERS label: 4MBA; Ab: anti-EpCAM); (i) red (PNTP/anti-IGF-1 Receptor B); (iii)
green (PATP/anti-CD44); (iv) magenta (4MSTP/anti-Cytokeratin18). 4MBA 4-mercaptobenzoic acid, PNTP
p-nitrobenzoic acid, PATP p-aminobenzoic acid and 4MSTP 4-(methylsulfanyl) thiophenol. b Transmission and
SERS imaging of: (i) MCF-7 cell incubated with SEPs; (i) MCF-7 cell with no SEPs (control); (iii) normal fibroblast
cell incubated with SEPs. The cells proceed from of a sample containing just one MCF-7 cell among 90,000
fibroblast cells. Adapted with permission from Nima et al. (2014). Copyright 2014, Nature Publishing Group
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populations cultured in vitro. Here, three Ab-functionalized SEPs, comprising gold
octahedra as plasmonic units, are simultaneously retained at the cancer cell membrane,
while only one is found to display affinity toward membrane receptors on the healthy
cells.

Notably, although the field of SERS single cell phenotyping is still limited, it is under
rapid development due to the enormous potential in terms of: (i) identification of new
therapeutical targets that may allow for the discovery of novel and more selective thera-
pies to safely target and kill tumor cells; and (ii) classification and recognition of differ-
ent tumor cells, which may lead to their easy detection allowing for pre-symptomatic
diagnoses or relapses. In the latter case, direct identification of tumor markers, such as
cancer cells, contained in bodily fluids (i.e., liquid biopsies) likely represents the most
powerful approach for the noninvasive and real-time monitoring of the disease progres-
sion or recurrence and the response to various treatments, which can also lead to key
insights into the development of specific resistances (Schumacher and Scheper 2016;
Siravegna et al. 2017). In this regard, studies of integration of SEPs with modular micro-
fluidic platforms have demonstrated the potential to efficiently combine in an assay the
rapid sample processing and precise control of biofluids with the fast optical detection of
cancer cells (Hoonejani et al. 2015; Pedrol et al. 2017; Sackmann et al. 2014; Shields et al.
2015; Zhou and Kim 2016).

SEP characterization of tumor tissues

The classical pathologic examination of tumors (morphohistological) is not capable of
outlining all dimensions of the clinical disease. On the other hand, the molecular char-
acterization of tumors, consistently applied in clinical oncology, identifies the disease,
adds predictive and prognostic value, and determines the presence of specific thera-
peutic targets. This class of analyses is typically performed on solid tissues acquired
through invasive biopsies. Posteriorly, the samples are analyzed in the pathology labo-
ratory by histo/immunohistochemistry (HC/IHC). This allows to determine the mor-
phological characteristics and the expression of biomarkers in the tissues reaching,
thus, a diagnosis and prognosis (Subik et al. 2010). This process is expensive and slow as
it requires the characterization of the patient samples by a panel of fluorescent immu-
nolabeled markers (ranging from 5 to 10 as a function of the type of tumor) that should
be applied separately in different cuts of the tissue sample. The general steps for each of
these markers involves pre-analytic (fixation, embedding, processing and sectioning),
analytic (permeation, staining and visualization) and post-analytic steps (interpretation
and diagnosis). Thus, a multiplexing alternative is highly attractive for the pathologist.
One of the oldest approaches to simulate HC/IHC with SEPs comprises the so-called
composite organic—inorganic nanoparticles (COINs) (Lutz et al. 2008). COINs are fab-
ricated via the controlled code-induced aggregation of silver particles with the subse-
quent coating with a silica shell. Notably, through the appropriate functionalization
of the different coded COINs with antibodies [in this case, anti-cytokeratin-18 (BFU-
CK18) and anti-PSA antibody (AOH-PSA)], the staining of formalin-fixed paraffin-
embedded prostate tissue sections can be achieved, allowing for the localization of the
tumor tissue (Fig. 4).
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Fig. 4 a White light image of a formalin-fixed paraffin-embedded prostate tissue section stained with two
COIN SEPs coded either with acridine orange (AOH) or basic fuchsin (BFU) and nucleic acid stain (YOYO). Each
coin was functionalized with a different antibody anti-PSA (AOH-PSA) and anti-cytokeratin-18 (BFU-CK18).
SERS mapping of b BFU-CK18 and € AOH-PSA. d Fluorescence mapping of YOYO. e Co-localization image
that identifies epithelial nuclei (magenta) and co-expression of CK18 and PSA specifically in the epithelium
(yellow). Adapted with permission from Lutz et al. (2008). Copyright 2008, American Chemical Association

In the last few years, this imaging technique has progressively evolved from the simple
staining of the common samples used in pathology for HC/THC to the direct application
on tissues that can be stained without additional procedures. For example, Wang et al.
(2016) have demonstrated the possibility of direct staining and imaging of mouse HER-2
positive breast tumor tissues by applying SEPs functionalized with anti-HER2, followed
by a rapid rinse with serum to remove unspecifically deposited SEPs (Fig. 5).

This technique of using SEPs as contrast agents, together with the advances in minia-
turization of the Raman systems (Kang et al. 2016; Wang et al. 2016), paves the way for
the utilization of SEPs directly in the operating theater for intraoperative guidance of
tumor resection (i.e., identification of residual tumors at the margins for their complete
removal). Notably, two different strategies have been proposed: topical and systematic
administration of SEPs. In the first one, SEPs are added directly to the tumor area when
the patient is being operated (Fig. 6). In fact, it has been demonstrated that SEPs can
adhere to tumor tissues in less than minutes, although the nonspecifically adsorbed SEPs
must be removed by washing the tissue with serum (Wang et al. 2014a). The obstacle
set by the high background distribution of non-specifically bound nanoparticles can be
overcome by implementing ratiometric approaches where one of the SEP type in the
particle cocktail is used as a nonspecific internal reference to visually enhance the pref-
erential adhesion of other targeting nanoparticles on tumor tissues (Mallia et al. 2015;
Oseledchyk et al. 2017; Pallaoro et al. 2011). Implementation of these methods is rather
straightforward for SERS imaging due to the high degree of multiplexing provided by the
narrow Raman linewidths. Further, the use of negative control SEPs also accounts for the
nonhomogenous delivery of the nanoparticles as well as the variability of the working
distances between the optical device and the sample (Garai et al. 2015).

In addition to active tumor targeting accomplished by imparting to nanoparticles
selectivity toward specific tumor antigens via conjugation with molecular elements such
as antibodies and aptamers, SEPs can also be delivered to tumors by a passive target-
ing mechanism. This mechanism exploits the preferred accumulation of nanoparticles,
within a certain size range and surface charge, on cancer tissue as compared to normal
tissues, a unique biological mechanism ascribed to an enhanced permeability and reten-
tion (EPR) effect (Maeda et al. 2013). The EPR effect was also exploited in the applica-
tion of SEPs to intraoperative targeted SERS imaging (here, SEPs are injected into the
patient’s body before the operation) (Andreou et al. 2016; Oseledchyk et al. 2017). This
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Fig. 5 a Absolute nanoparticle concentrations and b nanoparticle concentration ratios on normal tissues
and tumors (10 tissue specimens from 5 patients). € Images of four tissue specimens from four patients: two
HER2-positive specimens containing both tumor and normal tissue regions and two HER2-negative speci-
mens (one tumor and one normal tissue). d Images of the concentration ratio of HER2-SEPs vs. isotype-SEPs
and e IHC staining with an anti-HER2 monoclonal Ab. Unlabeled scale bars represent 2 mm. Adapted with
permission from Wang et al. (2016). Copyright 2016, Nature Publishing Group

approach has demonstrated extraordinary potential in enabling the complete resection
of brain tumors (Fig. 7) (Gao et al. 2015; Huang et al. 2016; Jokerst et al. 2012b; Kircher
et al. 2012). However, it is worth stressing that the in vivo biomolecular interactions of
nanoparticles at extracellular, intracellular and cell surface levels are extremely complex
and far from being well understood. This often poses major obstacles for the efficient
targeted delivery of SEPs, which is further aggravated by the high diversity of the tumor
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DCLS algorithm (green), spectra of SEPs on tissue after tissue background removal using a DCLS algorithm
(orange) and the DCLS-demultiplexed NP spectra (blue: EGFR-S440, red: HER2-5420, gray: isotype-5421). The
concentration ratio of targeted and non-targeted nanoparticles topically applied on exposed tumors and
normal tissues is plotted for (d-i) Image-grid experiment. d Mouse with two adjacent tumor xenografts. e
Photograph of stained tissue. f Map of the absolute concentration (pM) of EGFR-SEP. SERS maps for g EGFR-
SEP and, h HER2-SEP. i Overlay of EGFR and HER2 SEPs. Adapted with permission from Wang et al. (2014a).
Copyright 2014, World Scientific Publishing

microenvironments (MacParland et al. 2017; Polo et al. 2017). At the same time, such
extensive nanoparticle—cell interactions are known to potentially cause multiple adverse
physiological effects, including inflammation and immunological responses which can
eventually results in tissue and organ dysfunctions (Kim et al. 2013; Lasagna-Reeves
et al. 2010). Thus, a greater understanding of these nanoparticle interactions with bio-
molecules and cells in vivo, and their biological consequences, is of outmost importance
in fully enabling the successful design of minimally invasive SEPs (Kim et al. 2013; Polo
et al. 2017).
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Fig. 7 SERS-guided intraoperative surgery using SEPs. a, b Living tumor-bearing mice (n = 3) underwent
craniotomy under general anesthesia. Quarters of the tumor were then sequentially removed (as illustrated
in the photographs, a), and intraoperative SERS imaging was performed after each resection step (b) until
the entire tumor had been removed, as assessed by visual inspection. After the gross removal of the tumor,
several small foci of SERS signal were found in the resection bed (outlined by the dashed white square; some
SERS images are smaller than the image frame). The SERS color scale is shown in red from — 40to 0 dB.c A
subsequent histological analysis of sections from these foci showed an infiltrative pattern of the tumor in this
location, forming finger-like protrusions extending into the surrounding brain tissue. As shown in the Raman
microscopy image (right), an SERS signal was observed within these protrusions, indicating the selective pres-
ence of SEPs. The box is not drawn to scale. The SERS signal is shown in a linear red color scale. Adapted with
permission from Kircher et al. (2012). Copyright 2012, Nature Publishing Group

In vivo imaging with SEPs

In 2008, Nie and coworkers (Qian et al. 2008) reported the first example of in vivo SERS
imaging of a xenograft tumor model in mice. They employed SEPs comprising a spheri-
cal gold nanoparticle functionalized with a mixed layer of a resonant SERS label (mal-
achite green) and thiolated PEG derivatives, and further conjugated with an antibody
targeting EGFR-positive tumors. Once introduced into blood circulation via intravenous
injection, the nanoparticles preferably concentrate at the tumor area during the subse-
quent 4—6 h where they largely remain for > 24-48 h (Fig. 8a). This allowed the spec-
troscopic detection of the tumor by SERS, as revealed by the acquisition of the intense
vibrational fingerprint of malachite green (Fig. 8b). Lower but significant nonspecific
particle uptakes by the liver and the spleen were also detected.

Since such pioneering work by Nie’s group, in vivo SERS imaging of solid tumors has
been the subject of intense investigations. Numerous advancements in terms of multi-
plexing capabilities, SEPs delivering to target tissues, reducing the toxicological impact,
instrumentation designing and application of multimodal nanomaterials have been

reported in the literature and will be discussed as follows.



Guerrini et al. Cancer Nano (2017) 8:5 Page 13 of 24

| Tail vein [
injection =

o

5,000 f

3,000

SERS intensity (a.u.)

1,000

400 800 1,200 1,600
Raman shift (cm"1)

Fig. 8 a ScFv EGFR-conjugated SEPs (plasmonic core: spherical gold nanoparticle; SERS label: malachite
green) administered via intravenous tail injection to a nude mouse bearing human head-and-neck squamous
cell carcinoma (Tu686) xenograft tumor (3-mm diameter). The ScFv-antibody recognizes the tumor biomarker
EGFR. b In vivo SERS spectra were obtained, 5 h after injection, from the tumor site (red) and the liver site
(blue) with 2-s signal integration (785 nm excitation). The spectra were background subtracted and shifted
for better visualization. Adapted with permission from Qian et al. (2008). Copyright 2008, Nature Publishing
Group

Multiplexing

Similarly to in vitro SERS imaging of cancer cells, in vivo applications progressively
extend the recognition lexicon beyond monoplex studies by preparing cocktails of dif-
ferent SEPs targeting multiple cancer membrane receptors (Dinish et al. 2014; Gao et al.
2015; Maiti et al. 2012; Zavaleta et al. 2009). Among others, Dinish et al. reported the
in vivo triplex detection of cancer markers in xenograft breast cancer model (Dinish
et al. 2014), even though the largest number of multiplex discrimination of SEPs in vivo
was demonstrated for ten different nanoconstructs nonspecifically accumulated in the
liver of a mouse (Zavaleta et al. 2009). Notably, the authors observed a linear correlation
between the intensity of the SERS signal and the SEP concentration that allowed a semi-
quantitative prediction of a number of nanoparticles in the liver. However, it is worth
stressing that due to limited penetration depth (5 mm), only a fraction of the liver was
mapped.

Systemic vs. topical/local administration
The efficient and specific delivery of contrast agents to target cells and tissues not only
plays a major role in the final quality and biological relevance of optical molecular
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images, but also has a tremendous toxicological impact (Kim et al. 2013). While active
targeting methods have proven to significantly reduce the dissipation of SEPs to healthy
tissues and organs with respect to passive approaches, still toxicity and clearance issues
remain major concerns associated with the systemic route of administration (such as via
intravenous injections). Thus, when allowed, alternative strategies to circumvent these
problems have been exploited, including topical spray-like applications (Mallia et al.
2015; Zavaleta et al. 2013) and direct intratumoral injections (Dinish et al. 2014; Oseled-
chyk et al. 2017).

These administration routes also allow for shortening the relatively long accumulation
time of systemic deliveries as well as reducing the amount of administered SEPs and the
impact of nonspecific background signal (Mallia et al. 2015). Further, the intrinsic limita-
tions imposed by the relatively large hydrodynamic size of SEPs (normally > 100 nm) on
both the efficient circulation and extravasation from the bloodstream into cancer tis-
sues, and the successful hepatic and renal clearance from the body, can be turned into a
positive leverage in topical applications. In this case, the transfer of SEPs into the blood-
stream is minimal, retaining local high concentration at the administered area (Jokerst
et al. 2011; Mallia et al. 2015), while, such as in the case of intrarectally applications, the
majority of the nanoparticle clearing is achieved after 24 h without systemic circulation
crossing (Zavaleta et al. 2011, 2013).

Clearly, topical administrations of SEPs are not as much as valuable for deep tissue
imaging as compared to their integration into surface imaging of tissues (Mallia et al.
2015), such as those revisiting, within the frame of SERS, the well-established “spray-
and-image” procedure in endoscopy using chromogenic dyes to highlight pathologic
lesions (Mallia et al. 2015).

A major issue to be faced in the direct application of SEPs to the tumor area is the
residual presence of a large amount of unspecifically bound nanoparticles that require to
be thoroughly washed off. However, the washing procedure is largely affected by tumor
specificities, such as type and location (Mallia et al. 2015). As previously discussed, rati-
ometric approaches can address these limitations. A paradigmatic example is provided
by the recent work of Oseledchyk et al. (2017), which devised a topically applied SERS
ratiometric method to delineate ovarian cancer lesions as small as 370 um in a murine
model of human ovarian adenocarcinoma on the peritoneum and visceral surfaces after
intraperitoneal injection. The unique behavior of metastatic diffusion of ovarian cancer,
which initially spreads locally within the peritoneal cavity, paves the way for the local
application of SEPs in the fast intraoperative detection of microscopic residual tumors
during surgery. They employed two classes of SEPs consisting of gold nanostar cores
labeled with resonant NIR dyes and coated with silica shells derivatized with either a
folate receptor targeting antibody for targeted SEP (aFR-NPs, red) or with PEG for non-
targeted SEP (nt-NPs, blue) (Fig. 9a). A direct classical least-squares (DCLS) model was
developed to visualize the presence of the vibrational signature of each SEP and quantify
their relative distributions down to concentrations of 300:3 fM. Regardless of the sur-
face functionalization, SEPs adhere indiscriminately on peritoneal or visceral surfaces
and also appear to remain trapped in anatomical crevices (Fig. 9b (ii) and (iii)). However,
when presented as ratiometric maps (Fig. 9b (iv) and (v)), tumor lesions can be clearly
identified in the tumor-bearing mice, while no positive signals were detected in the four
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healthy control animals. This is further confirmed via direct comparison with biolumi-
nescence imaging (Fig. 9b (i)). Notably, the intraperitoneal administration was found to
prevent systemic uptake of the nanoparticles, with negligible accumulations in the liver
and spleen.

It is worth noting that while the passive targeting strategy does not appear feasible for
clinical applications in tumor imaging, it still offers a valuable and simple approach to
characterize the optical response of SEPs in vivo.

Advancements in instrumentation
Traditionally, SERS imaging studies of tumors have been performed using static point
detection devices (Jokerst et al. 2011; Keren et al. 2008; Maiti et al. 2012; Qian et al.
2008), where the laser is focused with a fixed angle onto a small spot on the tissue and,
upon acquisition of the corresponding Raman spectrum on a linear (1D) array CCD, is
then progressively scanned in two spatial dimensions over the interrogated area to finally
generate the overall 2D Raman image. While demonstrating the tremendous analyti-
cal potential of the technique, this setup restricts the applicability to rather small tissue
areas (unless exceedingly long integration times are applied or to the detriment of the
necessary spatial resolution). Thus, major efforts have been devoted to the development
of advanced instrumentations capable of addressing these issues (Bohndiek et al. 2013;
Garai et al. 2015; Kang et al. 2016; Karabeber et al. 2014; Mallia et al. 2015; McVeigh
et al. 2013; Mohs et al. 2010; Wang et al. 2016; Zavaleta et al. 2013).

For instance, Wilson and coworkers (Mallia et al. 2015; McVeigh et al. 2013) devised
a wide-field SERS imaging approach for fast in vivo scanning of up to 2 cm? of tissues.
Here, all spatial points of the image were collected simultaneously on a 2D CCD at a
single detection wavelength, while using specific band-pass filters to select Raman peaks
of interest and to separate them from the background autofluorescence. The resulting
images enable quantitative analysis at sub-picomolar concentrations of SEPs in vivo.
On the other hand, Bonhndiek et al. (2013) designed a small animal Raman imaging
instrument which provides high-speed scanning and quality spectral resolution, while
retaining the high sensitivity and full spectral information of traditional point detection
devices. In this system, a laser line is scanned in the x, y dimensions (> 6 cm?), while a

(See figure on next page.)

Fig. 9 a Schematic depiction of the nanoparticle structure. The gold nanostar core is encapsulated in a silica
shell containing either IR780 (red) or IR140 (blue) Raman reporter dye. NPs are then functionalized with either
a folate receptor targeting antibody (aFR-Ab) for targeted NPs (aFR-NPs, red) or with PEG (polyethylene glycol)
for non-targeted NPs (nt-NPs, blue). b Whole abdomen imaging of representative control (left) and tumor-
bearing (right) mice. Bioluminescence (BLI) signal is shown in the top row. The direct classical least-squares
(DCLS) maps of both targeted (2nd row) and non-targeted (3rd row) show a nonspecific distribution of both
probes throughout the peritoneal cavity. A mixture of the two SEPs was injected i.p. Twenty minutes later,
luciferin was injected retroorbitally. For the sake of clear visualization, the abdominal cavity was incised and
washed with 60 ml of PBS, the entire abdomen was exposed, and the bowel resected for a better overview

of the pelvic organs and the peritoneum. Topically applied surface-enhanced resonance Raman ratiometric
spectroscopy (TAS3RS, 4th row) shows no positive regions in the control (left) and a strong correlation to BLI
in tumor-bearing mice (right). Alternatively, the TAS3RS map can be visualized in a simplified manner for surgi-
cal guidance (bottom row), showing only regions with positive ratios in red. Reference standard solutions in
Eppendorf vials were placed in the imaged field of view, with (1) indicating the vial containing aFR-NPs and (2)
the vial containing nt-NPs. Adapted with permission from Oseledchyk et al. (2017). Copyright 2017, American
Chemical Society
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high-sensitivity 2D electron-multiplying CCD collects both the spatial information for
the y-axis (parallel to the entrance slit of the spectrometer) and the SERS spectral finger-
print (dispersed perpendicularly).

Handheld Raman devices were also combined with SEPs for in vivo intraoperative
tumor imaging (Karabeber et al. 2014; Mohs et al. 2010) to provide a flexible instrumen-
tal tool, enabling the precise localization of small foci of the tumor which would other-
wise remain undetected if scanning is only performed with the traditionally fixed angle
setup.

The extremely rich molecular information provided by SERS imaging was also imple-
mented with conventional white light endoscopy screening for cancer detection in the
gastrointestinal tract by integrating fiberoptic-based Raman spectroscopy with clinical
endoscopes (Garai et al. 2015; Zavaleta et al. 2013). High sensitivity, detecting SEPs at
ca. 300 fM level with relatively low laser power and integration times, and multiplexing
capabilities were demonstrated with this SERS-modified endoscope instrument.

The penetration depth limitation

In addition to long acquisition time and small field view, a third major limitation of
conventional in vivo SERS imaging is imposed by the limited penetration depth (usu-
ally < 4-5 mm), resulting from high scattering and autofluorescence in animal tissues
(Ntziachristos et al. 2003). This problem can, at least partially, be addressed by combin-
ing spatially offset Raman spectroscopy with SEPs, within the frame of what is defined as
spatially offset surface-enhanced Raman scattering (SOSERS) spectroscopy (Stone et al.
2010, 2011; Xie et al. 2012). With SOSERS, depths up to 45-50 mm has been demon-
strated in SEP-based imaging of animal tissues (Stone et al. 2011). For a detailed descrip-
tion of the technique, we refer the reader to the recently published review by Matousek
and Stone (2016), who are among the pioneers of SORS spectroscopy.

Multimodal applications

As conceptual and instrumentational advancements in the standalone application of
SERS imaging of cancers are progressively expanding this technique beyond the aca-
demic level to clinical settings, parallel efforts have been dedicated to the integration of
SEPs into novel multifunctional hybrid materials with improved performance for mul-
timodal applications (Conde et al. 2014; Gao et al. 2015; Henry et al. 2016; Qian et al.
2011; Von Maltzahn et al. 2009). With such complementary approaches, multimodal
imaging technologies have been developed implementing SERS with other imaging
techniques based on different physical effects such as fluorescence (Cui et al. 2011; Qian
et al. 2011; Wang et al. 2014b), magnetic resonance (Gao et al. 2015; Ju et al. 2015) and
photoacoustics (Bao et al. 2013; Chen et al. 2016; Dinish et al. 2015; Jokerst et al. 2012a;
Kircher et al. 2012).

For instance, Qian et al. (2011) fabricated NIR fluorescent SEPs which allowed for
the rapid area imaging of the tumor in living mice via fluorescent detection, while the
high sensitivity and specificity of SERS enabled the definition of the margins of the
cancerous tissue with high precision. Jokerst et al. (2012a) devised SEPs based on gold
nanorods, vielding also intense photoacoustic (PA) signal, which were applied to image
ovarian tumor subcutaneous xenograft models in vivo. In PA imaging, light pulses excite
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imaging agents creating a thermally induced pressure jump that launches ultrasonic
waves, which are received by acoustic detectors to form images (Wang and Hu 2012).
Such bimodal contrast agents simultaneously combine the high depth of penetration (up
to 5 cm) of PA imaging for diagnostic or staging studies and the highly sensitive SERS
detection for image-guided resection.

Gao et al. (2015) conjugated gadolinium (Gd) chelates onto the outer silica shell of
SEPs, comprising gold nanostars as the plasmonic core and an NIR dye as a resonant
SERS label, to additionally impart enhanced T,-magnetic resonance imaging capability
(Liu and Zhang 2012) (Fig. 10a). Bimodal SEPs were intravenously injected into mice
bearing MDA-MB-231 tumor. Magnetic resonance imaging (MRI, Fig. 10b) revealed a
dramatic brightening effect at the tumor area 30 min after systemic administration, due
to nanoparticle accumulation via the EPR effect, though with limited spatial resolution
and insufficient precision to outline tumor borders. As shown in Fig. 10c, intense SERS
signal is also registered at different sites of the tumor. The results demonstrate that, as
SERS offers remarkable sensitivity and resolution in displaying the heterogeneous intra-
tumoral distribution of nanoparticles, whole-body MR imaging is able to determine the
overall uptake of SEPs in the tumor. Further, the strong absorbance and low scattering of
gold nanostars in the NIR tissue optical window were exploited in photothermal therapy
(PPT) (Kennedy et al. 2011; Yuan et al. 2012). Figure 10d illustrates the thermal change
in mice recorded by an infrared thermal camera during continuous laser irradiation. The
temperature at the tumor spot rises up to ca. 57 °C, a value high enough to kill all kinds
of cancer cells, while other regions not directly exposed to the NIR laser display minimal
thermal increments.

In addition to photothermal heating, multimodal SEPs for effective molecular sensing
and site-specific tumor treatment also include drug-loaded nanomaterials. For instance,
Conde et al. (2014) reported the fabrication of SEPs conjugated with an FDA antibody—
drug conjugate (Cetuximab) that specifically targets epidermal growth factor receptors
(EGFR) on human cancer cells. Besides imparting specific recognition capabilities, the
Ab turns off a main signaling cascade for cancer cells to proliferate and survive. Mice
bearing a xenograft tumor mice model were subministered with these Ab-drug SEPs
via tail injection. Continuous monitoring of the tumor area via in vivo SERS imaging
revealed the inhibition of tumor progression and subsequent decrease of tumor size.

Conclusions and future perspective

SERS sensing with SERS-encoded particles has matured into a solid and reliable analyti-
cal technique for a wide variety of applications in cancer, including the characterization
of a tumor cell, the IHC, resection guiding and localization of solid tumor bioimaging
and staging.

However, there are still open challenges, mainly related to the reproducibility of the
methods for substrate fabrication. This is especially relevant when dealing with the con-
trolled formation of hot spots, the enhancement efficiency of which is extremely sensi-
tive toward subtle differences of the nanostructure geometrical features. Additionally,
although portable Raman spectrometers are available, most of the published reports are
based on very sophisticated instruments that are not suited for routine analysis in clini-
cal laboratories or hospitals. Thus, as demonstrated by many examples, the field of SERS
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codification has a great potential, in particular toward biomedical applications, but still
remains open to new developments that will certainly continue amazing us in the near

future.
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