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ABSTRACT: We have recently witnessed a major improvement in the quality of nanoparticles encoded with Raman-active 
molecules (SERS tags). Such a progress relied mainly on a major improvement of fabrication methods for building-blocks, resulting 
in widespread application of this powerful tool in various fields, with the potential to replace commonly used techniques, such as 
those based on fluorescence. We present hereby a brief perspective on SERS tags, regarding their composition, morphology and 
structure, and describe our own selection from the current state-of-the-art. We then focus on the main bioimaging applications of 
SERS tags, showing a gradual evolution from two-dimensional studies to three-dimensional analysis. Recent improvements in 
sensitivity and multiplexing ability have enabled great advancements toward in vivo applications, e.g. highlighting tumor boundaries 
to guide surgery. In addition, the high level of biomolecule sensitivity reached by SERS tags, promises an expansion toward biomarker 
detection in cases for which traditional methods offer limited reliability, as a consequence of the frequently low analyte 
concentrations.

Major advances on synthetic procedures during the past 20 
years have provided a remarkable control over nanoparticle 
design, thereby allowing us to tailor their properties toward 
specific applications. As a result of such “a la carte” 
nanoparticle library, we can realistically devise more advanced 
bio-applications, bringing up concepts like personalized 
medicine, diagnostic tests, periodic health check-ups and 
targeted therapies.1

Early diagnosis of any disease is a key factor to provide an 
effective treatment. Therefore, much effort has been invested in 
the development and improvement of reliable diagnostic tools. 
On one hand, quick diagnostic solutions2 based on point-of-care 
devices,3 such as tests for respiratory viral infections,4 or 
chronic diseases such as glucose sensors for diabetes,5 have 
been significantly improved. Early detection is particularly 
critical in cancer, for which the efficacy of existing treatments 
is largely improved when administered at early stages of the 
disease. On the other hand, slower but extremely precise 
methods, such as advanced imaging, are also required for 
precise diagnostics, treatment, long-term controls, or to perform 
“image-guided intervention”, so as to minimize invasive 
therapeutic procedures.6

With the aim of overcoming these hurdles, surface-enhanced 
Raman scattering (SERS) spectroscopy has revealed itself as a 
promising analytical tool for ultradetection. Since 1974, when 
Fleischmann’s team observed that the inelastic scattering from 
pyridine was considerably enhanced when in close contact with 
a rough silver electrode,7 SERS has gained ever increasing 
attention, recently focusing toward biological and medical 
applications.8 This high interest arises mainly from a great 
sensitivity, which can reach detection limits down to attomolar 
concentrations,9,10 as well as molecular specificity, provided by 
the characteristic vibrational fingerprint of each molecule. 
Instrumentation, i.e. spectrometers, have also evolved 
considerably, with still increasing resolution and sensitivity 
while their components become more reliable. This 
development has been mainly oriented toward high-end setups 

(with highly focused laser beams, efficient filters, highly 
sensitive detectors, etc.) and portable Raman spectrometers.11 
Although other mechanisms may also play a role, it is currently 
accepted that the so-called electromagnetic mechanism is the 
main factor behind the remarkable enhancement of the Raman 
scattering signal in SERS. This mechanism relies on localized 
surface plasmon resonances (LSPR), i.e. collective oscillations 
of conduction electrons in nanoparticles in resonance with an 
external electromagnetic radiation. Apart from large absorption 
and scattering, the incident light creates high electric fields, 
confined at the surface of the nanoparticles, which can strongly 
affect the polarizability of adsorbed molecules, thereby leading 
to enhancement of their characteristic Raman scattering, by 
many orders of magnitude. Tailoring the LSPR for the substrate 
relative to the laser excitation wavelength, so that the 
measurement is carried out on-resonance, is crucial to achieve 
a large Raman scattering enhancement. This phenomenon 
makes it possible to detect arbitrary analytes with high 
specificity and at very low concentrations. As a result, plenty of 
investigations have been performed to apply the SERS 
technique in sensing of low abundant species, or to improve the 
sensitivity of existing methods, e.g. in SERS-based 
immunoassays which are commonly used to identify the 
presence of pathogens in clinical samples.12 SERS additionally 
features important advantages over commonly used 
fluorescence-based biological assays, as it is potentially more 
sensitive and provides stable and reproducible signals with 
narrow spectral peaks (ca. 1-2 nm), which are essential for 
multiplexed measurements.13 
On the basis of many reported results and outstanding 
achievements, it has been predicted that cancer diagnosis 
should be the most prominent application for in vivo Raman 
spectroscopies, due to its versatility, multiplexing capacity and 
high sensitivity, related to intense signals and reduced 
background noise.14 However, in the context of biological 
analysis, the extremely low intrinsic Raman cross sections of 
most biomolecules are commonly compensated by using other 
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labeling molecules with comparatively higher cross sections, as 
Raman reporters (RaRs).15 We can thus distinguish two general 
methodologies for SERS-based biological and biomedical 
applications, namely label-free detection and indirect 
approaches that make use of RaRs attached to a nanoparticle, 
commonly known as SERS tags.16 The long-term stability 
featured by RaR molecules results in highly reproducible SERS 
signals, which, together with the reduced sample background 
autofluorescence noise,17 are key advantages of SERS over 
other bioimaging techniques.18,19 SERS imaging has also gained 
relevance due to its versatility, non-invasive character and 
negligible photobleaching, which is essential for long-term in 
vivo imaging. It should however be noted that, the inherent 
complexity of this system makes further development 
necessary, prior to generalized use.18 An important limitation is 
the short penetration depth of the excitation laser light (ca. 2-5 
mm)20 which severely hinders application in deep human body 
tissues/tumors. Therefore, those applications where the laser 
beam can access the diseased area are the ones with a better 
chance to succeed. An important advancement in this respect 
has been the release in 2015, of the first endoscopic probe 
capable of SERS imaging.21 It should be noted that SERS is 
compatible with other imaging techniques,22,23 so that it can be 
combined in dual or multimode platforms, for simultaneous 
imaging and sensing,24 and/or with therapeutic treatments such 
as laser ablation (also termed photothermal therapy).25

Unfortunately, due to the above mentioned difficulties, most of 
the analysis and studies performed so far, are related to in vitro 
cell and ex vivo biofluid and tissue samples, but still few in vivo 
studies have been reported.14 Notwithstanding, we can expect 
that, by relying on the remarkable recent advances in 
instrumentation and optimized fabrication of plasmonic 
substrates, SERS will see a crucial leap in the near future, in 
terms of in vivo applications. Apart from endoscopy assisted 
surgery,26–28 we propose that a key contribution will be the 
application of SERS for high resolution imaging of 3D tissue 
models, which are rapidly gaining popularity due to their ability 
to reproduce real interactions among different cells, thereby 
reducing the use of animal testing.29 Such 3D cell models are 
dynamic systems that allow cell proliferation and 
dissemination, which can be monitored in vivo using SERS.
In this perspective article, we focus on the promising 
expectations and possibilities that the use of SERS tags offers 
for bioapplications. We attempt to describe the most common 
formulations to fabricate SERS tags and the most recent 
advances in biomedical applications related to indirect SERS 
detection.
BASIC ELEMENTS OF SERS TAGS

 The SERS tag is the first concept to be described when 
discussing indirect SERS measurements. A SERS tag, also 
called SERS-labeled nanoparticle, comprises (Figure 1A) a 
noble metal (typically Au or Ag) nanoparticle (I), which acts as 
the plasmonic enhancer, covered with a monolayer of Raman 
reporter (RaR) molecules (II) acting as fingerprint labels,30 
usually surrounded by a protective layer or coating shell (III), 
which can be in turn selectively functionalized with targeting 
biomolecules (IV).
(I) A golden heart: The core of a SERS tag comprises one or 
more plasmonic metal nanoparticles, which provide a largely 
enhanced electric field when an LSPR is excited by the 
incoming light (selected incident laser light source). The 
efficiency of this process is an essential element behind the 

required high signal intensity and reproducibility of Raman 
imaging experiments. Chemical composition, size and shape 
are the main factors dictating the optical response of the 
nanoparticle cores, but the refractive index of the surrounding 
medium also affects the precise value of the LSPR frequency. 
Even though silver is the most efficient plasmonic metal,31 gold 
is by far the most widely used material in biomedicine; its 
biocompatibility, low toxicity and excellent control over the 
synthesis of Au NPs, have resulted in the so-called “new Golden 
Age”.32 The morphology of Au NPs has a major effect on 
LSPR, e.g. whereas small gold nanospheres display a plasmon 
resonance centered around 520 nm,33,34 the LSPRs of 
anisotropic NPs such as nanorods can be tuned from the visible 
into the near-IR (NIR) region (up to 1500 nm).35 Such a wide 
tunability is particularly relevant for biological applications, 
because it is precisely in the NIR windows (the first biological 
transparency window (NIR-I) at 650-950 nm; second window 
(NIR-II) from 1 to 1.35 µm  and third one (NIR-III) from 1.5 to 
~1.8 µm),36,37 where we find optimum light transmission in 
tissue, with maximum penetration and minimized 
autofluorescence. Apart from anisotropy, the presence of sharp 
tips and edges has been found to result in larger electric field 
enhancements, and therefore star-like morphologies have also 
acquired a high relevance in this context.38,39 We do not 
elaborate further on the synthesis of anisotropic gold 
nanoparticles for SERS, since excellent reviews are available in 
the recent literature.11,40 
Apart from single Au (or Ag) NPs with tailored morphology, 
much effort has also been spent on the fabrication of 
multiparticle cores. The rationale behind this choice is the well-
known formation of plasmonic hot spots (areas of locally high 
near-field enhancement) at interparticle gaps, where RaR 
molecules would be placed to yield high SERS signals.41–44 
Controlled assemblies of nanoparticles such as dimers,45 larger 
clusters42,46 or even switchable core-satellite Au-SiO2 
heteroassemblies,47 have been reported as suitable candidates to 
be used as cores for SERS tags. Despite efforts in nanoparticle 
synthesis, several challenges are still to be overcome to produce 
highly homogenous NPs and controlled NP assemblies.  Recent 
efforts directed to overcome these issues include significant 
improvement of morphological monodispersity and 
reproducibility in Au nanostars,48 as well as methods to improve 
encapsulation of nanoparticle clusters, using microfluidic 
systems equipped with a suitable mixing chamber.49 The use of 
automated reactors for nanoparticle synthesis are an attractive 
development, not only to prepare big batches of nanoparticles 
but also to avoid human error.50

(II) Raman reporters: The identification of SERS tags is 
directly related to the selection of appropriate RaR molecules, 
which provide a characteristic spectral fingerprint that gets 
enhanced when in contact with the plasmonic metal core. Under 
these conditions, a large library of SERS tags with different 
Raman codes can be fabricated,15,51 by simply modifying the 
chemical structure of RaR molecules, thereby offering exciting 
applications in multiplexed bioimaging. As an additional 
requisite for RaR molecules, they should feature relatively high 
Raman cross sections. This restriction still allows a wide variety 
of molecules to be used, including e.g. standard fluorophores 
(crystal violet, Nile blue, etc.). When the dyes display an 
electronic transition in resonance with the excitation laser 
wavelength, the occurrence of surface enhanced resonance 
Raman scattering (SERRS) results in even higher signal 
intensity.14,15 On the other hand, thiolated aromatic molecules 
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can readily adsorb onto the gold surface and provide 
characteristic Raman spectra, examples including: biphenyl-4-
thiol (4-BPT), 2-naphthalenethiol (2-NaT), benzenethiol (BT), 
4-Mercaptobenzoic acid (MBA), etc. It should be noted that, 
most of these molecules have an eminently hydrophobic 
character, which in some cases requires the transfer of Au NPs 
into an organic solvent, to obtain maximum surface coverage. 
Ideally, a monolayer of RaR molecules uniformly covering the 
metal surface would provide intense, stable and reliable 
signals13,52 As a rule of thumb, high Raman scattering cross 
sections are obtained when molecules contain highly 
polarizable moieties, such as double and triple bonds. For 
multiplexing purposes the overall number of vibrational Raman 
bands, as well as the spectral overlap between selected RaRs 
should be minimized, which is not trivial. Occasionally, the 
combination of different RaR molecules on the same NP 
substrate has been reported, so that tags are created which can 
be detected across a wider range of excitation wavelengths.53 
This approach is also appealing toward anti-counterfeiting 
applications.54 Recently, the use of custom made RaR 
molecules has been introduced as a means to improve the 
performance of existing RaRs. For example, resonant dyes can 
be modified to incorporate functional groups that facilitate 
adsorption onto NPs. Specific synthetic procedures have been 
developed for novel RaR molecules comprising olefin or alkyne 
moieties with strong and characteristic vibrational Raman 
bands.55  Quantification of the RaR molecules attached to NPs 
is still a challenge and the use of techniques such as mass 
spectrometry to determine the ligand shell morphology provide 
a better understanding of these systems.56 
(III) Protective coating: A third important component of SERS 
tags is an external layer or coating shell, which helps improving 
their colloidal stability while providing insulation.30 Although 
this protective layer is not always present, it is used in most tags 
as it provides multiple advantages. Briefly, the main functions 
of the protecting layer are the following: (i) avoiding leaching 
of RaR molecules; (ii) preventing potential signal 
contamination from interfering molecules present in the 
surrounding medium; (iii) reducing any eventual toxicity of the 
NPs; and (iv) reducing plasmon coupling that might be induced 
by NP−NP interactions, leading to undesired intensity 
variations. The chemical identity of the protecting shell can 
vary depending on the specific applications, and has typically 
comprised biomolecules (e.g. bovine serum albumin, BSA), 
amphiphilic or other polymers, such as polyethylene glycol 
(PEG), and inorganic shells, most often SiO2.47,57 Silica 
encapsulation is indeed one of the most popular coating layers 
due to its versatility in terms of shell thickness, porosity, 
reproducibility of the synthesis and biodegradability (Figure 
1B).58–61 However, silica often suffers from degradation and 
agglomeration problems in studies that require long-term 
exposure to cellular media.62 Polymers are also suitable 
candidates for tag coatings; heterofunctional polyethylene 
glycol (PEG) with a thiol end-group (for binding to Au NP 
surface) and additional functional groups such as –COOH 
(which can be conjugated to amine groups of e.g. antibodies, 
through EDC-NHS chemistry) are commonly used as anti-
fouling and AuNP stabilizers.63 However, the binding 
competition between PEG-SH and the RaR molecules makes it 
necessary to fine-tune the polymer/RaR ratio to maintain a high 
SERS signal.13,64 Alternatively, crosslinked polymers such as 
poly(N-isopropylacrylamide) (pNIPAM) can be used to entrap 
RaR molecules.17 On the basis of hydrophobic interactions 

between hydrophobic RaR molecules covering NPs surface and 
hydrophobic sites of amphiphilic polymers (such as 
dodecylamine/polyisobutylene-alt-maleic anhydride, 
PMA),13,65 highly stable and biocompatible coatings can also be 
achieved (Figure 1C).66 An alternative strategy comprises the 
coating of NPs with liposomes, which provides high 
biocompatibility but requires more tedious encapsulation and 
purification steps.67 Concerning biocompatibility, high 
molecular weight proteins are considered to be key 
biocoatings,68 which can  readily  bind to AuNPs  through  either 
covalent bonds or physical interactions.69 Bovine serum 
albumin (BSA) is a widely used model globular protein that 
provides stability and protection to the particles.70 Recently, the 
deposition of few layer graphene onto AuNPs has been reported 
to form so-called graphene-isolated–Au nanocrystals (GIANs). 
Interestingly, graphene serves simultaneously as protective 
layer and RaR (Figure 1D)
(IV) Targeting ligands: The selectivity of SERS tags toward a 
specific body region or tissue is typically provided by target-
specific biorecognition ligands, which in general are specific 
peptides, antibodies, aptamers or proteins.71,72 The 
connection of antibodies and proteins to 
SERS tags is often based on direct binding 
to polymeric shells, by means of either 1-
ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) 
chemistry, forming stable amide bonds, or 
click chemistry, whereas silane chemistry 
is often used for silica-coated tags. Site-
specific immobilization of antibodies is 
important, so as to achieve maximum 
selectivity while leaving the reactive site 
of the antibody available for targeting. A 
usual strategy involves the attachment onto 
the NPs of a peptide linker, such as Protein 
A, which presents high affinity toward the 
Fc fragment of human and rabbit IgG. This 
method facilitates orderly immobilization. 
Alternatively, biotin-modified proteins or 
aptamers can be bound to avidin or 
streptavidin-modified NPs.73 Less effective 
biomolecules can also be linked through 
direct adsorption or by electrostatic 
interactions, when NPs and target have 
opposite charges.57 Regarding peptides, one 
of the most common strategies involves 
covalent coupling of cysteine-terminated 
peptides to the particle surface via S-Au 
bonds. BSA has also been used as a linker 
between peptides (via the crosslinker 3-
maleimido benzoic acid N-
hydroxysuccinimide, MBS) and the 
nanoparticles (via electrostatic 
interactions), providing better solubility 
and stability to the peptide.74 The 
resulting selectively functionalized nanoparticles have 
been widely used to target and image cancer cells, both in vitro 
and in vivo,75,76 but a variety of applications are still emerging, 
which are based on the use of SERS tags for immunoassay 
testing or recognition of tumor cells coupled to endoscopy 
methods.21,43
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Figure 1. A) Schematic representation of the basic elements of 
single core and multiple core SERS tags: (I) inorganic cores; (II) 
Raman reporter molecules; (III) coatings made of different 
materials (proteins, polymers, silica, etc.); (IV) recognition 
moieties. B) PEGylated, silica coated SERS-nanotags containing 
the NIR dye IR780 perchlorate as RaR: B.1) TEM image; B.2) 
SERS spectrum using 785 nm laser excitation. Reproduced with 
permission from ref [27]. Copyright © 2019 American Chemical 
Society. C) BPT-SERS-encoded Au nanostars with an amphiphilic 
polymer protective layer: C.1) TEM image; C.2) Colored SERS 
maps of tag-labeled cells. The white scale bar corresponds to 20 
µm. Reproduced with permission from ref [13]. Copyright © 2016 
American Chemical Society D) Graphene-isolated–Au 
nanocrystals (GIANs): D.1) Scheme of aptamer-functionalized 
GIANs; D.2) TEM image; C.3) SERS spectrum of aqueous GIANs 
suspension highlighting graphene main peaks. Reproduced from 
ref [77]. Copyright © 2018 The Royal Society of Chemistry.

IMAGING WITH SERS TAGS
The characteristic properties of SERS tags are particularly 
useful for imaging applications in which long-term experiments 
are to be performed. A key advantage of SERS tags, as 
compared to commonly used fluorophore labels, is their 
resistance to photobleaching.18,78 Therefore, the localization of 
biocomponents labeled with SERS tags can be monitored over 
extended periods of time, with negligible loss of SERS signal. 
On the other hand, the readily available NIR-responsive SERS 
tags provide access to deeper light penetration in biological 
systems, thereby largely expanding the range of potential 
applications. Finally, the non-invasive character of SERS 
makes it compatible with in vivo experiments, and avoids the 
need for fixing cells, which is crucial toward understanding 
cellular behavior under real life conditions. We present below 
selected examples that clearly illustrate the current interest in 
using SERS tags, as compared to conventional methods.
From 2D to 3D cell models and in vivo SERS imaging
The development of a new material for biomedical applications 
requires first of all cytotoxicity tests to be carried out,65 
commonly by means of experiments using living cells. In this 
respect, minimally invasive techniques should be available for 
toxicity evaluation over extended periods of time. Other studies 
related to long term monitoring, for example of the effects of 
anticancer drugs, require the use of methods that do not modify 

the cellular environment. For such cases, SERS imaging 
appears as an ideal technique of choice.
The simplest in vitro models are single cell cultures, which 
grow as a monolayer on a flat surface, in the presence of the 
necessary nutrients provided by a cell culture medium. Over 
decades, these 2D cell models have been used for all types of 
bioassays. SERS tags have been demonstrated to be particularly 
useful in those cases where mixtures of different cell types are 
to be separately monitored. For example, Jimenez de Aberasturi 
et al.13 demonstrated that five different cancer cell lines, each 
labeled with a different SERS tag, can be specifically  imaged 
and followed within a quintuple cell co-culture, over time 
periods exceeding 24 h, without visible damaging of the cells. 
In cases where cell discrimination is a requirement, SERS tags 
with specific cell receptors can be used. Bodelón et al. reported 
a system based on Au@pNIPAM SERRS tags carrying 
different antibodies, which selectively attach to cellular 
receptors so that tumor cells can be clearly distinguished from 
healthy cells.17 In another interesting study, four different SERS 
tags comprising silver-coated gold nanorods with a PEG 
protecting layer, four thiophenol derivatives as RaR molecules, 
and four different antibodies that are specific to breast cancer 
membrane receptors and the leukocyte-specific CD45 marker. 
By integrating multiplex targeting, multicolor coding, and 
multimodal detection, this approach demonstrated promising 
improvements in multispectral imaging of individual tumor 
cells within complex biological environments (Figure 2A).79

It is well-known that, for medical applications, the 
microenviroment of cellular models should closely resemble 
that in the human body. Therefore, preclinical studies are 
typically carried out using various types of animals. However, 
ethical considerations require that the use of animal models be 
reduced as much as possible, which requires the design of 
realistic in vitro models.80 Unfortunately, commonly used 2D 
cell models are far from simulating the real situation in humans. 
Attempts to resolve this issue and achieve a more realistic 
model included the addition of extracellular matrix (ECM) or 
mixing different cell types, so that communication and 
intercellular contacts are improved, but this is still insufficient. 
When cells are cultured in 3D systems, they tend to form 
aggregates or spheroids in which cell-cell interactions are closer 
to a real in vivo situation.81 Such 3D cell cultures are often 
assisted by scaffolds through which cells can migrate and 
recreate real dynamic situations82 As a result of these 
developments, the use of 3D cell culture models has rapidly 
increased. However, our ability to characterize the internal 
structure or events within tissue in 3D is still rather limited. 
Confocal fluorescence microscopy is still the most commonly 
used technique, but it presents various drawbacks related to 
limited penetration depth, autofluorescence from cells, 
photobleaching and overlapping signals due to broad emission 
bands. Therefore, SERS imaging is emerging as a promising 
alternative technique to monitor 3D cell ensembles. The biggest 
challenge for 3D SERS imaging of bio-samples is related to the 
spatial and temporal resolution of existing instruments. Several 
components determine the sensitivity and resolution of the 
measurements. Light source parameters such as wavelength, 
spectral linewidth, frequency and power stability, spectral 
purity, beam quality, output power, etc. are highly relevant in 
any measurement. In biological samples, irradiation 
wavelengths are restricted to the NIR, so as to increase the 
penetration depth, even if the Raman-scattering efficiency is 
weaker than at shorter wavelengths. The 785 nm laser is most 
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often used, as it presents a good balance between scattering 
efficiency, fluorescence, detector efficiency and cost-
efficiency.83 Regarding detectors, wavelength specific CCD 
devices with improved precision are increasingly available.
We should say however that, despite its interesting prospects, 
the development of 3D-SERS imaging is still in progress.84 
Only few reports have used Raman imaging with high spatial 
resolution in 3D.85,86 In a recent example, Strozyk et al. used 
confocal Raman microscopy to image the 3D distribution of 
SERS-encoded AuNSs within multicompartment microgel 
particles.18 Altunbek et al. used SERS to analyze biochemical 
information from 3D culture systems, while maintaining their 
integrity. In this case, rather than SERS tags, a label free SERS 
based approach was used for the analysis of intracellular 
responses at different depth layers of a 3D culture model upon 
exposure to different drugs (Figure 2B).87 We propose that, 
combination of both approaches, SERS tags for 3D imaging and 
label free SERS analysis to monitor selected biomolecules 
(biomarkers) will become a suitable pathway to obtain a 
complete characterization of the biological system. 
Related techniques are coming up, to overcome the spatial 
resolution problem. For example, confocal Raman microscopy 
(CRM) is a spatial filtering technique which uses pinholes to 
eliminate the out-of-focus signal, enabling resolutions of 0.5-
1µm.88 To push this limit to the nanoscale, it is possible to 
implement atomic force microscopy (AFM), coupled to a 
confocal Raman spectrometer. This coupled technique, also 
called tip-enhanced Raman spectroscopy (TERS), is based on 
an opto-mechanical coupling that confines the laser on a metal-
coated tip, which acts as a nano-source of light and a focal 
enhancer.89 Moreover, combining this method with non-linear 
coherent Raman scattering phenomena, tip-enhanced coherent 
anti-Stokes Raman scattering (TECARS) is possible, leading to 
detection of single molecules with high sensitivity and 
resolution.90 On the other hand, the combination of SERS with 
spatially offset Raman spectroscopy (SORS) has been shown to 
yield enhanced Raman signals at much greater sub-surface 
levels. By means of this so-called SESORRS technique, 
tracking of SERRS-tags through porcine tissue at depths up to 
25 mm has been achieved.91 Similar to two-photon fluorescence 
microscopy, surface enhanced hyper Raman Scattering 
(SHERS) is capable of reaching high resolution levels by 
exploiting non-linear excitation and surface enhancement 
phenomena. The non-linear process permits reducing the 
illumination area and consequently obtaining more precise data 
in deep 3D samples.92 For rapid imaging (30 msec per pixel) of 
large tissue areas, immuno-SERS microscopy is also being 
developed, with single-nanoparticle sensitivity.93 To study 
molecular motion and molecule-plasmon interactions at a single 
molecule level, all these techniques can be equipped with 
ultrafast lasers reaching femtosecond or picosecond 
timescales.94,95

High resolution, fast acquisition time and increased penetration 
depth are all highly desirable features in bioimaging. 
Consequently, due to the high amount of produced data, 
improved data analysis methods are required, particularly for 
3D imaging applications. Multivariate analysis is increasingly 
used to focus on the degree of correlation or covariance among 
data. For example, principal component analysis (PCA) is used 
to reduce the data dimensionality without losing information 
related to the variability of the sample.96 Other classifiers and 
regression methods, such as linear regression analysis, are used 

to discriminate different elements inside the specimen, on the 
basis of a model predicted from data features.97

In vivo imaging
In vivo SERS imaging has been largely used to identify the 
presence and location of tumors, thereby guiding surgical tumor 
removal,28 occasionally in combination with complementary 
imaging techniques, thereby leading to multimodal imaging.23 
The majority of works aiming to in vivo SERS imaging involve 
the use of SERS tags,2 which are injected into the animal and 
either accumulate in a tumor due to the enhanced permeation 
and retention (EPR) effect98 or specifically target certain cells 
or tumors via direct injection or biorecognition surface ligands 
(Figure 2C). Again, the main limitation is given by the short 
penetration depth of the excitation laser beam, therefore much 
effort is being devoted toward developing new instrumentation 
for in vivo SERS imaging. For example, Zabaleta et al.99 
developed a small animal Raman imaging (SARI) system that 
allows for rapid imaging over a relatively large area (>6 cm2), 
with high spatial resolution.100 The same group developed a 
fiber optic probe designed to couple with a clinical endoscope, 
the combination of both systems being a significant 
advancement for simultaneous in vivo imaging and detection of 
different types of cancer, as explained in more detail below. 

Figure 2. A) SERS imaging in a 2D cell model: A.1) Reference 
RaR fingerprints recorded from single cultures; A.2) large-scale 
SERS single-point mapping to quantify the composition of 147 
cells within an area of 0.22 mm2 using references from A.1. Black 
dots correspond to cells with insufficient signal. Reproduced with 
permission from ref [13]. Copyright © 2016, American Chemical 
Society. B) Toward 3D cell models: B.1) SERS spectra from 
different depth layers of Doxorubicin-treated HeLa spheroids; B.2) 
SEM images from spheroids formed by AuNP-treated HeLa cells. 
Reproduced with permission from ref [87] © 2018 Elsevier B.V. 
C) In vivo SERS imaging: C.1) SERS spectra of four different 
SERS tags passively accumulated in the liver after injection; C.2) 
SARI system to image SERS tags: two tags are seen at 1h post-
injection (I) whereas all four probes are evident at 2h post-injection 
(II). Reproduced from ref [100]. 
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Multimodal imaging
The combination of mutually compatible imaging techniques 
has become one of the preferred solutions, so that we can obtain 
as much information as possible, toward accurate disease 
diagnosis. Each technique can provide important and 
complementary information, so that platforms enabling the use 
of multiple techniques are highly desirable. For example, the 
combination of magnetic and plasmonic properties within a 
single nanosized object should allow us to use magnetic 
resonance imaging (MRI) through contrast provided by e.g. an 
iron oxide component, while a plasmonic part, such as RaR-
labeled gold, can be monitored by SERS imaging, providing 
high sensitivity and spatial resolution. Reguera et. al23 
developed Janus plasmonic–magnetic (Au–Fe2O3) NPs and 
showed their multimodal imaging performance. Photoacoustic 
(PA) imaging can also be considered as a complementary tool, 
where the signal would again be assisted by the plasmonic 
response.23,101 Kircher et al. reported a combination of SERS, 
PA and MRI to visualize brain tumor margins with high 
precision. In this case, the system comprised Au nanotags, 
functionalized with Gd organometallic complexes.102

The combination of SERS with other imaging techniques has 
also been explored, where particles containing fluorescence and 
Raman labels are probably the most common ones. For example 
fluorescent polystyrene beads coated with SERS-labeled 
AuNSs have been demonstrated efficient systems as dual 
imaging probes.22 For a recent review on SERS-fluorescence 
encoded particles, see Guerrini et al.103 
SERS imaging and sensing can not only be combined with other 
imaging techniques for diagnosis, but also with selective 
treatment techniques such as photothermal therapy (PTT). 
Theranostic platforms combining both processes are actively 
being explored. Examples include the work by Liu et al. using 
plasmonic Au nanostars for in vivo tumor imaging and 
photothermal therapy,104 as well as the Raman reporter-coupled 
Ag@Au nanostars reported by Zeng et al. for the same 
purpose.105

BIOMARKER DETECTION
Biomarkers play a vital role in disease detection and treatment 
follow-up; however, their detection is sometimes limited due to 
technical issues.106 The development of techniques that enable 
accurate biomarker detection can be considered as a trending 
topic. The ultrasensitivity provided by SERS is of great interest 
in this field, SERS tags being again attractive candidates for 
several applications such as in vivo detection or point-of-care 
(POC) devices.  

In vivo detection
The high sensitivity and specificity of SERS tags are considered 
as the essential properties behind their use for detection at the 
single-cell level. The target cell would be recognized via 
binding through a targeting moiety carried by the SERS tag, 
while the acquired Raman signal provides identification and 
localization of the target.  Despite the high sensitivity, direct 
clinical application of SERS tags still requires the development 
of inexpensive and easy handling instrumentation. Therefore, 
the application of such probes in vivo has been largely focused 
on endoscopic systems for imaging and/or detection. These 

systems enable real-time in vivo identification of tumor 
receptors,24 ultimately leading to real-time image-guided 
resection and/or drug delivery (Figure 3).107 
During endoscopic observation, SERS tags become a powerful 
biomedical tool that allows improving the set of molecular 
information toward detecting cancer cells more accurately and 
studying the molecular changes associated with progression of 
the disease. Biomarker-targeted nanoparticles are inoculated 
inside the body and a spectral-imaging endoscope is used to 
acquire the Raman signal, as schematically shown in Figure 
3A.108 For example, using the multiplexing capabilities of 
silica-coated nanoparticles functionalized with monoclonal 
antibodies (mAb), in combination with a single wavelength 
laser, imaging of cell-surface biomarkers of oesophageal cancer 
has been possible (Figure 3B).109 Additionally, image analysis 
provided quantitative information on the relative concentration 
of SERS tags that were present in the luminal surface of hollow 
organs.21 Harmsen et al.27 have recently developed a mouse 
Raman endoscope and a clinically applicable Raman endoscope 
for larger animal studies that serve to detect premalignant 
gastrointestinal lesions using SERS-tags.

Figure 3. A) Schematic illustration of a SERS-endoscopy system: 
a fiber-bundle imaging probe within a glass guide tube, inserted in 
a rat esophagus. Reproduced from ref [108]. Copyright © 2014 
Optical Society of America. B) Endoscopic imaging of a rat 
esophageal tumor model. Left: Topical application of multiplexed 
SERS tags on the lumenal esophagus surface, for ratiometric 
biomarker detection; Right: endoscopic imaging of SERS tags via 
rotational pull-back of the fiber-bundle imaging probe. Reproduced 
from ref [109]. Copyright © 2015 Optical Society of America.

Another improvement has been the detection of cancer 
biomarkers in blood, which is a particularly difficult 
environment for optical detection, since blood features strong 
absorption and scattering of light, as well as autofluorescence, 
therefore strongly hindering the signal. An approach toward 
overcoming these problems comprised silica-coated SERS tags 
coupled with a fiber-optic bio-sensor (FOB), based on an 
evanescent wave detection mode.110,111 Another key application 
is open surgery: SERS image–guided resection requires 
intravenous injection of the nanotags, which circulate in the 
blood stream until reaching the tumor mass. After several hours, 
the area is examined with a handheld fiber-optic device that 
excites and collects the signal from the SERS tags. Karabeber 
et al.28 showed that SERS tags can accurately outline the extent 
of a tumor, thereby allowing real-time scanning and detection 
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of single tumor cells. These studies validate the use of SERS 
tags for targeted ultrasensitive in vivo detection and imaging.
In vitro diagnostics
Moving away from living clinical samples, recent years have 
seen extensive application of SERS tags for indirect analyte 
detection. For example, immunoassays are used to detect a 
specific target molecule in solution, using antibodies and 
antigens, such as the ELISA test, which however suffer from 
drawbacks including long detection times, large sample 
volumes, and poor limits of detection. SERS based 
immunoassays using SERS tags with high signal intensity offer 
improved detection in cases where extremely low amounts of 
solution lead to failure in standard systems.112 Such devices 
have shown detection of different types of biomolecules and 
microorganisms, including proteins, bacteria and viruses, with 
limits of detection that are ca. two orders of magnitude more 
sensitive than conventional immunoassays. Additionally, 
SERS-based immunoassays do not require sample culture or 
amplification steps and are characterized by reduced sample 
consumption and short assay times.113 The procedure is usually 
divided in two steps: a small amount of analyte is first mixed 
with functionalized SERS tags for selective binding, resulting 
in SERS probe-analyte complexes for the subsequent 
measurement of biomarkers. Depending on the capture method, 
we can identify various types of immunoassay devices. A 
numerous group of devices exploits magnetic interactions to 
collect the SERS probe-analyte complexes, e.g. those based on 
magnetic beads. These systems allow the antibody-antigen 
interaction to take place in an aqueous environment,114 but are 
limited by the required multiple washing steps and by the 
difficulties in controlling the assay conditions.115 The work by 
Choo and colleagues116 is an example of a magnetic bead-based 
device: PEGylated Au NPs carrying two different RaRs were 
employed to detect two different prostate specific antigens 
(PSAs) and create magnetic sandwich immune-complexes for 
both biomarkers, thereby leading to a more specific diagnosis. 

A different capture method relies on biofunctionalized 
sandwich SERS probes adsorbed onto a planar substrate. The 
biomarker expression could be identified at the single cell 
level,117 by using a substrate-based biosensor (Error! 
Reference source not found.A) which allows monitoring sub-
nanomolar concentrations of the cancer biomarker epithelial 
cell adhesion molecule (EpCAM), in two different cancer cell 
lines. The device is characterized by AuNSs substrates 
functionalized with an EpCAM aptamer receptor, which leads 
to formation of a sandwich with the SERS tags, characterized 
by the (mercapto-hexanol) RaR molecule and the EpCAM 
aptamer molecule. Similarly, a ultrasensitive SERS 
immunoassay for ultra-small serum volumes (≈2µL) has been 
developed toward exosome-based diagnosis, classification and 
metastasis monitoring of pancreatic cancer.112 Polydopamine 
(PDA) encapsulated, antibody-reporter-Ag(shell)@Au(core) 
SERS tags were employed to form a sandwich structure with a 
porous hydrophilic PDA layer, where specific antibodies were 
previously encapsulated (Figure 4B). Some other 
immunoassays118,119 have been reported, which make use of 
SERS tags in lateral flow assays, for detection of specific 
biomarkers. For example, silica coated AuNS functionalized 
with detection antibodies were incorporated in a paper-based 
lateral flow strip, to detect the neuron specific enolase (NSE) 
biomarker, directly from blood plasma.120 

Figure 4: A) Schematic representation of a substrate-based 
biosensor employing AuNSs functionalized with EpCAM aptamer 
molecules and mercapto hexanol as RaR molecule, to quantify 
subnanomolar concentrations of EpCAM protein in solution. 
Reproduced with permission from ref [117]. Copyright © 2018, 
American Chemical Society. B) Schematic view of polydopamine-
modified immunocapture substrates and ultrathin polydopamine-
encapsulated antibody-reporter-Ag(shell)-Au(core) multilayer 
(PEARL) SERS-tag. Reproduced from ref [112]. Copyright ©  
2018 The Royal Society of Chemistry.

Notwithstanding, application of SERS in clinical assays which 
require precise quantification, suffer in many cases from poor 
reproducibility. Better control of particle aggregation, particle 
monodispersity in terms of both the inorganic core and RaR 
distribution, are key factors that must be overcome. An 
emerging solution is the use of portable point of care (PoC) 
devices for fast and accurate diagnosis.3 While nanotechnology 
has provided the possibility of reducing device size, SERS can 
offer high analytical sensitivity, reducing detection limits and 
providing multiplexing capabilities. Therefore, SERS based 
clinical tests are increasingly reported121  (Figure 5). The 
integration of SERS within microfluidic chips using portable 
readers is a promising alternative.122 This combination allows 
quantification by SERS of nanoliter volumes in an automatic 
and reproducible manner, assisted by homogeneous mixing. 
Moreover, the fabrication of such assays by means of 3D bio-
printers, which allow reproducible fabrication of complex 
substrates and bio-architectures with a precise amount of 
material, opens up a whole world of possibilities.123 

Figure 5: Sketch of a portable Raman/SERS reader design with a 
customized optical fiber probe with laser line focus. Reproduced 
from ref [121]. © 2018 The Authors. Published by Wiley-VCH 
Verlag GmbH & Co. KGaA.
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OUTLOOK

SERS tags have become an essential component in SERS-
related biomedical applications. This is mainly due to the 
difficulties often encountered during direct SERS sensing in the 
biomedical and clinical fields, where the environment is highly 
heterogeneous and in constant change. Most often, well-defined 
SERS-labeled elements with specific signals that are not altered 
over time, can be used as a reference in such complex biological 
conditions and in particularly for SERS imaging. Still, direct 
SERS would provide complementary information related to 
analyte changes. We thus propose that, combination of both 
approaches should be highly beneficial.
In this context, recent progress in the controlled and 
reproducible synthesis of anisotropic metal nanoparticles, 
combined with reliable encoding, protecting and targeting 
methods, are leading to highly sophisticated systems that can be 
designed “a la carte” for each specific case. The highly 
reproducible production of nanoparticles is based on better 
understanding of the growth mechanisms while avoiding 
spurious errors by the implementation of automated synthesis 
reactors.
The field of tag-based SERS imaging is currently undergoing a 
significant input, largely based on advancements related to 
improving spatial and temporal resolutions. High spatial 
resolution techniques such as TERS, combined imaging 
methodologies (multimodal imaging) and the application of 
ultrafast lasers, are pushing the limits to reach nanometer 
resolutions and femtosecond timescale. The implementation of 
well-defined 3D cell and tissue models and multivariate data 
analysis are essential tools required to reach these aims. 
Additionally, SERS-based imaging can not only be paired with 
other imaging procedures for more accurate diagnostics, but 
also with related therapeutic techniques. We thus expect a burst 
of new advances in the near future, related to ultrafast and 
highly accurate SERS imaging.
Another field where SERS tags have much to offer is in vivo 
biomarker detection, which relies on open surgery, where 
endoscopic SERS probes can complement the analysis and 
detection of tumor cells, thereby assisting selective removal 
from the damaged tissue. On the other hand, SERS based point-
of-care assays are seeing increased development because of the 
enhanced sensitivity that can be obtained in those cases where 
analytes such as cell biomarkers are present at very low 
concentrations. Although reproducibility is still the main 
drawback, integration of SERS within microfluidics devices 
allows obtaining more reproducible measurement conditions, 
leading to reliable quantitative measurements. We can thus 
expect increased SERS-based clinical applications along with 
further development of portable instruments for in situ essays, 
i.e. smaller dimensions, more sophisticated elements and 
automated analysis. 
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polydopamine-encapsulated antibody-reporter-Ag(shell)-Au(core) 
multilayer; ECM: extracellular matrix; EPR: enhanced permeation 
and retention; NSE: neuron specific enolase.

REFERENCES

(1) Hu, Z.; Ott, P. A.; Wu, C. J. Towards Personalized, Tumour-
Specific, Therapeutic Vaccines for Cancer. Nat. Rev. Immunol. 
2017, 18, 168-182.

(2) Henry, A.-I.; Sharma, B.; Cardinal, M. F.; Kurouski, D.; Van 
Duyne, R. P. Surface-Enhanced Raman Spectroscopy 
Biosensing: In Vivo Diagnostics and Multimodal Imaging. Anal. 
Chem. 2016, 88, 6638–6647. 

(3) Nayak, S.; Blumenfeld, N. R.; Laksanasopin, T.; Sia, S. K. Point-
of-Care Diagnostics: Recent Developments in a Connected Age. 
Anal. Chem. 2017, 89, 102–123. 

(4) Basile, K.; Kok, J.; Dwyer, D. E. Point-of-Care Diagnostics for 
Respiratory Viral Infections. Exp. Rev. Mol. Diagn. 2018, 18, 75–
83.

(5) Klonoff, D. C. Point-of-Care Blood Glucose Meter Accuracy in 
the Hospital Setting. Diabetes Spectr. 2014, 27, 174–179. 

(6) Lewin, J. S. Future Directions in Minimally Invasive 
Intervention. Trans. Am. Clin. Climatol. Assoc. 2017, 128, 346–
352.

(7) Fleischmann, M.; Hendra, P. J.; McQuillan, A. J. Raman Spectra 
of Pyridine Adsorbed at a Silver Electrode. Chem. Phys. Lett. 
1974, 26, 163–166. 

(8) Alvarez-Puebla, R. A.; Liz-Marzán, L. M. SERS-Based 
Diagnosis and Biodetection. Small 2010, 6, 604–610. 

(9) Zengin, A.; Tamer, U.; Caykara, T. Fabrication of a SERS Based 
Aptasensor for Detection of Ricin B Toxin. J. Mater. Chem. B 
2015, 3, 306–315. 

(10) Rodríguez-Lorenzo, L.; Álvarez-Puebla, R. A.; Pastoriza-Santos, 
I.; Mazzucco, S.; Stéphan, O.; Kociak, M.; Liz-Marzán, L. M.; 
García de Abajo, F. J. Zeptomol Detection Through Controlled 
Ultrasensitive Surface-Enhanced Raman Scattering. J. Am. 
Chem. Soc. 2009, 131, 4616–4618. 

(11) Reguera, J.; Langer, J.; Jimenez de Aberasturi, D.; Liz-Marzán, 
L. M. Anisotropic Metal Nanoparticles for Surface Enhanced 
Raman Scattering. Chem. Soc. Rev. 2017, 46, 3866–3885. 

(12) Kamińska, A.; Winkler, K.; Kowalska, A.; Witkowska, E.; 
Szymborski, T.; Janeczek, A.; Waluk, J. SERS-Based 
Immunoassay in a Microfluidic System for the Multiplexed 
Recognition of Interleukins from Blood Plasma: Towards 
Picogram Detection. Sci. Rep. 2017, 7, 10656. DOI: 
10.1038/s41598-017-11152-w.

(13) Jimenez de Aberasturi, D.; Serrano-Montes, A. B.; Langer, J.; 
Henriksen-Lacey, M.; Parak, W. J.; Liz-Marzán, L. M. Surface 
Enhanced Raman Scattering Encoded Gold Nanostars for 

Page 8 of 12

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:djimenezdeaberasturi@cicbiomagune.es
mailto:llizmarzan@cicbiomagune.es


9

Multiplexed Cell Discrimination. Chem. Mater. 2016, 28, 6779–
6790. 

(14) Laing, S.; Jamieson, L. E.; Faulds, K.; Graham, D. Surface-
Enhanced Raman Spectroscopy for in Vivo Biosensing. Nat. Rev. 
Chem. 2017, 1, 0060. DOI: 10.1038/s41570-017-0060.

(15) Fabris, L. SERS Tags: The Next Promising Tool for Personalized 
Cancer Detection? ChemNanoMat 2016, 2, 249–258. 

(16) Cialla-May, D.; Zheng, X.-S.; Weber, K.; Popp, J. Recent 
Progress in Surface-Enhanced Raman Spectroscopy for 
Biological and Biomedical Applications: From Cells to Clinics. 
Chem. Soc. Rev. 2017, 46, 3945–3961. 

(17) Bodelõn, G.; Montes-García, V.; Fernández-López, C.; Pastoriza-
Santos, I.; Pérez-Juste, J.; Liz-Marzán, L. M. Au@pNIPAM 
SERRS Tags for Multiplex Immunophenotyping Cellular 
Receptors and Imaging Tumor Cells. Small 2015, 11, 4149–4157.

(18) Strozyk, M. S.; de Aberasturi, D. J.; Gregory, J. V.; Brust, M.; 
Lahann, J.; Liz-Marzán, L. M. Spatial Analysis of Metal–PLGA 
Hybrid Microstructures Using 3D SERS Imaging. Adv. Funct. 
Mater. 2017, 27, 1701626. DOI: 10.1002/adfm.201701626.

(19) Strozyk, M. S.; Jimenez de Aberasturi, D.; Liz-Marzán, L. M. 
Composite Polymer Colloids for SERS-Based Applications. 
Chem. Rec. 2018, 18, 807–818. 

(20) Ash, C.; Dubec, M.; Donne, K.; Bashford, T. Effect of 
Wavelength and Beam Width on Penetration in Light-Tissue 
Interaction Using Computational Methods. Lasers Med. Sci. 
2017, 32, 1909–1918. 

(21) Garai, E.; Sensarn, S.; Zavaleta, C. L.; Loewke, N. O.; Rogalla, 
S.; Mandella, M. J.; Felt, S. A.; Friedland, S.; Liu, J. T. C.; 
Gambhir, S. S.; et al. A Real-Time Clinical Endoscopic System 
for Intraluminal, Multiplexed Imaging of Surface-Enhanced 
Raman Scattering Nanoparticles. PLoS ONE 2015, 10, e0123185. 
DOI: 10.1371/journal.pone.0123185.

(22) Serrano-Montes, A. B.; Langer, J.; Henriksen-Lacey, M.; 
Jimenez de Aberasturi, D.; Solís, D. M.; Taboada, J. M.; 
Obelleiro, F.; Sentosun, K.; Bals, S.; Bekdemir, A.; et al. Gold 
Nanostar-Coated Polystyrene Beads as Multifunctional 
Nanoprobes for SERS Bioimaging. J. Phys. Chem. C 2016, 120, 
20860–20868.

(23) Reguera, J.; Jiménez de Aberasturi, D.; Henriksen-Lacey, M.; 
Langer, J.; Espinosa, A.; Szczupak, B.; Wilhelm, C.; Liz-Marzán, 
L. M. Janus Plasmonic–magnetic Gold–iron Oxide Nanoparticles 
as Contrast Agents for Multimodal Imaging. Nanoscale 2017, 9, 
9467–9480. 

(24) Jeong, S.; Kim, Y. H. Y. Y.-H. Y. Il; Kang, H.; Kim, G.; Cha, M. 
G.; Chang, H.; Jung, K. O.; Kim, Y. H. Y. Y.-H. Y. Il; Jun, B.-H. 
H.; Hwang, D. W.; et al. Fluorescence-Raman Dual Modal 
Endoscopic System for Multiplexed Molecular Diagnostics. Sci. 
Rep. 2015, 5, 9455. DOI: 10.1038/srep09455.

(25) Sun, C.; Gao, M.; Zhang, X. Surface-Enhanced Raman Scattering 
(SERS) Imaging-Guided Real-Time Photothermal Ablation of 
Target Cancer Cells Using Polydopamine-Encapsulated Gold 
Nanorods as Multifunctional Agents. Anal. Bioanal. Chem. 2017, 
409, 4915–4926. 

(26) Wang, Y.; Kang, S.; Doerksen, J. D.; Glaser, A. K.; Liu, J. T. C. 
Surgical Guidance via Multiplexed Molecular Imaging of Fresh 
Tissues Labeled with SERS-Coded Nanoparticles. IEEE J. Sel. 
Top. Quantum Electron. 2016, 22, 154-164. 

(27) Harmsen, S.; Rogalla, S.; Huang, R.; Spaliviero, M.; 
Neuschmelting, V.; Hayakawa, Y.; Lee, Y.; Tailor, Y.; Toledo-
Crow, R.; Kang, J. W.; et al. Detection of Premalignant 
Gastrointestinal Lesions Using Surface-Enhanced Resonance 
Raman Scattering–Nanoparticle Endoscopy. ACS Nano 2019, 13, 
1354-1364.

(28) Karabeber, H.; Huang, R.; Iacono, P.; Samii, J. M.; Pitter, K.; 
Holland, E. C.; Kircher, M. F. Guiding Brain Tumor Resection 
Using Surface-Enhanced Raman Scattering Nanoparticles and a 
Hand-Held Raman Scanner. ACS Nano 2014, 8, 9755–9766. 

(29) Carletti, E.; Motta, A.; Migliaresi, C. Scaffolds for Tissue 
Engineering and 3D Cell Culture; Methods Mol. Biol., 2011, 17–
39. 

(30) Wang, Y.; Schlücker, S. Rational Design and Synthesis of SERS 
Labels. Analyst 2013, 138, 2224-2238.

(31) Wang, Y.; Yan, B.; Chen, L. SERS Tags: Novel Optical 
Nanoprobes for Bioanalysis. Chem. Rev. 2013, 113, 1391–1428. 

(32) Dreaden, E. C.; Alkilany, A. M.; Huang, X.; Murphy, C. J.; El-

Sayed, M. A. The Golden Age: Gold Nanoparticles for 
Biomedicine. Chem. Soc. Rev. 2012, 41, 2740–2779. 

(33) Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. 
Synthesis of Thiol-Derivatised Gold Nanoparticles in a Two-
Phase Liquid–Liquid System. J. Chem. Soc., Chem. Commun. 
1994, 801–802.

(34) Bastús, N. G.; Comenge, J.; Puntes, V. Kinetically Controlled 
Seeded Growth Synthesis of Citrate-Stabilized Gold 
Nanoparticles of up to 200 nm: Size Focusing versus Ostwald 
Ripening. Langmuir 2011, 27, 11098–11105. 

(35) Scarabelli, L.; Sánchez-Iglesias, A.; Pérez-Juste, J.; Liz-Marzán, 
L. M. A “Tips and Tricks” Practical Guide to the Synthesis of 
Gold Nanorods. J. Phys. Chem. Lett. 2015, 6, 4270–4279. 

(36) Hemmer, E.; Venkatachalam, N.; Hyodo, H.; Hattori, A.; Ebina, 
Y.; Kishimoto, H.; Soga, K. Upconverting and NIR Emitting Rare 
Earth Based Nanostructures for NIR-Bioimaging. Nanoscale 
2013, 5, 11339-11361.

(37) Hemmer, E.; Benayas, A.; Légaré, F.; Vetrone, F. Exploiting the 
Biological Windows: Current Perspectives on Fluorescent 
Bioprobes Emitting above 1000 nm. Nanoscale Horizons 2016, 
1, 168–184.

(38) Guerrero-Martínez, A.; Barbosa, S.; Pastoriza-Santos, I.; Liz-
Marzán, L. M. Nanostars Shine Bright for You: Colloidal 
Synthesis, Properties and Applications of Branched Metallic 
Nanoparticles. Curr. Opin. Colloid Interface Sci. 2011, 16, 118–
127. 

(39) Tsoulos, T. V; Atta, S.; Lagos, M. J.; Batson, P. E.; Tsilomelekis, 
G.; Fabris, L. Rational Design of Gold Nanostars with Tailorable 
Plasmonic Properties. Chemrxiv, 2018. DOI: 
10.26434/chemrxiv.6552743.v1.

(40) Li, M.; Qiu, Y.; Fan, C.; Cui, K.; Zhang, Y.; Xiao, Z. Design of 
SERS Nanoprobes for Raman Imaging: Materials, Critical 
Factors and Architectures. Acta Pharm. Sin. B 2018, 8, 381–389. 

(41) Halas, N. J.; Lal, S.; Chang, W.-S.; Link, S.; Nordlander, P. 
Plasmons in Strongly Coupled Metallic Nanostructures. Chem. 
Rev. 2011, 111, 3913–3961. 

(42) Kim, H.-M.; Kim, D.-M.; Jeong, C.; Park, S. Y.; Cha, M. G.; Ha, 
Y.; Jang, D.; Kyeong, S.; Pham, X.-H.; Hahm, E.; et al. Assembly 
of Plasmonic and Magnetic Nanoparticles with Fluorescent Silica 
Shell Layer for Tri-Functional SERS-Magnetic-Fluorescence 
Probes and Its Bioapplications. Sci. Rep. 2018, 8, 13938. 
DOI:10.1038/s41598-018-32044-7.

(43) Khlebtsov, B.; Pylaev, T.; Khanadeev, V.; Bratashov, D.; 
Khlebtsov, N. Quantitative and Multiplex Dot-Immunoassay 
Using Gap-Enhanced Raman Tags. RSC Adv. 2017, 7, 40834–
40841. 

(44) Wang, Y.; Serrano, A. B.; Sentosun, K.; Bals, S.; Liz-Marzán, L. 
M. Stabilization and Encapsulation of Gold Nanostars Mediated 
by Dithiols. Small 2015, 11, 4314–4320. 

(45) Vilar-Vidal, N.; Bonhommeau, S.; Talaga, D.; Ravaine, S. One-
Pot Synthesis of Gold Nanodimers and Their Use as Surface-
Enhanced Raman Scattering Tags. New J. Chem. 2016, 40, 7299–
7302.

(46) Yang, Y.; Wang, Y.; Jin, S.-M.; Xu, J.; Hou, Z.; Ren, J.; Wang, 
K.; Lee, E.; Zhang, L.; Zhang, Y.; et al. 3D Confined Assembly 
of Polymer-Tethered Gold Nanoparticles into Size-Segregated 
Structures. Mater. Chem. Front. 2019, 3, 209-215. 

(47) Rodríguez-Fernández, D.; Langer, J.; Henriksen-Lacey, M.; Liz-
Marzán, L. M. Hybrid Au-SiO2 Core-Satellite Colloids as 
Switchable SERS Tags. Chem. Mater. 2015, 27, 2540–2545. 

(48) Atta, S.; Beetz, M.; Fabris, L. Understanding the Role of AgNO3 
Concentration and Seed Morphology in the Achievement of 
Tunable Shape Control in Gold Nanostars. Nanoscale 2019, 11, 
2946–2958.

(49) Scarabelli, L.; Schumacher, M.; Jimenez de Aberasturi, D.; 
Merkl, J.-P.; Henriksen-Lacey, M.; Milagres de Oliveira, T.; 
Janschel, M.; Schmidtke, C.; Bals, S.; Weller, H.; et al. 
Encapsulation of Noble Metal Nanoparticles through Seeded 
Emulsion Polymerization as Highly Stable Plasmonic Systems. 
Adv. Funct. Mater. 2019, 1809071. DOI: 
0.1002/adfm.201809071.

(50) Lohse, S. E.; Eller, J. R.; Sivapalan, S. T.; Plews, M. R.; Murphy, 
C. J. A Simple Millifluidic Benchtop Reactor System for the 
High-Throughput Synthesis and Functionalization of Gold 
Nanoparticles with Different Sizes and Shapes. ACS Nano 2013, 

Page 9 of 12

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10

7, 4135–4150. 
(51) Leigh, S. Y.; Som, M.; Liu, J. T. C. Method for Assessing the 

Reliability of Molecular Diagnostics Based on Multiplexed 
SERS-Coded Nanoparticles. PLoS One 2013, 8, e62084. DOI: 
10.1371/journal.pone.0062084.

(52) Serrano-Montes, A. B.; Jimenez de Aberasturi, D.; Langer, J.; 
Giner-Casares, J. J.; Scarabelli, L.; Herrero, A.; Liz-Marzán, L. 
M. A General Method for Solvent Exchange of Plasmonic 
Nanoparticles and Self-Assembly into SERS-Active Monolayers. 
Langmuir 2015, 31, 9205–9213. 

(53) McLintock, A.; Cunha-Matos, C. A.; Zagnoni, M.; Millington, O. 
R.; Wark, A. W. Universal Surface-Enhanced Raman Tags: 
Individual Nanorods for Measurements from the Visible to the 
Infrared (514–1064 Nm). ACS Nano 2014, 8, 8600–8609. 

(54) Cui, Y.; Phang, I. Y.; Lee, Y. H.; Lee, M. R.; Zhang, Q.; Ling, X. 
Y. Multiplex Plasmonic Anti-Counterfeiting Security Labels 
Based on Surface-Enhanced Raman Scattering. Chem. Commun. 
2015, 51, 5363–5366. 

(55) Schütz, M.; Müller, C. I.; Salehi, M.; Lambert, C.; Schlücker, S. 
Design and Synthesis of Raman Reporter Molecules for Tissue 
Imaging by Immuno-SERS Microscopy. J. Biophotonics 2011, 4 
(6), 453–463. 

(56) Luo, Z.; Zhao, Y.; Darwish, T.; Wang, Y.; Hou, J.; Stellacci, F. 
Mass Spectrometry and Monte Carlo Method Mapping of 
Nanoparticle Ligand Shell Morphology. Nat. Commun. 2018, 9, 
4478. DOI:10.1038/s41467-018-06939-y.

(57) Fabris, L. Gold-Based SERS Tags for Biomedical Imaging. J. 
Opt. 2015, 17, 114002. DOI: 10.1088/2040-8978/17/11/114002.

(58) Mulvaney, S.P; Musick, M.D.; Keating, C.D. and; Natan, M. J. 
Glass-Coated, Analyte-Tagged Nanoparticles:  A New Tagging 
System Based on Detection with Surface-Enhanced Raman 
Scattering. Langmuir, 2003, 19, 4784-4790.

(59) Sanz-Ortiz, M. N.; Sentosun, K.; Bals, S.; Liz-Marzán, L. M. 
Templated Growth of Surface Enhanced Raman Scattering-
Active Branched Gold Nanoparticles within Radial Mesoporous 
Silica Shells. ACS Nano 2015, 9, 10489–10497. 

(60) Ott, A.; Yu, X.; Hartmann, R.; Rejman, J.; Schütz, A.; Ochs, M.; 
Parak, W. J.; Carregal-Romero, S. Light-Addressable and 
Degradable Silica Capsules for Delivery of Molecular Cargo to 
the Cytosol of Cells. Chem. Mater. 2015, 27, 1929–1942. 

(61) Hanske, C.; Sanz-Ortiz, M. N.; Liz-Marzán, L. M. Silica-Coated 
Plasmonic Metal Nanoparticles in Action. Adv. Mater. 2018, 30, 
1707003. DOI: 10.1002/adma.201707003.

(62) Yang, S.-A.; Choi, S.; Jeon, S. M.; Yu, J. Silica Nanoparticle 
Stability in Biological Media Revisited. Sci. Rep. 2018, 8, 185. 
DOI:10.1038/s41598-017-18502-8.

(63) Damodaran, V. B.; Murthy, N. S. Bio-Inspired Strategies for 
Designing Antifouling Biomaterials. Biomater. Res. 2016, 20, 18. 
DOI: 10.1186/s40824-016-0064-4.

(64) Dinish, U. S.; Balasundaram, G.; Chang, Y. T.; Olivo, M. 
Actively Targeted in Vivo Multiplex Detection of Intrinsic 
Cancer Biomarkers Using Biocompatible SERS Nanotags. Sci. 
Rep. 2014, 4, 4075. DOI: 0.1038/srep04075.

(65) Rivera-Gil, P.; Jimenez De Aberasturi, D.; Wulf, V.; Pelaz, B.; 
Del Pino, P.; Zhao, Y.; De La Fuente, J. M.; Ruiz De Larramendi, 
I.; Rojo, T.; Liang, X.-J.; et al. The Challenge To Relate the 
Physicochemical Properties of Colloidal Nanoparticles to Their 
Cytotoxicity. Acc. Chem. Res. 2013, 46 46, 743–749.

(66) Pellegrino, T., Manna, L., Kudera, S., Liedl, T, Koktysh, D., 
Rogach, A.L, Keller, S. Rädler, J., Natile, G. and Parak W.J., 
Hydrophobic Nanocrystals Coated with an Amphiphilic Polymer 
Shell:  A General Route to Water Soluble Nanocrystals. Nano 
Lett., 2004, 4, 703–707 

(67) Alipour, E.; Halverson, D.; McWhirter, S.; Walker, G. C. 
Phospholipid Bilayers: Stability and Encapsulation of 
Nanoparticles. Annu. Rev. Phys. Chem. 2017, 68, 261–283.

(68) Zhang, S. Biological and Biomedical Coatings Handbook; CRC 
Press, Boca Raton 2011.

(69) Alsamamra, H.; Hawwarin, I.; Sharkh, S. A.; Abuteir, M. Study 
the Interaction between Gold Nanoparticles and Bovine Serum 
Albumin: Spectroscopic Approach. J. Bioanal. Biomed. 2018, 10, 
43–49.

(70) Brewer, S.H. Glomm, W.R., Johnson, M.C., Knag, M.K. and 
Franzen, S. Probing BSA Binding to Citrate-Coated Gold 
Nanoparticles and Surfaces. Langmuir, 2005, 21,  9303–9307. 

(71) Attarwala, H. Role of Antibodies in Cancer Targeting. J. Nat. Sci. 
Biol. Med. 2010, 1 , 53–56. 

(72) Mousavizadeh, A.; Jabbari, A.; Akrami, M.; Bardania, H. Cell 
Targeting Peptides as Smart Ligands for Targeting of Therapeutic 
or Diagnostic Agents: A Systematic Review. Coll. Surf. B 
Biointerfaces 2017, 158, 507–517. 

 (73) Hu, Z.; Tan, J.; Lai, Z.; Zheng, R.; Zhong, J.; Wang, Y.; Li, X.; 
Yang, N.; Li, J.; Yang, W.; et al. Aptamer Combined with 
Fluorescent Silica Nanoparticles for Detection of Hepatoma 
Cells. Nanoscale Res. Lett. 2017, 12, 96. DOI: 10.1186/s11671-
017-1890-6.

(74) Tkachenko, A.; Xie, H.; Franzen, S.; Feldheim, D. L. Assembly 
and Characterization of Biomolecule–Gold Nanoparticle 
Conjugates and Their Use in Intracellular Imaging. In 
NanoBiotechnology Protocols; Humana Press, 2005; 085-100. 

(75) Nicolson, F.; Jamieson, L. E.; Mabbott, S.; Plakas, K.; Shand, N. 
C.; Detty, M. R.; Graham, D.; Faulds, K. Multiplex Imaging of 
Live Breast Cancer Tumour Models through Tissue Using 
Handheld Surface Enhanced Spatially Offset Resonance Raman 
Spectroscopy (SESORRS). Chem. Commun. 2018, 54, 8530–
8533. 

(76) Kang, S.; Wang, Y.; Reder, N. P.; Liu, J. T. C. Multiplexed 
Molecular Imaging of Biomarker-Targeted SERS Nanoparticles 
on Fresh Tissue Specimens with Channel-Compressed 
Spectrometry. PLoS ONE 2016, 11, 1–13. DOI: 
10.1371/journal.pone.0163473.

(77) Zou, Y.; Huang, S.; Liao, Y.; Zhu, X.; Chen, Y.; Chen, L.; Liu, 
F.; Hu, X.; Tu, H.; Zhang, L.; et al. Isotopic Graphene-Isolated-
Au-Nanocrystals with Cellular Raman-Silent Signals for Cancer 
Cell Pattern Recognition. Chem. Sci. 2018, 9, 2842–2849. 

(78) Vesely, P. Handbook of Biological Confocal Microscopy, 3rd Ed. 
Pawley, J. B. (Ed.) Scanning 2007, 29, 91-134.

 (79) Nima, Z. A.; Mahmood, M.; Xu, Y.; Mustafa, T.; Watanabe, F.; 
Nedosekin, D. A.; Juratli, M. A.; Fahmi, T.; Galanzha, E. I.; 
Nolan, J. P.; et al. Circulating Tumor Cell Identification by 
Functionalized Silver-Gold Nanorods with Multicolor, Super-
Enhanced SERS and Photothermal Resonances. Sci. Rep. 2015, 
4, 4752. DOI: 10.1038/srep04752.

(80) Hutchinson, L.; Kirk, R. High Drug Attrition Rates—where Are 
We Going Wrong? Nat. Rev. Clin. Oncol. 2011, 8, 189–190. 

(81) Edmondson, R.; Broglie, J. J.; Adcock, A. F.; Yang, L. Three-
Dimensional Cell Culture Systems and Their Applications in 
Drug Discovery and Cell-Based Biosensors. Assay Drug Deliv. 
Technol. 2014, 12, 207–218. 

(82) Chan, B. P.; Leong, K. W. Scaffolding in Tissue Engineering: 
General Approaches and Tissue-Specific Considerations. Eur. 
Spine J. 2008, 17, 467–479. 

(83) Karlsson, H.; Illy, E. How to Choose a Laser: How to choose a 
laser for Raman spectroscopy - Laser Focus World 
https://www.laserfocusworld.com/articles/print/volume-
54/issue-08/features/how-to-choose-a-laser-how-to-choose-a-
laser-for-raman-spectroscopy.html (accessed Apr 16, 2019).

(84) Vantasin S. and Ozaki Y., 3D SERS Imaging, in: Frontiers of 
Plasmon Enhanced Spectroscopy. ACS Symp. Ser., 2016, 95-
108. 

(85) Zhang, Q.; Lee, Y. H.; Phang, I. Y.; Lee, C. K.; Ling, X. Y. 
Hierarchical 3D SERS Substrates Fabricated by Integrating 
Photolithographic Microstructures and Self-Assembly of Silver 
Nanoparticles. Small 2014, 10, 2703–2711. 

(86) Jin, Q.; Li, M.; Polat, B.; Paidi, S. K.; Dai, A.; Zhang, A.; 
Pagaduan, J. V.; Barman, I.; Gracias, D. H. Mechanical Trap 
Surface-Enhanced Raman Spectroscopy for Three-Dimensional 
Surface Molecular Imaging of Single Live Cells. Angew. Chem. 
Int. Ed. 2017, 56, 3822–3826. 

(87) Altunbek, M.; Çetin, D.; Suludere, Z.; Çulha, M. Surface-
Enhanced Raman Spectroscopy Based 3D Spheroid Culture for 
Drug Discovery Studies. Talanta 2019, 191, 390–399. 

(88) Giridhar, G.; Manepalli, R. R. K. N.; Apparao, G. Confocal 
Raman Spectroscopy. In Spectroscopic Methods for 
Nanomaterials Characterization; Elsevier, 2017; pp 141–161. 
DOI: 10.1016/B978-0-323-46140-5.00007-8.

(89) Verma, P. Tip-Enhanced Raman Spectroscopy: Technique and 
Recent Advances. Chem. Rev. 2017, 117, 6447–6466. 

(90) Kou, X.; Zhou, Q.; Wang, D.; Yuan, J.; Fang, X.; Wan, L. High-
Resolution Imaging of Graphene by Tip-Enhanced Coherent 

Page 10 of 12

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11

Anti-Stokes Raman Scattering. J. Innov. Opt. Health Sci. 2019, 
12, 1841003. DOI: 10.1142/S1793545818410031.

(91) Nicolson, F.; Jamieson, L. E.; Mabbott, S.; Plakas, K.; Shand, N. 
C.; Detty, M. R.; Graham, D.; Faulds, K. Through Tissue Imaging 
of a Live Breast Cancer Tumour Model Using Handheld Surface 
Enhanced Spatially Offset Resonance Raman Spectroscopy 
(SESORRS). Chem. Sci. 2018, 9, 3788–3792. 

(92) Madzharova, F.; Heiner, Z.; Kneipp, J. Surface Enhanced Hyper 
Raman Scattering (SEHRS) and Its Applications. Chem. Soc. 
Rev. 2017, 46, 3980–3999. 

(93) Salehi, M.; Steinigeweg, D.; Ströbel, P.; Marx, A.; Packeisen, J.; 
Schlücker, S. Rapid Immuno-SERS Microscopy for Tissue 
Imaging with Single-Nanoparticle Sensitivity. J. Biophotonics 
2012, 6, 785-792. 

(94) Gruenke, N. L.; Cardinal, M. F.; McAnally, M. O.; Frontiera, R. 
R.; Schatz, G. C.; Van Duyne, R. P. Ultrafast and Nonlinear 
Surface-Enhanced Raman Spectroscopy. Chem. Soc. Rev. 2016, 
45, 2263–2290.

(95) Milojevich, C. B.; Silverstein, D. W.; Jensen, L.; Camden, J. P. 
Surface-Enhanced Hyper-Raman Scattering Elucidates the Two-
Photon Absorption Spectrum of Rhodamine 6G. J. Phys. Chem. 
C 2013, 117, 3046–3054. 

(96) Das, G.; Gentile, F.; Coluccio, M. L.; Perri, A. M.; Nicastri, A.; 
Mecarini, F.; Cojoc, G.; Candeloro, P.; Liberale, C.; De Angelis, 
F.; et al. Principal Component Analysis Based Methodology to 
Distinguish Protein SERS Spectra. J. Mol. Struct. 2011, 993, 
500–505. 

(97) Li, X.; Yang, T.; Li, C. S.; Song, Y.; Lou, H.; Guan, D.; Jin, L. 
Surface Enhanced Raman Spectroscopy (SERS) for the Multiplex 
Detection of Braf, Kras, and Pik3ca Mutations in Plasma of 
Colorectal Cancer Patients. Theranostics 2018, 8, 1678–1689. 

(98) Arami, H.; Patel, C. B.; Madsen, S. J.; Dickinson, P. J.; Davis, R. 
M.; Zeng, Y.; Sturges, B. K.; Woolard, K. D.; Habte, F. G.; Akin, 
D.; et al. Nanomedicine for Spontaneous Brain Tumors: A 
Companion Clinical Trial. ACS Nano 2019, 13, 2858–2869.

 (99) Zavaleta, C. L.; Garai, E.; Liu, J. T. C.; Sensarn, S.; Mandella, M. 
J.; Van de Sompel, D.; Friedland, S.; Van Dam, J.; Contag, C. H.; 
Gambhir, S. S. A Raman-Based Endoscopic Strategy for 
Multiplexed Molecular Imaging. Proc. Natl. Acad. Sci. U. S. A. 
2013, 110, E2288-E2297.

(100) Bohndiek, S. E.; Wagadarikar, A.; Zavaleta, C. L.; Van de 
Sompel, D.; Garai, E.; Jokerst, J. V; Yazdanfar, S.; Gambhir, S. 
S. A Small Animal Raman Instrument for Rapid, Wide-Area, 
Spectroscopic Imaging. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 
12408–12413.

(101) Chen, S.; Bao, C.; Zhang, C.; Yang, Y.; Wang, K.; 
Chikkaveeraiah, B. V; Wang, Z.; Huang, X.; Pan, F.; Wang, K.; 
et al. EGFR Antibody Conjugated Bimetallic Au@Ag Nanorods 
for Enhanced SERS-Based Tumor Boundary Identification, 
Targeted Photoacoustic Imaging and Photothermal Therapy. 
Nano Biomed. Eng. 2016, 8, 315–328. 

(102) Kircher, M. F.; de la Zerda, A.; Jokerst, J. V; Zavaleta, C. L.; 
Kempen, P. J.; Mittra, E.; Pitter, K.; Huang, R.; Campos, C.; 
Habte, F.; et al. A Brain Tumor Molecular Imaging Strategy 
Using a New Triple-Modality MRI-Photoacoustic-Raman 
Nanoparticle. Nat. Med. 2012, 18, 829–834. 

(103) Alvarez-Puebla, R. A.; Pazos-Perez, N.; Guerrini, L. SERS-
Fluorescent Encoded Particles as Dual-Mode Optical Probes. 
Appl. Mater. Today 2018, 13, 1–14. 

(104) Liu, Y.; Ashton, J. R.; Moding, E. J.; Yuan, H.; Register, J. K.; 
Fales, A. M.; Choi, J.; Whitley, M. J.; Zhao, X.; Qi, Y.; et al. A 
Plasmonic Gold Nanostar Theranostic Probe for in Vivo Tumor 
Imaging and Photothermal Therapy. Theranostics 2015, 5, 946–
960. 

(105) Zeng, L.; Pan, Y.; Wang, S.; Wang, X.; Zhao, X.; Ren, W.; Lu, 
G.; Wu, A. Raman Reporter-Coupled Ag(core)@Au(shell) 
Nanostars for in Vivo Improved Surface Enhanced Raman 
Scattering Imaging and Near-infrared-Triggered Photothermal 
Therapy in Breast Cancers.. ACS Appl. Mater. Interfaces 2015, 7, 
16781–16791. 

(106) Nimse, S. B.; Sonawane, M. D.; Song, K.-S.; Kim, T. Biomarker 
Detection Technologies and Future Directions. Analyst 2016, 
141, 740–755. 

(107) Tian, F.; Conde, J.; Bao, C.; Chen, Y.; Curtin, J.; Cui, D. Gold 

Nanostars for Efficient in Vitro and in Vivo Real-Time SERS 
Detection and Drug Delivery via Plasmonic-Tunable 
Raman/FTIR Imaging. Biomaterials 2016, 106, 87–97. 

 (108) Wang, Y. W.; Khan, A.; Leigh, S. Y.; Wang, D.; Chen, Y.; Meza, 
D.; Liu, J. T. C. Comprehensive Spectral Endoscopy of Topically 
Applied SERS Nanoparticles in the Rat Esophagus. Biomed. Opt. 
Express 2014, 5, 2883-2895. 

(109) Wang, Y. W.; Kang, S.; Khan, A.; Bao, P. Q.; Liu, J. T. C. C. In 
Vivo Multiplexed Molecular Imaging of Esophageal Cancer via 
Spectral Endoscopy of Topically Applied SERS Nanoparticles. 
Biomed. Opt. Express 2015, 6, 3714–3723. 

(110) Li, X.; Zhang, Y.; Xue, B.; Kong, X.; Liu, X.; Tu, L.; Chang, Y.; 
Zhang, H. A SERS Nano-Tag-Based Fiber-Optic Strategy for in 
Situ Immunoassay in Unprocessed Whole Blood. Biosens. 
Bioelectron. 2017, 92, 517–522. 

(111) Juan-Colás, J.; Johnson, S.; Krauss, T. Dual-Mode Electro-
Optical Techniques for Biosensing Applications: A Review. 
Sensors 2017, 17, 2047. DOI: 10.3390/s17092047.

(112) Li, T. Da; Zhang, R.; Chen, H.; Huang, Z. P.; Ye, X.; Wang, H.; 
Deng, A. M.; Kong, J. L. An Ultrasensitive Polydopamine Bi-
Functionalized SERS Immunoassay for Exosome-Based 
Diagnosis and Classification of Pancreatic Cancer. Chem. Sci. 
2018, 9, 5372–5382.

(113) Choi, N.; Lee, J.; Ko, J.; Jeon, J. H.; Rhie, G. E.; DeMello, A. J.; 
Choo, J. Integrated SERS-Based Microdroplet Platform for the 
Automated Immunoassay of F1 Antigens in Yersinia Pestis. Anal. 
Chem. 2017, 89, 8413–8420. 

(114) Wu, L.; Wang, Z.; Fan, K.; Zong, S.; Cui, Y. A SERS-Assisted 
3D Barcode Chip for High-Throughput Biosensing. Small 2015, 
11, 2798–2806. 

(115) Pallaoro, A.; Hoonejani, M. R.; Braun, G. B.; Meinhart, C. D.; 
Moskovits, M. Rapid Identification by Surface-Enhanced Raman 
Spectroscopy of Cancer Cells at Low Concentrations Flowing in 
a Microfluidic Channel. ACS Nano 2015, 9, 4328–4336. 

(116) Cheng, Z.; Choi, N.; Wang, R.; Lee, S.; Moon, K. C.; Yoon, S. 
Y.; Chen, L.; Choo, J. Simultaneous Detection of Dual Prostate 
Specific Antigens Using Surface-Enhanced Raman Scattering-
Based Immunoassay for Accurate Diagnosis of Prostate Cancer. 
ACS Nano 2017, 11, 4926–4933. 

(117) Bhamidipati, M.; Cho, H. Y.; Lee, K. B.; Fabris, L. SERS-Based 
Quantification of Biomarker Expression at the Single Cell Level 
Enabled by Gold Nanostars and Truncated Aptamers. Bioconjug. 
Chem. 2018, 29, 2970–2981. 

(118) Neng, J.; Li, Y.; Driscoll, A. J.; Wilson, W. C.; Johnson, P. A. 
Detection of Multiple Pathogens in Serum Using Silica-
Encapsulated Nanotags in a Surface-Enhanced Raman 
Scattering-Based Immunoassay. J. Agric. Food Chem. 2018, 66, 
5707–5712. 

(119) Blanco-Covián, L.; Montes-García, V.; Girard, A.; Fernández-
Abedul, M. T.; Pérez-Juste, J.; Pastoriza-Santos, I.; Faulds, K.; 
Graham, D.; Blanco-López, M. C. Au@Ag SERRS Tags Coupled 
to a Lateral Flow Immunoassay for the Sensitive Detection of 
Pneumolysin. Nanoscale 2017, 9, 2051–2058. 

(120) Gao, X.; Zheng, P.; Kasani, S.; Wu, S.; Yang, F.; Lewis, S.; 
Nayeem, S.; Engler-Chiurazzi, E. B.; Wigginton, J. G.; Simpkins, 
J. W.; et al. Paper-Based Surface-Enhanced Raman Scattering 
Lateral Flow Strip for Detection of Neuron-Specific Enolase in 
Blood Plasma. Anal. Chem. 2017, 89, 10104–10110. 

(121) Tran, V.; Walkenfort, B.; König, M.; Salehi, M.; Schlücker, S. 
Rapid, Quantitative, and Ultrasensitive Point-of-Care Testing: A 
Portable SERS Reader for Lateral Flow Assays in Clinical 
Chemistry. Angew. Chemie Int. Ed. 2019, 58, 442–446. 

(122) Jahn, I. J.; Žukovskaja, O.; Zheng, X.-S.; Weber, K.; Bocklitz, T. 
W.; Cialla-May, D.; Popp, J. Surface-Enhanced Raman 
Spectroscopy and Microfluidic Platforms: Challenges, Solutions 
and Potential Applications. Analyst 2017, 142, 1022–1047. 

(123) Ligon, S. C.; Liska, R.; Stampfl, J.; Gurr, M.; Mülhaupt, R. 
Polymers for 3D Printing and Customized Additive 
Manufacturing. Chem. Rev. 2017, 117, 10212–10290. 

Page 11 of 12

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12

Table of Contents (TOC) 

Page 12 of 12

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


