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As surface-enhanced Raman scattering (SERS) continues to grow in popularity, more work needs to be
done to evaluate its compatibility with a wider scope of applications. With such a strong emphasis on
SERS being used for biosensing, it is important to examine how SERS is used in bioanalytical nanoscience,
and more importantly, look towards where SERS is heading. For many, the initial steps involve demonstrat-
ing in vivo sensing by SERS using cultures of live cells. To further and better demonstrate the capabilities
of SERS as a technique in bioanalytical nanoscience, it is necessary to transition away from studies invol-
ving single cells or small quantities of cells. This means working with tissue, typically as an ex vivo slice or
a spheroid, before moving onto in vivo animal models. Although working with tissue as opposed to single
cells introduces new challenges, the types of approaches developed for single cell studies serve as the
foundation for the more complex biomaterials. The aim of this tutorial review is to better facilitate the
transition from single cells to complex tissues by demonstrating the similarities in the methodologies that
have been used and how to overcome some of the challenges of working with tissue. Specifically, we
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explore how three of the most common methods of working with nanoparticles and cells have been
adapted and incorporated for experiments involving different types of tissues. Overall, this review high-
lights a variety of methods that can be readily implemented for those wishing to perform SERS measure-
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1 Introduction

The ability to accurately differentiate between molecular species
at low concentrations and chemical environments in relatively
short periods of time and by non-destructive means are
important criteria for techniques looking to be used in biosen-
sing. Vibrational spectroscopies, such as Raman scattering, can
differentiate analytes based on their distinct vibrational spectra
in a non-invasive manner. However, Raman scattering is an
inefficient process with approximately only 1 in 10°-10°
photons being inelastically scattered.! As a result, some combi-
nations of large quantities of material, long acquisition times,
and high laser powers are often needed. These limitations can
hinder the applicability of traditional Raman experiments with
biosensing. The incorporation of conductive (typically metallic)
particles with sub-wavelength geometries allows for an enhance-
ment of the otherwise weak Raman signal for analytes adsorbed
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onto or very near the surface of the nanoparticle. Surface-
enhanced Raman scattering (SERS) relies on enhancements
related to the opto-geometric properties of the nanostructure
(electromagnetic enhancement) and the properties of the
analyte (chemical and resonance enhancements).” The combi-
nation of these enhancement mechanisms allows for low quan-
tities of analytes (down to single molecules) to be detected with
rapid acquisition times and lower laser powers. As a result,
SERS has emerged as a powerful tool throughout applications
in analytical chemistry,> including forensics,* food safety,”®
environmental science,” and most notably biosensing.® ™’

The versatility of SERS arises from the ability to use
different sensing schemes. Intrinsically, SERS is a label-free
technique as it allows for the direct acquisition of an analyte’s
SERS spectrum. Depending on the analyte, this can however
be rather challenging. As a result, alternative methods based
on the use of Raman reporter molecules can be used. A
summary of different sensing schemes applicable to biosen-
sing are shown in Scheme 1. The simplest approach is to
collect the SERS spectra of the analyte(s) (Scheme 1i). In order
to better understand the results obtained using this method,
subsequent use of machine learning algorithms is advised as
these can be used to group and classify the obtained spectra.'®
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Scheme 1 Common SERS biosensing sensing schemes. (i) Intrinsic SERS spectra of analytes are collected. (ii) Species present in the sample cause a
chemical change in an adsorbed Raman reporter causing a chemical change in the reporter and a different SERS spectrum. (iii) A SERS nanoparticle
with a Raman reporter is bound to a metallic surface (nanoparticle or film). When a specific analyte interacts with the adsorbed molecule (i.e.
aptamer), that molecule undergoes a structural change and the reporter nanoparticle is released, causing a loss of the SERS signal. (iv) The target
analyte binds to a molecule that is adsorbed onto the metal surface. Reporter functionalized nanoparticles are subsequently introduced that also
interact with the analyte allowing for the SERS spectrum of the nanotag to be collected.

Alternatively, the surface of the nanoparticle can be functiona-
lized with a SERS reporter molecule (identified as a star) that is
capable of undergoing a chemical transformation as a result of
the chemical environment or exposure to a specific analyte
(Scheme 1ii). By comparing the SERS spectra obtained before
and after exposure, it is possible to extract information about
specific biological processes. Molecular interactions between
species bound to different surfaces can be used to create hybrid
nanostructures. Importantly, this hybrid structure must have a
nanoparticle with a SERS reporter molecule either on the
surface or protected within a core-molecule-shell structure. The
sensing schemes using this approach can be based on the loss
of or the gain in the SERS response. In the first case, one of the
surface bound species, such as an aptamer, is selective for a
target analyte. When the analyte is present, the hybridization
between the surface and functionalized nanoparticles is lost
(Scheme 1iii), resulting in a loss in the signal of the SERS repor-
ter on the nanoparticle. The reverse process can also occur
(Scheme 1iv) where the SERS response is obtained only after
exposure to the target analyte. In this case, a two-step process is
required where the analyte first interacts with the species
bound on one surface before interacting with the other surface-
bound molecule. These sensing schemes will be referred to and
discussed in greater detail throughout this review.

The end goal for many SERS-based biosensing studies is to
eventually demonstrate that they can be used for in vivo
studies. SERS measurements involving single cells are a
common means of demonstrating biosensing, specifically
in vivo sensing. It is however necessary to recognize that there
are physiological processes that involve complex organizations
of cells. Examples of these phenomena include intercellular
transmission and the progression of tumor microenviron-
ments. Although some insight into intercellular communi-
cation can be gained by working with cell cultures, such as
detecting the secreted molecules and biomaterials,'*' the
overall effect of the cell-cell signalling is difficult to explore at
the single cell level. Likewise, the biochemical composition of
tumor microenvironments is derived from the large quantities
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and different types of cells that compose the tumor.”?
Therefore, to explore these and other physiological phenom-
ena, it is necessary to work with tissue samples. One alterna-
tive is to use tissue spheroids (three-dimensional cell cultures)
as they possess their own microenvironment and act as a
better model than monolayer cultures.>*™>°

Making the transition away from single cell studies can often
be a significant challenge for many researchers as tissue
samples bring their own unique set of difficulties. As the bio-
chemical composition of the tissue can provide a large quantity
of information, finding ways of extracting that knowledge is
important. One way of gaining this insight is to extract the bio-
chemical contents of the tissue, for example using mechanical
methods (i.e. crushing, squeezing, poking, centrifugation). The
subsequent addition of a colloidal nanoparticle solution and or
plasmonic surface allows for the SERS spectra of the biochemical
contents to be acquired. This can then be used to differentiate
cancerous and normal tissue,””*® and the grade of the cancer as
was demonstrated for gliomas.”® Alternatively, enzymatic diges-
tion can be used to take the tissue and revert it to single cells.*®
The focus however of this tutorial review is to examine methods
whereby the tissue remains intact during the experiment.

Given the depth of studies involving intact cells, we use
how the nanoparticles are incorporated with or into the cell to
provide the foundation needed to ease the transition to
working with complex tissues. The three common approaches
are shown in Scheme 2, where the nanoparticles are either on
the outside of the cell, internalized within the cell, or adsorbed
onto a nanofiber that is subsequently inserted into the cell.
These three approaches can and have also be used for SERS
measurements in tissue. Before demonstrating how this can
be done, it is necessary to examine what role the tissue itself
will play when performing these experiments.

2 Optical properties of tissue

Given the microscale height of cells, optical interference from
the various biological components is considerably less than
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Scheme 2 Three approaches for performing SERS experiments with cells, where the plasmonic nanoparticles can be located at the surface of the
cell, internalized within the cell, or on a nanofiber that is then inserted into the cell.

that of tissue. For situations where the nanoparticles are within
the tissue, the ideal scenario is for excitation photons to pene-
trate the tissue, reach the nanoparticles, excite the LSPR, reach
the molecule of interest, inelastically scatter, excite the LSPR
again, travel back through the tissue and reach the collection
optics. Optical interference from the tissue can occur in a
variety of ways including interface reflection, absorption, scat-
tering, and autofluorescence,® with the latter three occurring
within the tissue, and happening before the photons reach the
nanoparticles and after the photons have been inelastically scat-
tered and reach the detector. Here, we emphasize losses due to
absorbance and scattering. Although the chemical compo-
sitions of tissues have considerable variability, there are key
components that can be used to create theoretical absorption
spectra.®* These components are as follows:

B, average blood volume fraction; S, hemoglobin oxygen sat-
uration of mixed arterio-venous vasculature; W, water content;
F, fat content; M, melanosome volume fraction or molar con-
centration of melanin monomers; Cpy;, bilirubin concen-
tration; Cpc, P-carotene concentration; oxy, oxyhemoglobin;
deoxy, deoxyhemoglobin; y,, absorption coefficient

Ha = BS:uanxy + B(l - S)ﬂadeoxy + Wiy water
+ Fitg far + Mg melanosome + 2-3Chili€bili + 2.30[3(38[;@

Ha = BS/"aoxy + B(l - S)ﬂa.deoxy + Whta water + Fla tat (2)

Eqn (1) considers all these components, whereas eqn (2)
uses a simplified version that only considers oxy- and deoxyhe-
moglobin, water, and fat as the contents for the other com-
ponents appear in lower quantities. A series of theoretic
absorption spectra based on eqn (2) are shown in Fig. 1A
where the water and fat concentrations vary. The values for B,
S, W, F, M will differ depending on the type of tissue. Here, we
are only considering a generic tissue. In the visible region,
there is almost no variation with changing water and fat
content. This is because the absorbance in this region is from
the oxy- and deoxyhemoglobin. Within this region, other com-
ponents previously mentioned (melanin, bilirubin, and
f-carotene) will also absorb photons. The absorption spectra
for these components can be found in ref. 32. In the first near-
infrared window (near-IR - I) the variation occurs as the rela-
tive amounts of water and fat change. Without any water
present (purple spectrum of Fig. 1A), there is a distinct peak at
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Fig. 1 Optical properties of tissue. (A) Theoretical absorption spectrum
of tissue based on eqn (2). Parameters used are as follows: B = 0.002, S
=075, F + W = 0.7 (0.1 increments). Values for ,oxy and fiageoxy are
from ref. 41, pgwater from ref. 42, and p, e from ref. 43. A logarithmic
scale is used to better show the variation. (B) Wavelength dependent
reduced scattering coefficients for different types of tissues using eqn
(3)—(8). The dashed lines indicate common excitation wavelengths (532,
633, and 785 nm) used in Raman measurements.

930 nm attributed to the lipids. As the water content increases
and the fat content decreases, this peak becomes dampened
in favour of a broad band from 920 to 1000 nm.

The equations for the reduced scattering coefficient (mm™)
for various tissues are provided in eqn (3)—(8):**7®

u's(brain tissue) = 4.72(A/um) >% 3)

This journal is © The Royal Society of Chemistry 2020
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's(1% Intralipid tissue phantom) = 1.6(1/pm)>*  (4)

p's(skin) = 0.11(4/pm)~* + 1.61(4/pm)~** (5)
w's(skull) = 1.72(1/pm) % (6)
p's(mucous tissue) = 0.61(A/um) "% @)
u's(muscle) = 0.56(4/pm) %% (®)

These equations are based off results obtained from human
(skin, skull, mucous, muscle), mouse (brain), and tissue
phantom (Intralipid) samples. All the equations have an expo-
nential decay, resulting in decreasing reduced scattering coeffi-
cients (u's) with increasing wavelength (Fig. 1B). This figure
shows that losses due to scattering will occur more frequently
with brain tissue over the other tissues shown. Interestingly,
the Intralipid tissue phantom has a spectrum that is closest to
brain tissue. As a result, this type of sample may make for a
decent mimic of brain tissue during the development of
experimental protocols.

The results of Fig. 1 provide an insight into the “biological
window” as it relates to the wavelength of the excitation
photons and the Raman scattered photons. It is necessary to
consider both types of photons as the optical interference
from the tissue will occur as the photons reach the nano-
particles and after the photons are scattered. With regards to
the absorption of photons, excitation wavelengths of 633 and
785 nm are comparable and are an order of magnitude less
than that of 532 nm. Depending on the type of tissue, the scat-
tering coefficients can be more similar between the excitation
wavelengths, though as shown by brain and Intralipid tissue
samples, longer excitation wavelengths are preferable due to
the exponential decay. Biological chromophores, such as mela-
nins, aromatic amino acid residues in proteins, NADH, hetero-
cyclic flavins, and pigmented cellular structures will not only
absorb photons, they will also contribute to the autofluores-
cence background.?’*° Taking into consideration that biologi-
cal fluorophores and chromophores are most susceptible to
visible excitations, it is preferable to work with an excitation
wavelength in the near-IR to minimize the autofluorescence
background of complex tissues.’® In circumstances where this
is not possible, a laser with as long of a wavelength in the
visible region as possible would need to be used.

3 Nanostructures on the outer
surface

As was shown in Scheme 2, nanoparticles can be added to the
surface of cells. Since the SERS enhancement only extends
several nm’s from the surface of the nanostructures, it is only
sensitive to the membrane of the cell or the outermost layer of
the tissue. However, as the SERS-active layer is nearer to the
excitation source than the tissue, this method overcomes the
optical properties of the tissue because the incident photons
will not be absorbed or scattered by the tissue prior to reach-
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ing the nanostructures. This allows for compatibility with a
wider range of excitation wavelengths.

3.1 Targeted delivery of nanotags

The more commonly used approach is to locally deliver nano-
particles to the membrane of the cell or domains of the tissue
that express a specific biomolecule, such as a protein. This
requires the preparation of bio-orthogonal nanoparticles,
herein referred to as nanotags. In the field of bio-SERS, a con-
siderable amount of work has been and is consistently being
done in the development of nanotags and are therefore con-
stantly reviewed in greater detail.>**™*® Here, we simply
provide insight into the general design of nanotags and the
types of SERS measurements that are often performed using
them.

3.1.1 General design of nanotags for localized SERS
measurements. A general approach to the preparation of SERS
nanotags is shown in Scheme 3. In the initial step, metallic
nanoparticles are synthesized. The shape and size of the nano-
particles are typically tuned to maximize the enhancement at
the desired excitation wavelength. Once prepared, it is necess-
ary to add a SERS-active molecule to the surface of the nano-
particle. The SERS spectrum of this molecule is what is used
to identify the location of the SERS nanotags. Molecules used
in this step typically exhibit one or more of the following spec-
tral characteristics: (i) resonance enhancement with the exci-
tation wavelength causing a surface-enhanced resonance
Raman scattering (SERRS) effect; (ii) a strong SERS spectrum
without resonance enhancement; (iii) SERS active vibrational
modes that are positioned away from the vibrational modes of
biomolecules. Generating SERRS enhancement is typically
done by selecting a dye molecule that is in electronic reso-
nance with the excitation wavelength. Continuing from the
early development of SERS nanotags,"” dye molecules remain
a popular choice.*® Aromatic thiols, notably derivatives of
benzene thiol, exhibit strong SERS spectra due to the large
Raman scattering cross-section of the aromatic ring.*®
Alternatively, aryl diazonium salts can be used instead of a
thiol.”° The ability to differentiate the SE(R)RS signal from the
background signal is important, and as a result, evaluating
multiple reporter molecules is a beneficial step.>"*> Simply
relying on the strong signal is not always ideal, and therefore
having a distinct peak in a region that is typically dormant

i) ii) [) iii) b IV)*\'C)-(

44 N

Scheme 3 Preparation of nanotags using (i) a gold nanoparticle as the
plasmonic core. (ii) A Raman-active molecule is added to the surface of
the metallic nanoparticle. (iii) An outer shell is added that is sub-
sequently functionalized with a biomolecule (i.e. antibody) that binds
with a membrane-bound receptor.
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(1800-2400 cm™") is helpful in this regard. Alkynes, nitriles,
and azides are ideal functional groups as their vibrational
modes lie within this region.>® Transition metal carbonyls can
also be incorporated into SERS nanotags as they can have
vibrational modes at Raman shifts greater than 1800 cm™*.>*>3
By using a dye or aromatic thiol with a nitrile group (Prussian
Blue or 4-mercaptobenzonitrile respectively) it is possible to
obtain both a strong signal and a peak that lies within the
dormant domain.’®”” An outer shell is then added, with a
chemical composition that is designed to minimize aggrega-
tion of the nanoparticles in the biofluid and non-specific inter-
actions with the cells or tissue. Furthermore, the formation of
a protein corona around the nanoparticle upon exposure to
biological media will occur, and can therefore be minimized
or prevented using shorter peptides as opposed to long chain
polymers.”® It is possible to combine this layer with the repor-
ter layer. For example, ethylene glycol-modified Raman repor-
ter molecules can be used during the preparation of the nano-
tags.”® As well, a metallic shell can also be prepared to create a
stronger enhancement in the nanoscale gap between the
metallic core and shell.®® However, it is important to recognize
that the use of a silver layer alone is often harmful to cells.*!
The final step in the preparation of nanotags is to incorporate
a means of targeting a specific biomarker, such as a protein.

3.1.2 Use of external SERS nanotags in cell and tissue
studies. The purpose of the nanotags is to use the outermost
biomolecule to target a specific membrane structure, and then
use the internalized Raman reporter to evaluate the distri-
bution of the membrane structure across the surface of the
cell and various cell types, most commonly cancer cells.
Although the common approach is to use the add the nanotags
to the cells, nanotags immobilized onto a planar surface can
also be used to capture cells that express the desired target.®>
As opposed to going into detail about the specific targets that
nanotags have been developed for, we want to briefly discuss
one of the greatest advantages that SERS nanotags provide, the
capability of readily performing multiplexing measurements.
To perform these experiments, it is necessary to develop nano-
tags with distinct “flavours”. This is done by preparing a series
of nanotags with each nanotag using a different Raman repor-
ter molecule for each target.’>®7® It is therefore important
that the Raman reporters have distinct SE(R)R spectra.
Depending on the desired approach, this can be done by using
distinct dyes, or variations on the same principal structure.
Though the latter approach most often requires that each type
of molecule be synthesized, it allows for the same functional
group (i.e. alkyne) to act as the reference peak (Fig. 2A-C).%°
The multiplexing experiments can be used to differentiate
types of cells by looking at the expression of different proteins,
using an approach resembling that of flow cytometry.®”
Alternatively, on the same cell, the expression of the various
target proteins can be mapped. As examples, folate receptors
and luteinizing hormone-releasing hormone receptors are
overexpressed in cancer cells. By creating SERS nanotags that
are functionalized with the corresponding molecules, it is
possible to image their distributions (Fig. 2D).°®
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Fig. 2 (A) The schematic diagram for the polyaromatic hydrocarbon
(PAH) coated and peptide/small-molecule modified alkyne-based SERS
nanotags. (FA = folate, LHRH = luteinizing hormone-releasing hormone,
CPP = CALNNRg (polypeptide)). (B) Structures of the 4-ethynylbenze-
nethiol-derivatives used as Raman reporters. (C) Normalized Raman
spectra of the alkyne SERS nanotags. (D) Three-colour SERS imaging
using the alkyne SERS nanotags in the same live Hela cell. Adapted with
permission from Anal. Chem., 2016, 88, 6115-6119 (ref. 66). Copyright
(2016) American Chemical Society.

The use of SERS nanotags can be extended to complex
tissues by working with tissue biopsies (thin tissue slices).
Immunohistochemistry, a staining process, is typically used to
evaluate the expression of various receptors within a biopsy.
However, for each receptor, a different slice is needed, thereby
increasing both the preparation and acquisition time. Since
the nanotags are individualized to a specific type of receptor,
they act as a pseudo-stain when the vibrational mode of inter-
est is investigated. By assigning each vibrational mode, and
therefore nanotag, a different colour, a false-colour map is gen-
erated showing the distribution of the receptors within the
tissue sample. As the tissue slice can be exposed to all the
nanotags simultaneously, only one staining step is needed,
and so long as the spectral range of vibrational modes meets
the requirements of the instrument, all the SERS spectra can
be recorded in a single mapping experiment. The outcome of
this process is shown in Fig. 3 for three biopsies taken from
different breast cancer patients. In the first biopsy, only the
HER2 and EGFR nanotags were present (Fig. 3B). For biopsies

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (A) Structures of the various Raman reporters. (B) Four-colour
SERS mapping of three tissue biopsies exposed to various SERS nano-
tags with different Raman reporters for different targets (HER2 = human
epidermal growth factor receptor 2, ER = estrogen receptor, PR = pro-
gesterone receptor, EGFR = epidermal growth factor receptor). SERS
spectra from the maps indicating the presence of vibrational modes in
the biologically silent window. Scale bar = 50 ym. (C) Expression of
HER2, ER, PR, and EGFR in the biopsies measured by immunohisto-
chemistry (brown = stained biomarker, purple = nucleus). Adapted from
ref. 52 with permission from The Royal Society of Chemistry.

2 and 3, ER and PR, and HER2 and ER receptors were
observed. Importantly, these results matched what was found
using classical immunohistochemistry methods (Fig. 3C),
where brown colours indicate the presence of the receptor and
purple corresponds to the nuclei of the cells within the tissue
slice. This process of using classical techniques in correlation
with SERS is important in validating the SERS results.

3.2 Non-targeted delivery of nanoparticles for tissue studies

Unlike cell studies where nanotags are predominantly used,
complex tissue studies involving thin slices can also benefit
from other approaches. As opposed to having to prepare the
nanotags, simple colloidal nanoparticles can be drop-casted
directly onto the tissue and allowed to dry. As the nano-
particles lack a means of targeting a specific membrane-
bound biomarker, a SERS-active coating will form at the
surface of the tissue (Fig. 4A).”° This non-specific approach is
most adapted for differentiating between normal and diseased
tissue, such as cancer. Tissue samples from liver,”””" breast,”*
thyroid,” esophageal,”* nasopharyngeal,”® and brain’® cancers
have been studied using this method. To account for sample-
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to-sample variability, it is necessary to have multiple tissue
slices from both normal and diseased states. The difference
spectrum obtained by subtracting the average SERS spectra of
the diseased and normal tissue provides insight into how the
composition of the tissue varies between the states (Fig. 4B).”°
Based on tentative assignments of these peaks, the variations
can be attributed to the influence of the metabolic rate chan-
ging the biochemical composition of the tissue. By incorporat-
ing multivariate analyses, it can become possible to predict if
an acquired SERS spectrum comes from a normal or diseased
sample.’® In addition to studying animal tissues, nano-
particles can be easily drop-cased onto plant-based tissues,
such as leaves.””””® Since some of the nanoparticles will also
enter into the tissue, this approach allows for probing mole-
cules (ie. pesticides) both at the surface of and inside of
leaves. As opposed to drop-casting the nanoparticles, it is also
possible to immerse fixed tissue in a solution of the nano-
particles.”® This method is favourable for larger and complex
tissue samples where having an electrostatic interaction-based
distribution of nanoparticles is beneficial. This was demon-
strated for fixed brain tissue slices that were immersed in a
solution of black phosphorus-gold nanosheets (Fig. 4C-E).
The SERS spectra of Fig. 4C collected from four encephalic
regions (CTX, cerebral cortex; HYP, hypothalamus; TH, thala-
mus; Hi, hippocampus) showed that the cerebral cortex and
thalamus had the strongest intensity, with the hippocampus
and hypothalamus having weaker signals. This variation was
attributed to difference in the density of cells within these
regions and different affinities for the local biochemicals to
the nanosheets. The different hemispheres showed some vari-
ation (Fig. 4D and E), but nowhere near as dramatic as the
differences seen with normal and diseased tissue (Fig. 4B).
These minor differences can be attributed to variation in the
local biochemical environments.

Instead of coating the surface of the tissue with the nano-
particles, it is also possible to place the tissue onto a SERS-
active surface. Such surfaces have two main requirements:
(i) to be larger than the size of the tissue that is to be placed
onto it, and (ii) exhibit as uniform enhancement as possible
over the surface. Studies involving cells have used these
types of surfaces, and have been prepared using Langmuir-
Blodgett films of nanoparticles,®® and different lithographic
techniques.®"®* Although these types of surfaces may be appli-
cable to tissue, another fabrication method has been used.
This is driven by the need for having coverage over a large
surface area. Instead, glass substrates are initially coated with
a thin layer of aluminum and boiled to form boehmite
(Fig. 5A). Gold is then deposited onto the boehmite substrate
to form structures described as gold nanocoral (Fig. 5B),*
gold nanoféve®® depending on the angle of the gold depo-
sition. Mouse brain slices were taken from normal brains and
ischemic brains, with ischemia caused by a unilateral middle
cerebral artery occlusion. The occlusion allowed for one side of
the brain to have the metabolism severely compromised with
the other side being less affected. SERS spectra taken from the
ischemic brain slices from the ischemic core and contralateral
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Fig. 4 (A) SEM image of a liver tissue slice covered with silver nanoparticles. (B) Difference spectrum of the mean SERS spectrum of cancerous liver
tissue (n = 56) and the mean SERS spectrum of normal liver tissue (n = 46). Reprinted from ref. 70 with permission from Elsevier. Mean SERS spectra
extracted from four encephalic regions in the left and right hemisphere for a fixed tissue slice coated with black phosphorus—gold nanosheets. (D)
Mean SERS spectra acquired in the left and right hemispheres and the corresponding difference spectrum (left—right). (E) SERS difference spectra of
the four encephalic regions (left-right). Reprinted from ref. 79, Creative Commons License (https://creativecommons.org/licenses/by/4.0/

legalcode).

regions had variations in peaks at 518 and 736 cm™" (Fig. 5C).
By mapping the distributions of these peaks in both ischemic
and normal brain slices (Fig. 5D), several key observations
were made. In the normal tissue, only the peak at 518 cm™"
was observed. In the ischemic brain, the peak at 736 cm™" was
localized to the ischemic core and was more intense, while the
518 cm™' peak was distributed throughout the remainder of
the tissue. The origin of the peak 518 cm™" was not ascer-
tained, but it was known that adenine rings have a vibrational
mode near 736 cm™". As ischemia causes a breakdown of ATP
to other purine degraded metabolites, SERS spectra of these
metabolites were acquired to try and ascertain the origin of
the 736 cm™" (Fig. 5E). Of the tested metabolites, xanthine did
not have a peak near 736 cm™". As well, the sensitivity of the
SERS substrate for the different metabolites varied (Fig. 5F).
To better understand the distribution of the metabolites,
quantitative imaging mass spectrometry was used (Fig. 5G).
These images show that within the ischemic core, adenosine
and inosine are present, and when coupled with the SERS
measurements, shows that the detected xanthine in the
ischemic core is hypoxanthine as it has a vibrational mode
near 736 cm™ . Given the different sensitivities of these tech-
niques, combining them provides a more complete under-
standing of metabolic processes for diseased tissue.

Overall, coating the surface of a tissue biopsy with nano-
particles or adding the tissue to a plasmonic surface provides
an excellent introduction to combining SERS with complex
tissues. It demonstrates how tissue specific information can
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be obtained, without the optical interference from the back-
ground causing significant issues. However, it is limiting as it
does not provide any chemical information about the inside of
the tissue, and more importantly, is not applicable to animal
studies as the nanoparticles or plasmonic surfaces are only
added once the tissue has been excised.

4 Internalized nanotags and
nanoprobes

Although the cellular membrane or tissue surface can provide
interesting information that can be helpful in distinguishing
the origin of a sample (i.e. cancerous vs. non-cancerous), as
the SERS enhancement is limited to only a few nanometers
above the metal surface, no information about the internal
chemical environment is obtained. In order to evaluate the
intracellular environment, the nanoparticles must be uptaken
by the cells. This is easier in studies involving single or small
group of cells, whereas tissue studies often require that the
nanoparticles be injected into an animal and allowed to
accumulate within the tissue. We have used the term nanotags
to describe nanoparticles that are designed to image the distri-
bution of specific receptors. On the other hand, nanoprobes
provide insight into the local chemical environment or specific
analytes within the biological system. Where a nanotag is
designed to have a constant SERS response, a nanoprobe will
have a varying SERS signal (gain, loss, or change) upon being

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 SEM images of (A) boehmite and (B) gold nanocoral (GNC). (C)
Average SERS spectra from an ischemic core (red) and its contralateral
region (blue) of an ischemic brain slice. (D) SERS maps of the bands at
518 and 736 cm™* for ischemic and control brain slices. (E) SERS spectra
of various adenylates. (F) Relative sensitivity of the GNC substrates to
adenine related compounds. (G) Quantitative imaging mass spec-
trometry showing the spatial distribution of apparent tissue contents of
various adenylates from tissue slices taken from the same animal as the
SERS images of (D). The scale bars in the images is 2 mm. Adapted with
permission from ACS Nano, 2014, 8, 5622-5632 (ref. 83). Copyright
(2014) American Chemical Society.

internalized and exposed to the analyte or condition of
interest.

4.1 Nanotags and nanoprobes internalized in cells

Even though this approach is the workhorse method, the
mechanisms by which functionalized nanoparticles (i.e. nano-
tags and nanoprobes) enter the cell are still being evaluated.®®
Nanoparticles are uptaken by cells via different mechanisms
including phagocytosis, micropinocytosis, clathrin- and caveo-
lae-dependent and clathrin- and caveolae-independent endocy-
tosis.®® Geometric parameters including the shape®”®® and
size®® of the nanoparticles will influence the internalization,
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as will the presence of targeted antibodies,”® and experimental
parameters such as incubation time and nanoparticle
concentration.”™*> Owing to the shape of the cells, 3D SERS
measurements can provide greater information about the dis-
tribution of the nanoparticles within the cell.”

It is important to remember that even though nanoparticles
functionalized with a self-assembled monolayer can enter
cells,” the formation of a protein corona around the nano-
particles will influence its functionality.”> Given the popularity
of this approach, there is a wide range of studies that have
been performed. Probing organelles, notably the nucleus”® %
and mitochondria,””**'! pH,?>'%*"1% and small molecules**°
are common studies. Detecting other biomolecules,"" such as
peptides,'** proteins,'®**15 and miRNA'"'*'" is also
popular. With such a wide range of applications, the sensing
protocols (or variations of them) shown in Scheme 1 can be
readily implemented.

As an example, spherical gold nanoparticles can be interna-
lized by cells by endocytosis, and as a result be a non-specific
nanoprobe. This approach was used to examine the effect of
infecting live macrophage cells with Leishmania-mexicana."*®
By performing SERS mapping measurements of the cells,
representative SERS spectra could be collected (Fig. 6).
Unsurprisingly, the spectra are complex and variable. Table 1
of ref. 118 provides tentative assignments for the various
vibrational modes, with the assignments typically corres-
ponding to either lipids or proteins. The use of a generalized
approach is beneficial in its simplicity but challenging in the
interpretation of the results. Given the variability in the
spectra, careful analyses of the results are critical.

Alternatively, more nuanced nanoprobes can be prepared.
Much like nanotags where the presence of a SERS signal indi-
cates that the receptor is present, nanoprobes with a SERS
“on” to SERS “off” or vice versa sensing scheme have a similar
approach. The dramatic change in the observed spectra indi-
cates the detection of the target analyte. However, verifying the
complete preparation of the nanoprobe and validating the
sensing scheme using a simple on-off approach may not be
ideal. Instead, an on-off-on scheme has been developed and
applied to the detection of a target viral RNA strand
(Fig. 7A).""° In this method, gold nanostars were functiona-
lized with thiolated PEG and a specific DNA strand that was
chemically modified to have a cyanine-3 (Cy3) molecule to act
as a SERS beacon. Under non-hybridized conditions, the
Cy3 molecule was close enough to the surface of the nanostar
so that a SERS spectrum could be recorded. Upon introducing
the complementary strand of DNA, the conformation of the
beacon DNA changed, and the Cy3 SERS spectrum was lost.
Once a strand of RNA was introduced, one of two things hap-
pened. If the strand of RNA was the target strand, the pre-
viously added complementary strand hybridized with the RNA
strand, resulting in the beacon DNA reverting to its hairpin
geometry and a return of the Cy3 SERS spectrum. If a random
RNA sequence was present, no SERS spectrum was observed.
This approach was verified using HeLa cells transfected with a
plasmid that would generate the desired target RNA strand as
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Fig. 6 Representative SERS spectra, extracted from the mapping data sets of several L. mexicana-infected primary macrophage cells from the areas
of (A) parasite, (B) the parasitophorous vacuole, and (C) endolysosomes located in the cytoplasmic regions. Scale bar = 50 cps. Adapted with per-
mission from Anal. Chem., 2018, 90, 8154-8161 (ref. 118). Copyright (2018) American Chemical Society.

well as using various other controls (no transfection and trans-
fected with different plasmid). Only with the HeLa cells trans-
fected with the correct plasmid exhibited a return of the SERS
spectrum (Fig. 7B).

4.2 Nanotags and nanoprobes within tissue

Depending on the type of tissue of sample and the purpose of
the experiment, nanoparticles can be incorporated into the
tissue in the same way as cells can. As a result, there is a great
deal of cross-over between cell and tissue experiments invol-
ving nanotags and nanoprobes within tissue. When working
with excised tissue, incubating the tissue with the nanoparticle
solution can be used to introduce the nanoparticles into the
tissue. Depending on the nanoprobe, events such as
hypoxia'*® and hypoxia-induced acidification'*' can be evalu-
ated. It is also possible to synthesize the nanoparticles within
the tissue and use the formation of an aggregate to collect
SERS spectra of various analytes.'** Aggregating nanoparticles
in solution can not only increase the electromagnetic enhance-
ment as smaller junctions between adjacent nanoparticles are
formed, target analytes can become trapped within the aggre-
gation, leading to a stronger and more stable SERS response.
The aggregation of amyloid beta (Af) in the brain has been
related to the development of neurodegenerative
diseases."®*'** In solution, upon the introduction of the
monomer or the fibril to an aqueous solution containing the
gold precursor followed by the introduction of ascorbic acid as
a reducing agent,'* different nanostructures were observed.
With Af monomer, nanospheres were formed whereas nano-
fibrils resulted in the formation of nanowalnuts. The acquired
SERS spectra of the monomers and fibrils were distinct from
each other (Fig. 8A-D), and more importantly, were different

7170 | Analyst, 2020, 145, 7162-7185

from other biomolecules tested that also formed aggregates
(Fig. 8E). Specifically, distinct vibrational modes at 1268 and
1244 cm™' were used to differentiate AB,, monomers from
AP, fibrils respectively. To induce the formation of Ap aggre-
gates in brain tissue, mice were fed different diets. Upon excis-
ing brain tissue slices and exposing them to the gold precursor
and the reducing agent, nanoparticles formed within the hip-
pocampus (Fig. 8F-]). In a zinc rich diet, the AB;, monomer
was present in greater quantities than the Ap,, fibrils as shown
by the stronger peak at 1568 cm™" in Fig. 8Jiii. Given that this
method prepares label-free nanoprobes, this could be an inter-
esting approach for detecting other types of biomolecules that
are present within tissue and ascertaining their distribution
within the sample.

Alternatively, as opposed to incubating the tissue slice,
nanoparticles can be injected directly into the tissue.'*>'*®
This can be used as an early step before moving onto in vivo
injections as was done to probe the metabolic composition of
2% The use of intravenous injec-
tions is the most diagnostically relevant approach, as once

tumor microenvironments.

injected, SERS nanoparticles, and more commonly nanotags,
will distribute within different types of tissue, such as tumors.
This process has helped to demonstrate the potential of
Raman spectroscopy as a tool during for intra-operative
margin analysis used to determine the location of tumors."”
When performing these types of measurements, it is impor-
tant to recognize how the nanoparticles will distribute
throughout the animal. For Raman reporter functionalized
nanoparticles coated with a silica shell, in the absence of any
means of targeted delivery, the nanoparticles accumulated in
the liver, spleen, and gallbladder of mice (Fig. 9A)."*® The
accumulation of the nanoparticles in these organs is related to

This journal is © The Royal Society of Chemistry 2020
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in Hela cells transfected with hemagglutinin (HA) coding plasmid, trans-
fected with two control plasmids (PB1 and PB2), and non-transfected
Hela cells. Adapted with permission from J. Phys. Chem. C, 2020, 124,
3211-3217 (ref. 119). Copyright (2020) American Chemical Society.

the high phagocytic activity within the reticuloendothelial
system. However, in cancerous tissue, the phagocytic activity is
lower. This results in fewer nanoparticles being present
(Fig. 9B). As a result, when livers containing a series of tumors
were imaged (Fig. 9C-H), it was possible to differentiate
between normal and cancerous tissue as the normal tissue
exhibited a SERS response of the Raman reporter due to the
accumulation of the nanoparticles. Alternatively, when nano-
tags are used, such that they are delivered to the tumors that
contain cells expressing a specific membrane receptor, the
presence of a SERS signal is used to identify the location of the
tumor as opposed to a significantly decreased signal. As was
discussed when mentioning the use of nanotags with cells, by
using different molecules, different types of tumors can be tar-
geted for intra-operative experiments. This has been demon-
strated for prostate,'*®'*® bladder,"****! and brain"** tumors.
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As opposed to targeting the tumor or relying on varying uptake
between tissue types, pH sensitive nanoprobes that will enter
both cancerous and normal tissue can be used to delineate a
tumor margin."*® This is possible because the pH in tumor
extracellular microenvironments is acidified."*® For brain
tissue, it is necessary to overcome the blood brain barrier, and
this was achieved using angiopep2 peptides adsorbed onto the
nanoprobes.

The development of nanotags and nanoprobes for use in
cells and tissue requires a long list of conditions to be con-
sidered. These range from minimizing aggregation (except
when aggregation is the point) to more complex issues like bio-
compatibility. In the following section, we discuss the third
approach of Scheme 1, the use of inserted nanosensors.

5 Inserted nanosensors

In the context of this review, nanosensors are the combination
of a plasmonic structure on a substrate that is capable of
being inserted into cells and/or tissue. Unlike the previous
section where it was necessary to have the nanoprobes and
nanotags uptaken by the cell/tissue for targeted delivery, nano-
sensors simply need to be inserted into specific domains of
the cell or tissue. This is achieved using a micro-positioning
system, such as a micromanipulator or a piezoelectric posi-
tioner typically used for AFM experiments. This method has
started to have an increase in popularity and is therefore
described in greater detail than the other sections.

5.1 Fabrication of nanosensors

Using methods developed for other techniques, such as elec-
trophysiology, the most common approach involves the use of
glass rods or capillaries with a laser puller."*>'*” When the
rod or capillary is heated and pulled, the resulting nanofibers
have a pipette-like geometry, and by tuning the parameters, it
is possible to vary the tip diameter. Other types of substrates
that have been used include AFM tips,'*® optical fibers,"***>°
and acupuncture needles.”?”"**'™"*” Owing to the dimensions
of these different substrates, it is necessary to point out that
unlike the nanofibers, some of these substrates are better
suited for either cells or tissue. For example, the small size of
the AFM probe may make it difficult to probe depths in tissue,
and the wide tip diameter of an acupuncture needle is less
suitable for piercing cells than it is for tissue.

The means by which SERS compatibility is introduced is
often influenced by the desired sensing scheme. All the
sensing schemes shown in Scheme 1 can and have been
applied using nanosensors inserted into cells and tissue. The
simplest approach to preparing SERS compatible nanosensors
is to create a roughened metallic surface or a surface com-
posed of metallic nanoislands (Fig. 10A)."** Even though
roughened silver surfaces were used in the earliest studies of
SERS,™*% these types of surfaces are still being prepared
and evaluated for plasmonic activity."®'®* An alternative
approach is to adsorb colloidal nanoparticles onto the surface
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(A) SERS spectra of gold nanoparticles synthesized with Ap;o monomer with concentrations ranging from 100 to 740 pM. (B) Plot of SERS

intensity at 1268 cm™* with varying monomer concentration. (C) SERS spectra of gold nanowalnuts synthesized with A, fibral with concentrations
ranging from 10 to 160 pM. (D) Plot of SERS intensity at 1244 cm™ with varying fibral concentration. (E) SERS spectra obtained using various bio-
molecules and the template method. (F-J) Results obtained for mice given different diets. (i) Bright-field images of tissue slices obtained from the
treated transgenic mice. SERS imaging of Afo in the hippocampus in the tissue slices at (ii) 1268 cm™ and (iii) 1244 cm™. (iv) SERS spectra of AP4q in
the hippocampus. Adapted with permission from Anal. Chem., 2020, 92, 5910-5920 (ref. 122). Copyright (2020) American Chemical Society.

via electrostatic interactions. Although this is commonly done 3

been used to great success as well (Fig. 10B).”* By tuning the
synthesis of the nanoparticles (shape, size, material, capping

ligand) it is possible to tune the plasmonic response of the

using aminosilane chemistry, a different approach involving a
block copolymer of polystyrene and poly(4-vinylpyridine) has
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Fig. 9 (A) SERS intensity of spectra collected from tissue homogenates
of healthy mice (n = 2) 18 hours after intravenous administration of
silica-coated, trans-1,2-bis(4-pyridyl)ethylene functionalized gold nano-
particles. (B) Neutron activation analyses of healthy liver and tumor
tissue from Myc-driven HCC mice (n = 3) quantifying the gold content
related to the core of the nanoparticles. (C) MR image through the liver
showing hyperintense lesions corresponding to the tumors (one is out-
lined with a dashed line). (D) Photograph showing the liver with several
tumors. (E) SERS image produced using direct classical least-squares
overlaid on (D) showing areas of cancerous (red) and normal (black)
tissue. The outlined tumor corresponds to the location outlined in (C).
(F) Photograph and (G) corresponding SERS image of the excised liver
showing multiple liver tumors. (H) Histology with hematoxylin and eosin
staining confirming the precise delineation of the liver tumor margin
obtained by SERS imaging. Adapted with permission from ACS Nano,
2016, 10, 5015-5026 (ref. 128). Copyright (2016) American Chemical
Society.

structure and facilitate the necessary electrostatic interactions.
Other molecular interactions can also be used to anchor nano-
particles to a nanofiber, to create a nanosensor with a “sand-
wich” geometry. As an example, a nanofiber is first coated with
a thin gold film. A DNA aptamer is then functionalized onto
the metal film, and the complementary DNA sequence functio-
nalized onto a metallic nanofiber. Through molecular inter-
actions between the DNA sequences, the nanoparticle
becomes tethered to the nanofiber (Fig. 10C)."*° As a result of
these interactions, the nanosensors can be described as
“hybridized” nanosensors. A final methodology involves the
use of nanofabrication to create grooves in the substrate. It has
been demonstrated that nanoscale materials can become
trapped within nanowells,'®
structures is important for influencing the number of the
nanoparticles within the well. By fabricating huge grooves into
the substrate (10 pm x 10 pm x 1 um) relative to the size of the

where the relative size ratio of the
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nanoparticle (~55 nm), it is possible to introduce well-defined
SERS regions on the substrate with high densities of nano-
particles (Fig. 10D)."*® Due to the size of the grooves, this
approach requires fibers with larger diameters (10’s of pm’s),
and is therefore best suited for acupuncture needles as
opposed to pulled nanofibers. There are of course other
approaches that can be used to generate highly localized
sensing regions. For example, a carbon nanotube decorated
with gold nanoparticles can be added to the end of a pulled
glass capillary.'®® As the diameter of the carbon nanotube is
considerably smaller than that of the capillary, far less damage
is done to cells when it is inserted.

5.2 Use of SERS nanosensors with cells

One of the advantages of working with nanosensors and a
micro-positioning system is the ability to perform measure-
ments outside of the cell at defined positions and relative
heights. This allows for the nanosensors to evaluate biological
process such as secretion events,"**'*11%% a5 well as to explore
metabolite and pH gradients."*>'*> These types of measure-
ments can be used to evaluate the state of the cell both before
and after inserting the nanosensor into the cell.

Interestingly, the SERS sensing scheme shown in Scheme 1i
was used in one of the first examples of an inserted nanosen-
sor in a cell.’®® In this work, poly-i-lysine coated nanofibers
were used to adsorb gold nanoparticles in the preparation of
the SERS nanosensors. Aided with the use of a micromanipula-
tor, the nanosensor was inserted into different domains of the
cells, with subsequent SERS spectra collected with the nano-
sensor still inserted (Fig. 11A). The complex SERS spectra
reflect the varying biochemical composition of the cytoplasm
and the nucleus. Owing to the long acquisition time (10 to 20
seconds), the spectra represent an average response of mole-
cules that have diffused towards and adsorbed onto the metal
surface, as well as the orientations of these molecules. As
expected, the cytoplasm lacked bands associated with DNA
(660 and 722 cm™"). By increasing the concentration of KCl in
the cell media to 55 mM, it was possible to depolarize the cell
membrane, and therefore probe changes to the chemical com-
position of the cytoplasm (right side of Fig. 11A). By advancing
the fabrication of the nanosensor so that a narrower tip was
present, it was later possible to interrogate the cell in a less
invasive manner.'®® Using a nanosensor composed of a nano-
pipette with self-assembled nanoparticles at the tip, it was
possible to measure intracellular glutathione as the thiol will
form a Au-S bond."®” This required leaving the nanosensor in
the cell for 10 minutes, with the SERS measurements taken
after the nanosensor was removed from the cell.

To better understand the local physiological conditions
within the cells, the surface of the nanosensors can be functio-
nalized with different SERS reporter molecules, as was the case
with nanoprobes. In pH sensing, 4-mercaptobenzoic acid
(4-MBA),***'*> and 4-mercaptopyridine*® are most commonly
used, though DNA has also been used."®® Though not an aro-
matic thiol, 1-(4-aminophenyl)-2,2,2-trifluoroethanone will
adsorb onto gold surfaces and can be used to detect carbon-
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Fig. 10 SEM images of nanosensors fabricated by different methods. (A) Magnetron sputtering of a thin gold film resulting in the formation of
nanoislands. Reprinted with permission from ref. 144. Copyright 2019, Wiley-VCH. (B) Gold nanoraspberries (top) and gold nanostars (bottom) de-
posited onto a nanofiber coated with a poly(styrene-b-4-vinylpyridine) copolymer brush layer. Adapted with permission from ACS Sens., 2020, 5,
2155-2167 (ref. 145) Copyright (2020) American Chemical Society. (C) Aptamer functionalized gold-coated nanofiber (top) that is subsequently
coated with silver nanoparticles functionalized with complementary DNA. Adapted with permission from Anal. Chem., 2017, 89, 9911-9917 (ref. 139)
Copyright (2017) American Chemical Society. (D) Silver acupuncture needle with a series of 10 pm X 10 pm X 1 pm grooves milled into it using a
focused ion beam (top). The nanoparticles then accumulated within those grooves (bottom). Adapted with permission from ACS Appl. Nano Mater.,

2019, 2, 2752-2757 (ref. 156) Copyright (2019) American Chemical Society.

ate."™* Due to interactions involving the cyanide group, 4-mer-

captobenzonitrile (4-MBN) is sensitive to free Fe*" and oxyhe-
moglobin.'*® The conversion of adjacent 4-nitrothiophenol
(4-NTP) molecules to 4,4-dimercaptoazobenzene (4,4-DMAB)
can be driven under laser illumination, and is a quintessential
example of a plasmon-mediated photocatalytic reaction.'®™'”*
When performed in cells, this reaction is sensitive to the local
reductive conditions."*® The rapid growth of cancer cells is
known to produce hypoxic (low oxygen) environments in
tumor microenvironments requiring the cancer cells to alter
their metabolism. To simulate this effect, three cell lines
(MCF-10A (non-cancerous); MCF-7 (weakly metastatic);
MDA-MB-231 (aggressive)) were grown under normal and
hypoxic conditions. The conversion of 4-NTP to 4,4-DMAB is
characterized by the presence of new bands at 1137, 1386, and
1432 cm™'. The SERS spectra of Fig. 11B show that under
normal oxygen conditions, only the MDA-MB-231 cells exhibi-
ted an internal reductive environment capable of aiding the
conversion of 4-NTP on the inserted nanosensors. Under
hypoxic conditions, all three cell lines exhibited increased con-
version, with MDA-MB-231 once again having the greatest con-
version. This demonstrates that using a SERS nanosensor to
evaluate the local chemical environment within the cytosol
can be used to differentiate general cell types.

There are two critical steps to the design of hybridized
nanosensors. First and foremost is the selection of the target
analyte as this will influence the choice of binding molecule,
and therefore the sensing scheme. The second step is the
same as to what was mentioned earlier in this review, the
selection of an appropriate SERS reporter molecule. Here, we
highlight two examples that detect two different molecules,
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use opposite sensing schemes, and different SERS reporter
molecules. Nucleolin plays a role in cell division and is found
throughout the cell,"””*'”” with cancer cells having altered sub-
cellular expression.'”® Due to its relevance, a DNA aptamer
(AS1411) has been developed that is capable of binding to
nucleolin. By working with a thiolated version of the aptamer,
it will bind to the gold coated nanopipette.'*® Silver nano-
particles were used to introduce SERS compatibility, with the
surface of the nanoparticles functionalized with the comp-
lementary DNA strand and 4-MBN. The C-N stretching mode
of 4-MBN at 2223 cm™" was used to evaluate the detection of
nucleolin. When the DNA strands interacted, a strong SERS
response was observed (Fig. 11C), that was subsequently
diminished when nucleolin was introduced. Three cell lines
(MCF-10A, MCF-7, HeLa) and three domains within the cells
were compared. The nanosensors were inserted into the cells,
and left for 5 minutes before being removed, rinsed, dried,
and having the SERS measurements taken. In all cases, nucleo-
lin was observed in the nucleus as noted by the decrease in
SERS intensity. Both the cytoplasm and cell surface of MCF-7
cells exhibited a comparable intensity to that of the nucleus,
whereas only the cytoplasm did with the HeLa cells, though
the intensity was still lower at the cell surface than in the
blank (~47%). As opposed to working with an aptamer, mono-
clonal antibodies or synthetic antibodies produced by mole-
cular imprinting can be adsorbed onto a gold coated nanofiber
and used to collect the target analyte. These methods were
demonstrated for survivin and alkaline phosphatase respect-
ively."”” Silver nanoparticles were prepared with a secondary
antibody (survivin) or a boronic acid (alkaline phosphatase) as
well as a SERS reporter (4-aminothiophenol and 4-mercapto-
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Fig. 11 (A) SERS spectra obtained with a nanosensor inserted in the
nucleus (upper left spectrum) and cytoplasm (lower left spectrum) of a
Hela cell. SERS spectra obtained of a nanosensor inserted in the cyto-
plasm after exposure to 55 mM KCl after different times. Adapted with
permission from ACS Nano, 2009, 3, 3529-3536 (ref. 135). Copyright
(2009) American Chemical Society. (B) SERS spectra of 4-NTP functio-
nalized nanosensor inserted into three different cell lines under nor-
moxia and hypoxia incubation conditions. Images of the nanosensors
being inserted into the different types of cells and the quantitative ana-
lysis of the intensity ratio of /1432/11338. Reprinted with permission from
ref. 143. Copyright 2019, Wiley-VCH. (C) SERS spectra of a hybridized
nanosensor before and after addition of nucleolin. SERS intensities at
different 2223 cm™ for specific domains of different cell lines. Adapted
with permission from Anal. Chem., 2017, 89, 9911-9917 (ref. 139)
Copyright (2017) American Chemical Society. (D) SERS spectra of hybri-
dized nanosensors after having injected 100 fL of a 1.0 x 107° M survi-
vin solution. Comparison of the SERS intensity 1435 cm™ for hybridized
nanosensors after having been inserted in different cell lines or exposed
to a survivin solution (5 pL of 10 pg mL™). Reprinted with permission
from ref. 137. Copyright 2016, Wiley-VCH.

phenylboronic acid respectively). The SERS results for survivin
are shown in Fig. 11D. As these are found in cancer cells, but
are low expression proteins, initial tests were performed by
injecting minute quantities into normal hepatic cells (L-02).
After ~6 survivin molecules were injected, the antibody coated
nanofiber was inserted into the cell and left for 3 minutes,
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before moving on to the subsequent steps. These steps includ-
ing rinsing the nanofiber and adding the functionalized nano-
particles. The SERS spectra exhibited the spectra of 4-ami-
nothiophenol. Using the intensity of the 1435 cm™" peak, a
comparison was made between normal L-02 cells (no injected
survivin) and a series of cancerous cells. The SERS measure-
ments for nanosensors inserted in the cancerous cells had the
1435 cm™', but not the L-02 cell, indicating that survivin was
present in the cancerous cells. The results also highlight an
important aspect of working with biological samples. Within
the same cell line, there was a considerable cell-to-cell vari-
ation due to cell microheterogeneity. This can be accounted
for by performing measurements on large quantities of cells.

5.3 Use of SERS nanosensors in tissue

As was discussed in section 2, the optical interference from
the tissue introduces new sets of challenges. Unlike inserted
nanotags and nanoprobes where the nanoparticles must
remain in the tissue during the SERS measurements, nanosen-
sors can either be kept in or removed from the tissue for SERS
measurements.

More so than in the previous sections, transitioning to
tissue with an inserted nanosensor often will start with the use
of a tissue mimic. When detecting analytes within a mimic,
ensuring that the analyte is evenly distributed throughout the
sample is important, otherwise the measurements will be
based on gradients."”" It is very important to recognize that
the optical properties of agar and agarose gel may not reflect
those of the tissue. Therefore, if the goal is to keep the nano-
sensor in the tissue during the SERS measurement, how the
tissue background influences the measurements is unlikely to
be considered. By adding different absorbers and scatters into
the sample, such as nigrosin and intralipid-20%, it is possible
to better mimic tissue samples, like human skin."”” This
mimic could be prepared with known concentrations of
glucose (0-140 mM), and by inserting an array of microneedles
coated with silver, it was shown to be possible to detect the
intrinsic SERS spectrum of glucose. However, agar does
provide a good means of evaluating a proposed experimental
methodology and sensing scheme prior to moving on to tissue
samples and animals. In one study that used this combined
approach,’” a tailored nanosensor was inserted into agarose
gels spiked with either glucose, fructose, sucrose, or a combi-
nation of them. An acupuncture needle was decorated with
gold nanoshells functionalized with 4-MBA and subsequently
given a microporous polystyrene coating and exposed to
glucose oxidase. As opposed to directly detecting glucose, the
change in pH that occurs when glucose oxidase converted the
diffused glucose to gluconic acid was monitored using
changes in the SERS spectrum of 4-MBA (Fig. 12A and B). To
facilitate the oxidation reaction, the nanosensor had to be
removed from the sample. Only after having evaluated this
method did the authors move to an animal model. Here, two
nanosensors were inserted into the vastus lateralis tendon and
an ear vein of a rabbit. After injecting the rabbit with a glucose
solution, two other sensors were inserted into the same
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Fig. 12 (A) SERS spectra of 4-MBA on a SERS nanosensor at pH 8.0 and
6.0. The grey highlighted region indicates the peaks (1143 and
1180 cm™) used to evaluate the influence of pH. (B) Influence of
glucose concentration on the ratio of the SERS intensities of the pH
responsive vibrational modes. (C) Ratio for the intensity of SERSi143/
SERS1180 before and after injection of glucose into a rabbit. (D) Blood
glucose concentration of the rabbit before and after glucose injection
using a commercial glucose test kit. Adapted from ref. 152 with the per-
mission of the Royal Society of Chemistry.

locations and a blood sample collected. The ratio of the SERS
intensities (Fig. 12C) changed upon the introduction of
glucose and agreed with the results of a commercial blood
glucose test kit that showed an increase in blood glucose con-
centration after injection.

If the desired approach is to insert the nanosensor into the
tissue and then remove it for the SERS measurements, it is not
always required to use a mimic, though it is helpful in verify-
ing that the proposed method will work. It is also advisable
that the analyte have a strong affinity for the nanosensor such
that it is not removed after the nanosensor is taken out of the
sample. In this regard, sandwich assays can be helpful as in
order to introduce a SERS signal, the nanosensor must be
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removed anyway to add the nanoparticles. Many studies invol-
ving glucose and fructose have used boronic acids as they form
cyclic boronate esters with 1,2- and 1,3-diols."””*®" By incor-
porating boronic acids into the nanosensor design, this
method was used to detect glucose at different depths within
an apple,'®® with the highest concentration of the sugars being
present in the pulp as opposed to the core or peel. Instead of
using a capture-based method, it is also possible to rely on the
affinity of the analyte with the metal surface. 6-mercaptopurine
is used in the treatment of certain cancers and autoimmune
diseases, and as it contains a thiol, will bind with gold nano-
particles. Although the authors had tested the nanosensors in
agarose gel containing a dye to evaluate the compatibility of
their approach, but not 6-mercaptopurine.'”" Instead, anticoa-
gulated blood was used. After injecting 6-mercaptopurine into
a rabbit, a stronger SERS intensity was observed for a nanosen-
sor inserted into a vein as opposed to a tendon. In addition to
monitoring drug distribution with an animal, this approach
can also be applied to monitoring contamination of wildlife.
Malachite green, sometimes used as a biocide for fungal infec-
tions, is known to be carcinogenic and genotoxic."®* In the
context of food safety, detection of malachite green within an
animal, without causing harm to the animal is ideal.">® To
investigate this, the fish were incubated in a 107® M solution
of malachite green for 60 minutes and rinsed thoroughly to
remove malachite green from the surface of the fish that could
otherwise contaminate the nanosensor. A nanosensor was sub-
sequently inserted into the fish (Fig. 13A) and left for
10 minutes before being removed, rinsed, and placed under a
Raman microscope (Fig. 13B). Spectra were collected every
2 mm along the length of the nanosensor (Fig. 13C-E), where
the spectra of malachite green were easily observed, with the
highest intensity observed at 14 mm inside the fish (Fig. 13D).

Another successful approach is to first evaluate a protocol
with cell studies and then perform the same type of experi-
ment with tissue. This step was taken for two of the high-
lighted studies involving cancer cells,"*”'** with some
measurements subsequently taken involving tumors on
animals. To facilitate the transition, and to make it easier to
insert the nanosensors, switching to an acupuncture needle as
the substrate can be done."®” There is a strong desire to also
understand the physiological environment of live, healthy
tissue (as well as disease state tissue). Fundamentally, this
requires that the nanosensor be within the tissue during the
SERS measurements. As has been stated, this will mean that
the tissue will cause optical interference. However, if this can
be overcome, near-real-time information about physiological
environments and processes can be obtained. This was
demonstrated for middle cerebral artery occlusion in the
cortex of the brains of live mice.’** Brain tissue is especially
troublesome as it has strong optical scattering properties
(Fig. 1B). The development of the nanosensor was done using
cultured neurons. The nanosensor was functionalized with
three molecules, 4-MBN, 1-(4-aminophenyl)-2,2,2-trifluoroetha-
none (AT), and 4-MBA. The intensity of the peak at 2227 cm™"
is from the 4-MBN and was used as an internal standard. The
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Fig. 13 Photos of (A) a malachite green treated fish with a nanosensor
composed of a grooved silver acupuncture needle with gold nano-
particles inserted into it, and (B) acquisition of the SERS signal from a
nanosensor after having been inserted in the fish. (C) SERS spectra
obtained at different depths in the fish. (D) Intensity distribution of the
1169 cm™ band of malachite green at different depths in the fish. (E)
Schematic representation of how the array of grooves is used to
measure depth information and signal reproducibility. Adapted with per-
mission from ACS Appl. Nano Mater., 2019, 2, 2752-2757 (ref. 156).
Copyright (2019) American Chemical Society.

ring stretching mode of AT (1077 cm™") decreases in relative
intensity when carbonate binds to adjacent AT molecules
through hydrogen bonding. As the pH increases, the COOH
for 4-MBA is converted COO~ and a band at 1395 cm™"
increases in relative intensity. This simple approach of func-
tionalizing the metal surface of the nanosensor with three
molecules provides multiplexing capabilities. The only differ-
ence in the nanosensor design from neurons to brain was
increasing the tip diameter from 0.2 to 5 pm. For the brain
experiments, 8 nanosensors were inserted into the cortex of a
sedated mouse, with the mouse subsequently placed on the
stage of the Raman microscope (Fig. 14A). SERS spectra from
all 8 nanosensors could be recorded in less than one minute.
To evaluate the near-real-time SERS response, a middle cer-
ebral artery occlusion operation was performed just prior to
inserting the nanosensors. Compared to the signals obtained
with the control measurement (no operation), the relative
intensity of Ij977/I55,7 increased and I39s/l55,7; decreased
(Fig. 14B and C), meaning a decrease in carbonate concen-
tration and a decrease in pH. The change in pH was caused
by a lack of O, and ATP, leading to a build up of lactic acid.
This caused a shift in the equilibrium towards bicarbonate
instead of carbonate. The pH level and carbonate concen-
tration reached equilibrium within 10 minutes (Fig. 14D).
Upon reperfusion, the O, and ATP levels were restored, yield-
ing a return to the pH and carbonate concentrations of the
control experiment.
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Fig. 14 (A) Photo of a live mouse on a mobile platform under the SERS
laser lens for detection with an inserted SERS probe. The inset is of a
single probe inserted in the cortex under the SERS laser lens. (B) SERS
spectra of a microscope in the cortex of a mouse brain upon middle
cerebral artery occlusion and reperfusion. (C) Matrix diagrams of the
SERS mapping of the ratiometric peak intensities of I1977/12227 and 1395/
1,227 obtained with a microarray consisting of eight microprobes in the
cortex upon middle cerebral artery occlusion and reperfusion. (D)
Variation of the CO3?~ concentration and pH value in the cortex upon
middle cerebral artery occlusion and reperfusion (n = 5, S.D.). Reprinted
with permission from ref. 144. Copyright 2019, Wiley-VCH.

—

liaos/ loaor Vyorz / lo2s7

75

It is not always feasible to work with a live animal under
the Raman microscope, so instead, experiments can be per-
formed using live tissue slices. Furthermore, none of the
studies shown involve a scenario where the sensing scheme
does not involve a surface-bound reporter molecule. This is a
critical step in being able to study molecules secreted within
the tissue. Due to our group’s previous endeavours involving
the SERS detection of neurotransmitters secreted from cul-
tured neurons,'*"'*® we sought to make the transition to live
brain tissue slices. Interestingly, the transition from cells to
tissue appears to have skipped tissue slices and instead gone
directly to tissue still within the animal. As such, we have
developed a blueprint that provides various several methods
for overcoming challenges associated with making this
transition.'*’

The first issue that was addressed was how to position and
insert the nanosensor into the tissue. As the Raman micro-
scope is equipped with a piezoelectric positioner (normally
used to control an AFM tip), this was initially evaluated
(Fig. 15A). In the current configuration, there is some concern
about the vertical insertion of the nanosensor causing exces-
sive damage to the tissue. To overcome this, a home-made
Raman stage was built with an attached micromanipulator
(Fig. 15B). To have the best possible control over the position
of the nanosensor relative to the tissue and the laser beam,
both the fluidic cell and micromanipulator are mounted on
the same stage. The greatest challenge is how to focus on the
sensor once it is inserted at the target depth (Fig. 15C). It is
difficult to visualize the narrow nanosensor (derived from a
laser-pulled glass rod) at this depth, and therefore difficult to
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means of stimulating secretion of molecules, such as neurotransmitters in brain tissue. Included is an optical image of a nanosensor at a depth of
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composed of gold nanoraspberries and core—molecule—shell nanoparticles illustrating different ways of focusing on the nanosensor once it is

inserted into the tissue. Reprinted from J. Chem. Phys., 2020, 153, 124702

focus on the nanosensor. To ensure that the laser beam is
focused on the nanosensor we explored some creative options.
Functionalizing the surface of the nanosensors with a SERS
active molecule was viewed to be impractical. With the goal
being to continue studying neurotransmitter secretion, it was
thought that being able to observe as much of the SERS spec-
trum of the neurotransmitters as possible without spectral
interference from molecules functionalized at the surface,
would be critical. Although surface-bound molecules would
make focusing straightforward, there is also concern about
how the any potential functional groups will alter the inter-
actions of the secreted molecules with the metal surface.'®®
Given that core-molecule-shell nanoparticles are prevalent in
SERS experiments in tissue, various types of these nano-
particles were also explored. The challenge once again being
spectral overlap. This however can be minimized by working
with a nanosensor that has different types of nanoparticles on
the surface, with the core-molecule-shell nanoparticles only
being present in low quantities. To achieve a SERS signal com-
patible with focusing on the nanosensor, longer acquisition
times are required (Fig. 15D). Since shorter acquisition times

7178 | Analyst, 2020, 145, 7162-7185

(ref. 147), with the permission of AIP Publishing.

are needed to evaluate secretion events, the spectral inter-
ference should be dramatically reduced. As well, the Rayleigh
scattering was also thought to be a potential avenue for focus-
ing on the sensor and was found to have some merit. The blue-
print provides a high degree of flexibility, allowing for specific
pathways to be taken, or even combining approaches, such as
using both the Rayleigh scattering and an internalized mole-
cule. The Rayleigh scattering can offer real-time information
during the measurement as there may not always be a mole-
cule at the surface of the nanosensor. Furthermore, the use of
an extended platform at the stage allows for a means of trigger-
ing secretion to be installed. The adaptability of the stage
design offers considerable versatility across different types of
experiments and microscope designs.

6 Overcoming the tissue barrier

Except for having the nanoparticles on the outer surface of the
tissue, the other described methods suffer from the same
issue, optical interference from the tissue. Simply removing
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the tissue and replacing it with an optical window'®* is not
often practical or possible. This is especially the case for
ex vivo tissue samples. Alternatively, an optical clearing agent
can be introduced as it reduces the scattering of turbid dermal
tissue.’® With this in mind, we briefly present alternative
approaches that have been or potentially could be used to
greatly reduce the negative effects associated with working
with tissue.

6.1 Longer excitation wavelength

As was discussed in section 2, in the visible region, the scatter-
ing and absorbance of the tissue is high. As a result, it is pre-
ferable to use an excitation wavelength outside of this region.
Typically, an excitation wavelength near 785 nm is used for
bio-SERS experiments. It has been shown that biomedical
imaging can benefit from using near-infrared fluorophores,*!
in particular fluorophores that lie within the second near-infra-
red window (1000-1700 nm). Since similar challenges exist
between fluorescence imaging and SERS measurements in
tissue, it is thought that SERS can also benefit from making a
transition to longer wavelengths.'®® Within this range,
1064 nm is commonly used."® % Longer excitation wave-
lengths, such as 1280 and ~1550 nm have also been used in
SE(R)RS studies,'?**** with one of the applications being their
use with designed SERRS nanotags.'®'®® In addition to
tuning the plasmonic properties of the nanostructure, the use
of a longer excitation wavelength requires that the Raman set-
up be modified, most notably the detector. Instead of using a
silicon detector, an InGaAs camera is needed. It is also impor-
tant to recognize that although the scattering from the com-
ponents of the tissue is lower in the second near-IR window,
water has an absorbance from ~1400-1600 nm from
vibrational overtones that must also be considered
(Fig. 16).>""* Given the limited number of SERS studies invol-
ving these excitation wavelengths, there is considerable devel-
opment that can be done to show the utility and applicability
of these wavelengths.
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Fig. 16 Absorption spectrum of water in the visible and near-IR.
Excitation wavelengths of 1064, 1280, and 1550 nm are indicated with
dashed lines. Spectrum reproduced using the data of ref. 42.
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6.2 Guided delivery of the excitation light into the tissue

Regardless of whether a Raman microscope or handheld
Raman spectrometer is used, in most experiments, the exci-
tation photons travel through the tissue to reach the plasmonic
nanostructures and then the Raman scattered photons must
travel once again through the tissue to reach the collection
optics. By delivering the light directly into the tissue using an
optical fiber, it is possible to eliminate one or both steps invol-
ving the photons travelling through the tissue. This can be
done by having the optical fiber deliver the photons and
collect the scattered photons, or by having additional collec-
tion optics (i.e. microscope objective) collect the scattered
photons. Nanoparticles that are coated onto the surface of the
optical fiber allow for the types of experiments shown in
Scheme 1i-iii to be performed, allowing for the plasmonic
optical fiber to act as a “lab-on-a-fiber”.'**"'*® As mentioned in
the section on SERS nanosensors, this approach has been
used for studies involving cells.”® On a larger scale, this has
been used in clinical settings with Raman endoscopes to
probe nanoparticles*®*>°" or for local SERS sensing using
functionalized plasmonic optical fibers.**> Although it may be
possible to insert fibers of their original diameter into the
tissue to detect analytes or local environments, to minimize
the damage to ex vivo tissue slices, tapered plasmonic optical
fibers should be used as a starting point.

6.3 Deep Raman measurements

By tuning the composition of a SERRS nanotag, it was demon-
strated that SERRS spectra can be recorded at a depth of
10 mm into a tissue sample using a handheld Raman spectro-
meter with an excitation wavelength of 785 nm.>** There is
however another Raman-based technique that is highly suited
to measurements deep within tissue. Spatially offset Raman
scattering (SORS) considers the background contributions
(Raman peaks, fluorescence) to extract spectral information
from a target depth.>**2°® This is done by collecting at least
two spectra. The first spectrum is recorded with no offset (clas-
sical backscattering configuration). A second spectrum is then
collected at a position that is offset from the excitation posi-
tion. By varying the offset positions, different depths can be
probed. Using scaled subtraction, the zero offset and offset
spectra are subtracted from one another allowing for the
signals not at the target depth to be suppressed. Like Raman
scattering, SORS can benefit from surface-enhancement, yield-
ing the technique SESORS.*”” Although commonly used for
probing SE(R)RS nanotags at a variety of depths within tissue
samples,”°®>'! SESORS can also be used to collect spectra of
analytes within the tissue.”">" In these instances, precise
controlling of the nanoparticle depth or a homogeneous distri-
bution of the nanoparticles throughout the tissue is beneficial.
In addition to being able to probe deep within tissue, a major
advantage of SESORS is that spectra can be acquired behind a
physical barrier, such as bone.?'*>"” For example, being able
to probe the brain without removing any or all of the skull is
an important step in the further development of surface-
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enhanced Raman techniques.?'® As an example, this approach
has been used to detect neurotransmitters that were added to
brain tissue placed beneath bone.*'**'*> Although these have
been proof-of-concept studies, they have demonstrated that
SESORS can be an interesting alternative to SERS when the
optical properties of the tissue and other biomaterials are
difficult to overcome using other methods.

7 Conclusions and outlook

The transition from working with single cells to tissues can be
daunting. It is however important to recognize that the devel-
opments that have been made and the approaches used for
SERS experiments involving cells can be used with studies
involving complex tissues. The important step is to recognize
the desired outcome, as this will influence the approach that
is employed. This can range from simply coating fixed tissue
slices with nanoparticle or designing nanotags for targeted
delivery within the tissue or the fabrication of nanosensors
that can be inserted directly into the tissue. All these schemes
have merit and have the potential to see greater use as the
applications of SERS continue to grow. An interesting area that
will likely continue to grow is combining SERS with other tech-
niques, such as fluorescence. This requires the preparation of
dual-mode nanotags.”'**' Dual-mode nanoparticles, and
therefore nanotags, can also be designed for compatibility
with diagnostic imaging and tomography.’®***7>** Similarly,
SERS nanosensors can be fabricated with an electrode,>*®
leading to the possibility of performing simultaneous electro-
physiology and SERS measurements. Developing means of
combining SERS with the conventional methods that are used
in our desired applications is an important step in broadening
the usage of SERS, especially as a bioanalytical technique.
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