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Abstract

Adoption of a multi-marker nanotag approach will led to better disease
characterisation whilst simultaneously enabling targeting of multiple disease markers
or organelles. The employed nanotag method controllably aggregated nanoparticles
with 1,6-hexamethylene diamine (1,6-HMD), before polymer coating with
polyvinylpyrrolidone (PVP) and labelling with small molecule reporters; 4-
mercaptopyridine  (MPY), 5,5-dithiobis(2-nitrobenzoic  acid) (DTNB), 4-
nitrobenzenethiol (NBT) and 2-naphthalenethiol (2-NPT). Within a multiple
component suspension reporters were identified by their unique peak and when
present within single cells or populations they were additionally identified using
component direct classical least squares (DCLS). Within a single cell three of the four

components (MPY, DTNB and NBT) were positively identified.

2D SERS imaging can monitor nanotag uptake but it provides no conclusive evidence of
cellular inclusion. The simultaneous determination of cellular uptake and nanotag
identification was however achieved using combined 3D Raman and SERS imaging.
Three of the four components were detected within a single cell and by combining 2D
sections from the 3D images it was possible to determine their intracellular location.
Determination of intracellular localisation was achieved using principal component

analysis (PCA) since it resulted in the resolution of a subcellular compartment.

However, the ultimate success of the system will only be realised when active targeting
is demonstrated. Nanotags were functionalised with peptide sequences specific for the
endoplasmic reticulum (ER) and trans-Golgi network (TGN). Both nanotag systems
were found to locate within lipid rich regions of the cell but they could not be positively
confirmed as the ER or TGN. To identify these structures and confirm localisation,
further chemometric methods must be investigated including hierarchical cluster

analysis (HCA).

In conclusion, the SERS nanotags were suitable imaging agents for 2 and 3D cell
interrogation. 3D imaging simultaneously permitted organelle resolution and the

intracellular localisation of the SERS nanotags. Targeting systems were developed and
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in future work their localisation within organelles will be confirmed by the application

of advanced chemometric methods.
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Chapter 1 Introduction

When the pioneers of Raman spectroscopy initially conceived the technique in 19231
and latterly demonstrated it in 19282 it is unlikely that they had any inclination of the
future impact or bio-diagnostic applications the method would find. This is due in part
to instrumental improvements and successive developments of the original technique
most notably surface enhanced Raman spectroscopy (SERS)3-5 and surface enhanced
resonance Raman spectroscopy (SERRS).6 Since then Raman and SERS have become
invaluable analytical techniques for a whole host of applications including in vitro,” ex
vivo and in vivo bio-sensing,10-12 bio-diagnostics,!3-15 explosives detection,4 the analysis
of illicit'e. 17 and pharmaceutical drugs,!’® the identification of environmental
pollutants,19 20 the aging and authentication of historic artefacts?!.22 and the control and

monitoring of industrial processes.23

In recent years, Raman and SERS have been exploited in the fields of intracellular,
tissue and in vivo imaging.”-11.2¢ The ability to measure spectroscopic signatures within
these matrices are extremely powerful applications of the techniques not least because
sensitive and reliable imaging is required for a whole host of diagnostic and therapeutic
applications.’® When used in conjunction with chemometric methods greater levels of
information can be extracted, conclusions can be drawn with statistical significance and
the true potential of the techniques can be realised. Should the advancement of Raman
and SERS as diagnostic imaging techniques continue at the current pace there will be

huge potential to revolutionise the ability to detect, treat and manage disease.

The next sections will look at the theory of Raman spectroscopy, cell structure and the

vast array of biodiagnostic applications now fulfilled by Raman and SERS.

1.1 Spectroscopy

Spectroscopy is a broad scientific division encompassing a wide range of analytical
techniques including fluorescence, infrared (IR) absorption and Raman scattering.
However, the underlying objective of any spectroscopic technique remains the same
and is concerned with the measurement of discrete amounts of energy that are
interchanged between the interrogated system and the electromagnetic radiation.2s

During the interaction process energy can be absorbed, emitted or scattered and the




two predominant methods by which molecular vibrations are detected are IR and
Raman.25 26 Both of these techniques allow for structural resolution since the produced

spectral signatures are characteristic of the molecular components present.2s

In IR spectroscopy the process is characterised by the absorption of a photon, the
energy of which exactly equal corresponds to the discrepancy between the ground and
first vibrational level.2> When this occurs the molecule is promoted to a vibrationally
excited stated and in accordance with this promotion a peak will appear in the spectra.
The peak position directly corresponds to the energy which has been absorbed and as
molecular constituents appear at characteristic regions in the spectral range the
chemical structure can be readily elucidated.2> Raman spectroscopy is complementary

to IR and unlike the latter technique scattering rather than absorption is measured.

1.1.1 Raman Spectroscopy

Raman spectroscopy is concerned with measuring the light which is scattered as a
result of the irradiating laser interacting with the analyte molecule. During this
interaction the light source can polarise the electron cloud of the molecule and when
this situation arises a virtual state is formed.25 However, this state has a limited
lifetime, a direct result of its unstable nature and the photon responsible for
polarisation is almost instantaneously scattered.25 26 Much of the scattered light will be
radiated at the same wavelength as that of the irradiating laser, the energy has not
changed and this elastic process is known as Rayleigh scattering.25 26 However, if
during the interaction, motion of the nucleus occurs, the photon is radiated at a

different wavelength and the phenomenon of Raman scattering arises.25 26

This inelastic process can be subdivided into two distinct classes known as Stokes and
anti-Stokes and these are classified according to whether the molecule was originally in
the ground or vibrationally excited state (Figure 1.1).25 26 Stokes scattering arises
when a molecule which was initially in the ground vibrational state relaxes back to a
vibrational level of higher energy (Figure 1.1). Anti-stokes scattering occurs when a
molecule which was initially in a vibrationally excited state relaxes back to the ground

vibrational state. (Figure 1.1).25.26
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Figure 1.1: Jablonski diagram indicating the transitions between energy levels when light is

scattered.

Under normal experimental conditions the proportion of molecules which possess
vibrational energy will be minimal and most will be found in the ground vibrational
state.25 26 This explains why anti-Stokes is the weaker of the two processes and why
Stokes scattering is typically measured during a spectral acquisition.25> Deviations from
standard conditions such as a temperature rise will increase the proportion of
molecules which reside in the vibrationally excited state and the Boltzmann equation

can be implemented to derive the occupation of the two vibrational energy levels.25

o _ g [~(En = E)
N, g.5P KT

Equation 125

Where:
N, = the number of molecules in the excited vibrational energy level

N = the number of molecules in the ground vibrational energy level




g = the degeneracy of the levels of n and m
En-Em = difference in energy between the vibrational energy levels
k = Boltzmann constant 1.3807 x 10-23 JK-1

T = Temperature K

Key to the proliferation of Raman spectroscopy for the analysis of biological challenges
in vitro, ex vivo and in vivo are the features of non-invasivity and the provision of
molecularly specific spectra. However, the obvious disadvantage with its
implementation is that it can be quite insubstantial, especially when considering that
approximately only one for every one million photons are Raman scattered.z> This
weak effect can be negated by successive developments of the original technique

including resonance Raman spectroscopy (RRS), SERS and SERRS.

1.1.2 Resonance Raman Spectroscopy (RRS)

The first of the enhancements to the original technique is relatively straightforward
and simply involves considered selection of the irradiating laser line such that it
corresponds to electronic transition of the interrogated analyte, this is known as RRS.25
Under these circumstances the molecule undergoes a transition to an excited electronic
vibrational level and employment of this method can result in enhancements in the

range of 103-104.25

The obvious advantages of this method over conventional Raman are that electronic
and vibrational information are simultaneously obtained and the selective
enhancement of certain bands results in simplified spectra which are easier to
interpret.25 However, problems surrounding fluorescence and sample degradation

must also be considered when implementing this technique.2>

1.1.3 Surface enhanced Raman Spectroscopy (SERS)

Significant spectral enhancements are also observed if analyte molecules are adsorbed
onto a roughened metal surface and this phenomenon is known as surface enhanced
Raman scattering (SERS).3-6 Fleishmann et al. unwittingly demonstrated this in 1974
when an increase in signal intensity was observed from pyridine molecules adsorbed
on a roughened silver electrode.3 The increase in Raman signal was initially ascribed to

an increased surface area but subsequent studies by the Van Duyne group and Albrecht




et al. empirically determined that this could not account for the enhancements which
were observed.*5 The exact mechanistic details of the enhancement remains unknown
but within the research community it is widely accepted that the enhancement arises

from combined electromagnetic and chemical effects.

1.1.3.1 Electromagnetic Enhancement

The conduction electrons on a metal surface collectively move following laser
irradiation and this movement is known as surface plasmon oscillation.25 On a smooth
metal surface the conduction electrons will only oscillate in a parallel direction but
roughening of the surface allows for the plasmons to additionally oscillate in the
perpendicular direction and scattering can now occur.2s 27 The surface associated
electromagnetic fields are now substantially enhanced intensifying the polarisation
experienced by the plasmons and any adsorbed molecule.25 This leads to significant

improvements in the scattering efficiency.

1.1.3.2 Chemical Enhancement

Chemical enhancement proceeds via the development of new electronic states which
form as the analyte molecule adsorbs onto the metal surface.2” Under these conditions
a series of charge transfer reactions can occur whereby the charge is transferred from
the metal to the analyte and then back again before scattering occurs from the metal
surface.?5. 27 The newly formed electronic states and the subsequent charge transfer
reactions additionally intensify the polarisation of the system and again significant

enhancements in the scattering can occur.?’

1.1.3.3 Suitable SERS substrates

Suitable SERS substrates include metallic - electrodes,3¢ coated spheres,?® planar
surfaces?? and nanoparticles in a range of configurations including spheres, rods and
shells.10. 30,31 An equally vast array of suitable metals have been investigated and
include Au32 Ag32 Cu,33 3¢ Al3* In3* Na,3* Li3* and K3* but colloidal suspensions
prepared by the citrate reduction of Au and Ag salts are undoubtedly the most

prolifically used of all the substrates.32.35

In terms of intracellular imaging their small size, large surface-to-volume ratio and
their unique chemical, physical, electronic and optical properties pinpoint their allure

and implementation. Nanoparticle surfaces are also readily amenable to




functionalisation via reporter and bio- molecules resulting in the production of novel,

sensitive, selective, chemical and biological sensing nanoscaffolds.

In specific relation to their unique optical properties and as discussed previously in
section 1.1.3.1 the collective movement of the conduction electrons is known as surface
plasmon oscillation. Specifically, this process is characterised by the electron cloud
being displaced relative to the nuclei but restorative forces in accordance with the
repulsion experienced by the electrons and the nuclei arise and collective oscillation
results. 3¢ This can be tracked by monitoring the plasmon band which will vary
depending on the nanoparticle system and the dielectric constant of the metal and the

surrounding ‘solvent’ system.36.37
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Figure 1.2: The electromagnetic fields which are formed by the surface plasmons are strongly

enhanced and the experienced displacement of the nanoparticle electron cloud is shown.

SERS enhancement values are reported as 106 but this can be augmented by
nanoparticle aggregation which further increases the electromagnetic fields. 3839 The
most intense of which are thought to arise in the interstitial spaces between particles.38
Manipulation of this effect can be artificially attained by the use of aggregating agents
such as sodium chloride,38 40 poly(L-lysine)3* and spermine.#! However, artificial
aggregation is undesirable for cell based applications, primarily because it is
uncontrolled and the structural size must be tightly regulated in order to maintain
uptake. The packaging of nanoparticles into endosomes can induce aggregation to a

certain extent but it is unlikely that the same enhancement will be attained.24




1.1.4 Surface enhanced Resonance Raman Spectroscopy (SERRS)

SERRS was first demonstrated experimentally by Stacy et al. in 1983. This final
modification of the original Raman technique involves analyte adsorption onto a
roughened metal surface and the analyte is also characterised by an electronic
transition which corresponds to the frequency of the employed laser.6 25
Implementation of the dual modes of enhancement leads to significant increases in
scattering efficiency in the 1010-1014range.5 25 Fluorescence issues associated with the
resonance technique are negated by the incorporation of a metallic scaffold which
effectively quenches any fluorescence. Similarly, as a direct result of the conferred
enhancement, concerns regarding sample degradation can now be managed effectively

by limiting the measurement acquisition and the laser power.6

1.1.5 Raman Imaging

Instrumental improvements have undoubtedly revolutionised Raman spectroscopy as a
fundamental analytical technique. The development of sophisticated systems coupled
to moveable stages and microscopes more akin to a biological laboratory have seen a
further reinvigoration of the technique. The result being that Raman spectroscopy has
found application in a vast array of research fields and most significantly in in vitro, ex

vivo and in vivo imaging for the detection and characterisation of diseases.

For fast, low-resolution imaging, the optical set up of the system is designed to produce
a laser line on the sample. The sample is then effectively rastered by the laser through
movement of the motorised stage beneath the objective.42 The data, which is generated
for the entire line at each step, within the predetermined sampling area is
simultaneously recorded by the detector.*2 The obvious disadvantage of the method is
that the collected images are of low resolution but the speed by which they can be

collected can offset this.43

Similarly, for the generation of high resolution images, the optical set up generates a
laser spot on the sample. Again, the motorised stage moves beneath the objective such
that the laser spot interrogates at every defined step of the pre-determined sampling
area.*? Unlike line mapping, a single spectrum is collected from each point on the map

as the spot moves across the sample. The obvious advantage is that the images are of




higher resolution than those generated by line mapping but the speed at which images

can be acquired is sacrificed.4z 44

1.2 The Cell

1.2.1 Basic Cell Structure and Organelles

Cells are the basic units of all living organisms and the way in which they are
structurally organised can be used to differentiate them into two main types;
prokaryotic and eukaryotic. All single celled organisms such as bacteria and archaea
are examples of prokaryotic cells and they are distinguished from eukaryotic cells by

the absence of a nucleus and other membrane bound organelles.*s

Eukaryotic cells are more highly organised and are the structural building blocks of all
other forms of life. The outer wall of a eukaryotic cell is composed of a phospholipid
bilayer in which cholesterol, carbohydrates, glycol- and integral proteins are all
embedded.*> The phospholipid bilayer essentially consists of hydrophilic head and
hydrophobic tail regions and it is this membrane which is responsible for the
regulation of components into and out of the cell. Cholesterol is interspaced between
the phospholipids in mammalian cells in order to strengthen the bilayer. Integral
proteins are also interspaced throughout the bilayer and the quantity and type
ultimately determines the role of the membrane.*s The outer surface of the bilayer is
also randomly impregnated with glycoproteins and carbohydrates which are
specifically for identification purposes, for example in blood typing.> If the identity of
the carbohydrates and glycoproteins present on the cell surface is known then they can
be specifically targeted with nanoparticle systems.*> This has recently been employed

for the differentiation between cancerous and non-cancerous prostate cells.#6

Within the cell the most important of the organelles is arguably the nucleus especially
when considering the residence of the majority of the genetic material within its
structure (Figure 1.3).4547 Entry into the nucleus is permitted by way of the nuclear
envelope which itself consists of a double membrane. In the interior of the nucleus,
chromatin can be found which is comprised of protein and DNA. The nucleolus also

resides within the nucleus and is the site of ribosome synthesis (Figure 1.3).45




The endoplasmic reticulum (ER) is a membrane bound organelle within the cell which
consists of two well-defined sections namely the smooth and the rough ER (Figure
1.3). The two surfaces are distinguished by their action and appearance, with
ribosomes patterning the surface of the rough ER.45 Protein synthesis is initiated within
the rough ER whilst enzymes within the smooth are responsible for lipid synthesis,
carbohydrate metabolism and drug detoxification.#s> Adjacent to the ER is the Golgi
apparatus which is the logistic centre of the cell. It is responsible for the sorting,
modification and distribution of products from the ER (Figure 1.3). The trans-Golgi
network (TGN) is the distribution centre and vesicles can bud from its surface to
transport cargo to the specified locations.4>
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Figure 1.3: Eukaryotic cell structure - the principle cell organelles have been identified and
include the nucleus, nucleolus, Golgi apparatus, endoplasmic reticulum and mitochondria. Image

modified and reprinted.48

The mitochondria are also membrane bound organelles and they are considered to be
the powerhouses of the cell since oxidative phosphorylation, the process by which ATP
is generated, occurs within the inner membrane space.*® Mitochondria are
characterised by two phospholipid membranes the outer of which is smooth but the
inner is highly folded and these invaginations are known cristae.#s Within the

boundaries of the cristae fatty acid oxidation and the citric acid cycle take place.5 49

1.2.2 Cell Lines and Research

The cell lines which are selected for use in research are often dependent on the lines a
laboratory has access to and is licensed to culture. Macrophage and dendritic cells
derived from Balb/c mice and the immortal epithelial cell lines, HeLa and Chinese

Hamster Ovarian (CHO) cells, were of interest for this research.




Dendritic and macrophage cells derived from Balb/C mice are phagocytic cells which
engulf a vast array of foreign material non-discriminately.5? This non-specific uptake of
material defines their suitability for use in nanoparticle uptake studies. The oldest and
most commonly used cell line is the HeLa named after the patient, Henrietta Lacks,
from which they were originally derived. HeLa cells are robust, proliferate at an
abnormally rapid rate and are easy to culture hence their use in a research
environment. Similarly, CHO cells also demonstrate an ease of culture and although
they proliferate at a lower rate than HeLa cells they are also ideally suited for research

purposes.

1.3 Cellular Uptake of Nanoparticles and Delivery Strategies

Before any intracellular investigation can be commenced nanoparticles must navigate
the plasma membrane and enter cells.?4 5! Internalisation can occur by numerous
pathways for example functionalisation with ligands which will interact directly with
membrane receptors? or indirectly through electrostatic or hydrophobic mechanisms

between the particles and the plasma membrane.5!

1.3.1 Endocytosis

Nanoparticle introduction is predominantly thought to occur by endocytosis but this is
a broad term which encompasses a range of distinct pathways.5! The simplest and least
sophisticated method by which this occurs involves consumption of the particle by the
plasma membrane.24 Once the particle has been engulfed, the portion of the membrane
surrounding the particle detaches resulting in endosome formation.52 This is beneficial
because the nanoparticle has successfully transversed the membrane but it is now
trapped within an endosome. In order to reach other parts of the cell it must escape
otherwise the risk of recycling and ultimately removal from the cell exists.2¢ This
method of incorporation encompasses phagocytosis and macropinocytosis (Figure 1.4)
and it is employed by dendritic and macrophage cells which non-discriminately

consume material from the extracellular fluid.5°
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Figure 1.4: Mechanistically distinct endocytic pathways; endocytosis by membrane
invagination - phagocytosis and macropinocytosis, receptor mediated endocytosis - clathrin-
mediated and caveolae-mediated endocytosis.>! Reproduced and adapted from5! with

permission of The Royal Society of Chemistry.

Clathrin-mediated, caveolae-mediated and lipid-raft dependent53 are all examples of
direct endocytosis which are thought to take advantage of the cell membrane
receptors.5! Clathrin mediated is the best documented and characterised of the three
processes. In simplistic terms, nanoparticles functionalised with ligands bind to the
plasma membrane resulting in a surge of clathrin receptors. This surge continues as the
membrane infolds on itself with the final result being a clathrin decorated vesicle as a

result of enzymatic membrane cleavage (Figure 1.4).51 54

The mechanistic details of the other receptor mediated pathways are not as well
documented but induction of the caveolae-mediated path may be size and not ligand
dependant (Figure 1.4). Internalisation of fluorescent latex beads occurred by clathrin
mediated pathways when the particles were < 200 nm but as particles were increased

to 500 nm the adoption of the caveolae mediated pathway dominated.5s Caveolae
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endocytosis was also considered to be the dominate method by which viruses (e.g.
Simian virus 40 (SV 40)) navigate across the cell membrane.5s 56 57 Entry via this
method ensures avoidance of the endolysosomal pathway and thus virus survival.
However, the same research group also concluded that the virus could cross the cell
membrane more efficiently when the cells were lacking in caveolae.58 57This highlights
the difficulty in determining the exact method of uptake and the elucidation of the exact

mechanistic details.

Endocytosis mediated by lipid-rafts (regions embedded with glycol and lipo proteins)
in the plasma membrane, as the name suggests, take advantage of ligand receptor
interactions between proteins and functionalised nanoparticles. This recognition
system is useful in surface targeting and also in intracellular delivery of drug
conjugates.t6. 59 Partlow et al. demonstrated that phospholipid coated nanoparticles,
which were also functionalised with a ligand for specific receptor targeting, used this
method of cell entry, undergoing lipid exchange and fusion reactions with the cell
membrane.>? Such systems can additionally be functionalised with lipophilic drugs
which will partition into the lipid layer, thus facilitating drug transport into cells.5?
Infection agents can also manipulate lipid-rafts in the plasma membrane to ensure their

uptake.5t 60

Regardless of the exact method of endocytosis it has been actively demonstrated that
several mechanisms can operate simultaneously to facilitate transport across the cell
membrane. In one study where clathrin-mediated endocytosis was found to be the pre-
dominant method of uptake, nanoparticle inclusion continued to occur even when this
pathway was inhibited.6! Subsequent inhibition of macropinocytosis but not clathrin
mediated processes also resulted in reduced nanoparticle inclusion. This suggests that
the particles were taken into the cell by both clathrin mediated and macropinocytosis
processes.t! Similarly, Ochsenkuhn et al. demonstrated that when inhibitors to energy-
dependent, lipid-raft and clathrin mediated methods of uptake were deployed
nanoparticle uptake did not decrease indicating that endocytosis alone was not
responsible for cellular inclusion.53 It was postulated that the particles interacted with
the membrane in such a way that a form of ‘passive diffusion’ was responsible for their

uptake.53
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1.3.2 In situ Synthesis of Nanoparticles

Au and Ag nanoparticles can also be synthesised in situ by the introduction of their salts
into cells. For example, Au3+ and Ag* salts which are consumed by the cell are reduced
intracellularly to form nanoparticles.2 ¢2-65 This method of synthesis is particularly
advantageous for Au since the nucleié3 has been reached in several human cells lines
and in bacterial cells access to the cytoplasm is readily achievable.62 Unsurprisingly and
presumably because of their bactericidal action Ag nanoparticles cannot be synthesised
within bacterial cells but they can be produced intracellularly in fungi.t¢ The main
advantage of this method is its simplicity since nuclear targeting can be difficult to
achieve even with highly designed nuclear targeting conjugates. However, since the
method is reliant on the native cell chemistry there is no control over nanoparticle
growth or potential adulterants. In some instances this has led to biofouling of the
nanoparticle surface and the formation of small particles, which because of their small

size are unsuitable for imaging purposes.63 65

1.3.3 Physical Methods of Introduction

As a guaranteed method of cellular introduction nanoparticles can be physically
introduced into the cell by using either microinjection or electroporation.s!
Microinjection uses a glass micropipette with a fine tip for nanoparticle delivery in a
manner analogous to that used in in vitro fertilisation.5! With electroporation holes are
temporarily generated within the plasma membrane by the application of a voltage.5!
The obvious advantages of both methods are that a higher concentration of
nanoparticles can be incorporated than can be achieved by uptake, the methods are
compatible with a host of cell lines and most importantly the nanoparticles have not
been endocytosed and therefore are free to access regions of the cell which may have
been previously prohibited by endosome enclosure.5! However, both methods require
sophisticated experimental setups, a certain degree of technical training and they are

not in any way representative of actual cellular uptake.5!

1.3.4 Biochemical Manipulation for Improved Cellular Delivery

The concept of functionalising nanoparticles with ligands to manipulate receptors on
the cell membrane has already been discussed (see section 1.3.1). However, this can be
extended further to facilitate optimal uptake by the cell and even nanoparticle escape

from vesicles and passage across organelle membranes.51.67 In the most elegant and
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sophisticated of the examples the targeting moiety can initially be hidden from the cell
with exposure resulting after successful passage through the cell membrane. 67 This
Trojan horse approach is mutually beneficial since the targeting entity is protected

when crossing the membrane and similarly uptake is not retarded by its presence.

A commonly used method for increasing uptake across the cell membrane involves
functionalisation or coating of the nanoparticles with cationic molecules. To date
positively charged small molecules,? liposomes,58 polymers® and cell penetrating
peptides (CPPs), rich in the positively charged residues arginine and lysine, 7.47.70-72
have all been employed to enhance uptake. Cell uptake is thought to be enhanced by the
electrostatic attraction between particles which are positively charged and the
phospholipid membrane which is negatively charged. It was postulated that through
this interaction nanoscale holes formed in the membrane.5! Lin et al recently
determined this experimentally whereby the structure of the cell membrane was
simulated using dipalmitoylphosphaticlylcholine as lipid molecules. Hole formation
depended on the size of the targeting entity and its shape but positively charged
nanoparticles directly transversed the membrane.” It is now thought that positively
charged particles bind to negatively charged proteins in the lipid bilayer and as more
positively charged molecules approach the membrane, the local electric field changes
resulting in the spontaneous formation of a membrane hole and transport of the
positively charged molecules into the cell.”3 Cationic particles continue to participate in
conventional endocytosis but this offers one theory as to why uptake is greater for

cationic molecules.

For organelle specific targeting the nanoparticles must be functionalised with an entity
which has an affinity for surface antigens or membrane receptors on the organelle.5174
As mentioned earlier Trojan horse approaches are elegant examples of navigating
nanoparticles across the plasma membrane. Such approaches include protective
encapsulation of nanoparticles in degradable polymers (degradation is usually
environmentally led) and this surface layer facilitates transport across the plasma
membrane whilst ensuring protection of the targeting moiety.5! Kim et al
demonstrated this principle whereby quantum dots were functionalised with targeting
antibodies before polymer coating with poly(D,L-lactide-co-glycolide) (PLGA).67 Once
inside the cells the endosome pH altered the charge of the polymer, negotiating particle

release from the endosome, before cytosol mediated degradation occurred facilitating
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release and initiating the targeting capability of the quantum dots.6” Similar approaches
can also be achieved with CPPs and Jin et al. demonstrated this principal with peptide
and drug functionalised micellar nanoparticles.”> The driving force for this
demonstration results from the fact that positively charged amino acids on peptide
sequences can frequently participate in non-specific interactions. However conversion
of these side chains to non-interacting equivalents ensures that their targeting
capability is maintained while cell uptake is achieved. As with the former example
environmentally led pH changes restored the peptide to its original conformation

allowing for controlled, target specific, drug delivery.”>

1.4 Nanoparticles and Cell Toxicity

Nanotechnology, specifically nanoparticle derived biomedical and biodiagnostic
applications have increased exponentially in recent years.”¢ Intrinsically linked to this
growth is an imperative need for the determination of nanoparticle toxicity, in
particular, for those systems which are destined for medical use.’¢ Any issues
surrounding safety must be predetermined via initial in vitro and subsequent in vivo
studies but fortunately the range of toxicity tests and the toxicological parameters for
which they test, is vast.”6 For example, they can be used to determine compromised cell
and lysosome membranes, impairment of mitochondrial and cell metabolism as well

detecting any indicators of membrane apoptosis.”?

As mentioned previously Au and Ag nanoparticles are some of the most prolifically
used scaffolds and as a result the discussion will be restricted to Au and Ag.768¢ When
considering Au and Ag nanoparticles, Au is widely considered to be the more
biocompatible of the two but at the cellular level negative effects can still elicited. For
example, when Au nanoparticles were introduced to lung fibroblasts in vitro a
concentration dependant inhibition of cell proliferation was found in addition to gene
damage, specifically for those genes associated with maintaining genomic stability and
the repair of damaged DNA.8° Similarly, the introduction of Au nanoparticles into
dermal fibroblasts again resulted in reduced cell proliferation and a reduction in
protein and collagen synthesis.85 However, despite the induced damage it was
discovered that the cells could recover following nanoparticle removal.85 In
contradiction to the two previous studies it was found that when Au nanoparticles of

varying size and surface functionalisation were applied to human leukaemia cells none
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of the particle arrangements were toxic.”® 79 Similarly when Au nanoparticles were
introduced into macrophage immune effector cells they did not display any
toxicological effects and were actually found to reduce the reactive oxygen (ROS) and

nitrate species (RNS).86

To fully understand nanoparticle toxicity consideration must also be given to the
functionalisation agent since it is this moiety which will ultimately be presented to and
interact with the cell membrane. Goodman et al found that nanoparticles
functionalised with cationic linkers were more toxic than their anionic functionalised
analogues. However, this increased toxicity is not necessarily a representative or
comparable effect and may result from an increased uptake of the cationic particles due
to their favourable electrostatic interactions with the plasma membrane.83
Consideration of this effect should be given especially since cationic scaffolds are

frequently employed because of this enhanced translocation.8 73

Murphy et al. were also keen to highlight the need for discrimination between toxicity
and cellular impairment.”8 Many of the employed tests only monitor for specified
toxicological parameters which may not be reflective of conditions associated with
impaired viability.”? This principle was demonstrated when citrate reduced
nanoparticles were exposed to dermal fibroblasts. In the cells where nanoparticles
were found their localisation was associated with the disappearance of actin stress
fibres thus effectively minimising the capability of the cell to adhere, grow and

synthesise proteins.8”

As with Au and depending on the circumstances Ag nanoparticles can also elicit a
toxicological response.”” For example, in macrophage cells a plethora of responses were
induced following uptake, including impaired mitochondrial function and the induction
of responses associated with free radical and cytokine synthesis. The worst of the

effects induced damage resulting in apoptotic cell death.s8

Similarly, as with the Au particles surface functionalisation can have a significant effect
on the measured response. Ahmed et al. demonstrated that when unfunctionalised and
polysaccharide coated silver nanoparticles were introduced into two different cell lines
the elicited response was greatest for the functionalised particles.8* This response

manifested itself in the form of damage to the cellular DNA, the most extreme of which

16



resulted in apoptosis.8* In a separate study the opposite effect was found and
increasing surface functionalisation effectively reduced the toxicity of the system.8?
Nanoparticles were functionalised with mercaptoundecanoic acid (MUA), MUA and
poly(isobutylene-alt-maleic anhydride) (PMA), MUA-PMA and 1 PEG and MUA-PMA-
saturated with PEG and the later nanoparticles exhibited the lowest toxicity.8° These
studies highlight the variability that can be obtained and how the measured toxicity is

highly specific to each system.

Size dependant toxicity was also demonstrated by silver nanoparticles when they were
introduced into alveolar macrophages.8! The toxicity manifested itself in the form of
oxidative stress and a significant increase in ROS was observed, as the nanoparticles
were decreased in size from 30-15 nm.8! Oxidative stress of this kind is alarming since
irreversible cell damage can result and at particularly elevated levels apoptosis will
occur.8! When size dependant effects were studied further similar results were
observed for macrophage cells. The toxicity response was again in the form of oxidative
stress and was greatest for the smallest nanoparticles (20 nm c.f. 80 and 113 nm).% In
the same study Park et al. also directly compared macrophage and fibroblast cells. The
toxicity effects were found to be more pronounced for the fibroblasts, further

highlighting differential responses between cell lines.90

The toxic effects and/or cellular impairment displayed by Au and Ag nanoparticles is
highly variable and a full understanding of the threat can only be achieved when
consideration is given to the particle size, shape, surface functionalisation and the
specific cell line in question since all can influence the toxicity displayed.”8 91 With this
in mind it would be prudent to incorporate toxicological studies as part of the standard

experimental remit for any new body of research.”8

1.5 In vitro, Ex vivo and In vivo Applications of Raman and SERS

1.5.1 Raman Spectroscopy and Cells

Raman spectroscopy is a non-destructive and non-invasive analysis technique which is
ideally suited for studying cellular structure and monitoring cellular events relating to
cell health and viability.92-94 Alternatives to Raman spectroscopy for monitoring cellular
structure include fluorescence, scanning electron microscopy (SEM), cryoelectron

microscopy and X-ray diffraction and topography.%* 95 However, none of these
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techniques can offer the molecularly rich and biochemically specific information
provided by Raman. The techniques are also invasive and the processes of sample
preparation including staining, fixation or freezing can destroy or distort the cell and
the spectral information which is obtained.?* Instrumental improvements have also
ensured that Raman spectroscopy can be used in a number of configurations to
accumulate the information which is required. For example, the attainment of a live cell
image does not require the same resolution as an image detailing organelle structure.
As such the laser power, spatial resolution and acquisition time can all be tuned

accordingly.%

From the outset the resolution of cell organelles by Raman spectroscopy may seem like
a trivial matter especially when considering the sophisticated applications of the
technique for in vivo disease detection.?”. % However, organelle resolution and
structural characterisation of the cell are equally important for the determination of
disease. The architecture of the cell can be altered considerably during processes such
as differentiation, mitosis and apoptosis?? and uncontrolled division and cell death
can be indicative of pathosis, including tumour growth, inflammation, HIV infection and
neurodegeneration diseases such as Parkinson’s and Alzheimer’s.9* Therefore,
documentation of this can allow for characterisation of the cell cycle, cell health and
viability.9 As with many applications of Raman the employment of chemometric
methods has permitted the resolution of cell organelles. From large identifiable
structures such as the nucleus?? to much smaller membrane bound vesicles®3 and
organelles like the mitochondria.®® The implementation of fluorescent stains in
conjugation with Raman imaging has resulted in a sophisticated publication to
differentiate between the major cell organelles including the nucleus, mitochondria, ER
and the Golgi apparatus. (Figure 1.5)%¢ The fluorescent stains delineated the organelle
boundaries such that the Raman spectra could be extracted from these locations to
determine organelle specific spectra (Figure 1.5).94 This is a critical step forward since
these membrane bound organelles, with the exception of the nucleus, are structural
similar and difficult to differentiate between. The confident spectral resolution of these
organelles under ‘normal’ circumstances will be essential for monitoring any changes
in cellular organisation that occurs as the result of disease processes.?* The advent of
3D Raman cell imaging, which has also resulted in the resolution of cell organelles, will

also undoubtedly be important in the abovementioned scenarios where the cell
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architecture changes.% 100 3D tissue imaging will also be useful for monitoring changes

as aresult of infection or injury.100

-

Figure 1.5: Comparison between the immunofluorescent images and false colour images
created using organelle specific Raman spectra. a)-d) immunofluorescent and e)-h) Raman
images corresponding to the cytoskeleton a) and e), Golgi b) and f), nuclei c) and g) and
composite image d) and h).?* Modified and reprinted from Biophysical Journal, Vol. 102, K. Klein,
AM. Gigler, T. Aschenbrenner, R. Monetti, W. Bunk, F. Jamitzky, G. Morfill, RW. Stark and ]J.
Schlegel, Label-Free Live-Cell Imaging with Confocal Raman Microscopy, 360-368, (2012), with

permission from Elsevier.

Raman spectroscopy can additionally be used to give an indication towards cell health -
readily differentiating between healthy and diseased cells based on their spectral
signatures.10! Live and dead cells can be distinguished based on DNA peaks at 782, 788
and 1095 cm! but most notably by the peak at 788 cm-.. In dead cells this peak was
found to reduce significantly in intensity.192 The authors also observed that spectral
variations were apparent in cells at various phases of their life cycle .192 Cell death in
response to an external stimulant was also monitored and the same reduction in the
peak at 788 cm-1, which is characteristic for DNA, was observed for the dead cells.103
The authors noted that this could provide a method to evaluate toxicity in response to
the effects of an external stimulant (i.e. nanoparticles) and as a non-destructive method
for determining cell viability.102 103 Indeed, cell stress as a result of exposure to an
external stimulant was latterly measured in this way. Changes were observed in the
Raman spectra and morphological changes were evident in the white light and false

colour Raman images when cells were exposed to the lysis agent Triton X-100. In the
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highly stressed cells morphological changes in the false colour maps were indicative of
apoptosis, including contraction of the cell and nuclear attrition.194 Cell stress can
additionally be monitored by Raman by way of autophagy - a survival mechanism
whereby cells package material into vesicles known as autophagosomes in response to
toxins, famine and as a method by which to remove degraded cellular components.105
Similarly, the process of apoptosis can be followed using Raman and it was found that
DNA specific bands increased in intensity in accordance with condensation of the
nucleus.196 The oxygen status (oxygenated vs. deoxygenated) of single red blood cells
was also determined by Raman spectroscopy and this may prove to be diagnostically

important for pathosis which afflict erythrocytes.107

Cells can also be readily distinguished on the basis of their phenotypic differences and
this has been used to discriminate between bonel% and lung cells,1® and more
importantly in terms of disease diagnosis between cancerous and non-cancerous

cells.110.111

In order to direct the differentiation of stem cells there is a need to determine the initial
cellular status. This can currently be achieved by immunohistochemical methods but it
represents an invasive method of analysis.!’2 However, Raman spectroscopy in
conjunction with chemometric methods represents a non-invasive alternative by which
to discriminate between differentiation statuses. 112 113 The authors found that the
spectral differences could be attributed to compositional variations in the protein and
DNA.113 The spectral determination of RNA content has also been validated as a method

for distinguishing between undifferentiated and differentiated stem cells.114

1.5.2 Raman Spectroscopy and ex vivo/in vivo Applications

1.5.2.1 Breast Cancer

The incidence of breast cancer in the UK accounts for the greatest proportion of all
cancer diagnosis and like all forms of the disease there is a demand for sensitive,
selective and non-invasive detection.?® The feasibility of using Raman spectroscopy to
detect breast cancer was first demonstrated experimentally in 1991. Alfano et al,
employed Fourier transform (FT) Raman spectroscopy and postulated that the spectral
variations between cancerous and non-cancerous tissues could be implemented as a

method for disease diagnosis.!15 Confocal Raman measurements also demonstrated the
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ability to distinguish between healthy, benign and malignant tissue samples. In this
particular study the compositional differences were investigated and the changes were
used to successfully determine the pathology of the tissues which ranged from healthy
to fibrous to cancerous.!1¢ Further technical progressions and a subsequent adaptation
of the original Raman technique also led to the development of spatially offset Raman
spectroscopy (SORS). This has a demonstrated ability to differentiate between
calcifications associated with cancerous and non-cancerous tissues at a depth of 8.7
mm.!17 The authors reported that this could be used to complement the current clinical
method of detection, mammography, whilst simultaneously demonstrating the
potential to minimise the number of invasive biopsies.117 Successive developments and
the implementation of an advanced transmission Raman setup increased the thickness
of tissue through which cancerous and non-cancerous samples could be
differentiated.!’8 The depth of detection was increased to 27 mm with anything above
20 mm being classified as clinically significant for in vivo detection. This further
highlights the applicability and relevance of implementing the technique in a clinical
environment.118 More recently SORS has been investigated as a possible method for
analysing the boundary surrounding the area from where diseased breast tissue has
been removed.!19 Reappearance is usually in close proximity to the original site of
cancerous growth therefore there is a critical need to characterise the remaining tissue
to ensure that all the diseased sections are removed whilst minimising the loss of

healthy tissue.119

This is in no way an exhaustive review of the implementation of Raman spectroscopy in
the diagnosis of breast cancer but it does highlight the possibility of using the method

to do so and the potential for it to be applied in a clinical setting.

1.5.2.2 Skin Cancer

The non-invasive nature of Raman spectroscopy also lends itself for implementation in
the diagnosis of skin cancer, especially considering that the current diagnostic method
primarily involves invasive biopsy procedures.!20 In a study analysing 453 samples
including melanomas, carcinomas and the non-cancerous skin lesions keratosis and
nevi the technique successfully discriminated between malignant and benign lesions.120
In addition to diagnosis it is suggested that Raman could be implemented to accurately

determine tumour boundaries in a manner analogous to that described for breast
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cancer in the previous section.9” As with breast cancer there is a real need for the

thorough ablation of the malignancy whilst minimising the removal of healthy tissue. 97

1.5.2.3 Prostate Cancer

The detection of prostate cancer via Raman spectroscopy was initially determined in
vitro by Crow et al'?! It was found that it was possible to differentiate between
cancerous and non-cancerous samples and within the cancerous sample set it was also
possible to differentiate specimens based on their differential levels of
aggressiveness.12! The authors noted that distinguishing between samples in this
manner would lend the technique for application in tissue grading.12! Later studies also
investigated whether the same principles could be applied for the differentiation of
representative prostate cancer cell lines. As with the tissue samples, it was found that
Raman was a suitable method for cell line discernment. 122 Subsequent studies looked
at the feasibility of using a fibre optic probe system for the diagnosis and it was found
that it was possible to distinguish between malignant and benign samples with a
reasonably high level of accuracy.123 Implementation of the fibre optic probe was a
significant step forward and its design was such that it could easily be coupled to

current endoscopes, highlighting the ease of implementation for clinical studies.!23

1.5.2.4 Bladder Cancer

In a manner analogous to that described for the detection of prostate cancer it was
possible to use Raman spectroscopy for the differentiation of malignant, inflamed and
normal bladder samples.124 [n vitro fibre optic probe analysis was also performed and
again it was possible to distinguish between those samples which were malignant and
those which were benign with a reasonably high level of accuracy.!23 As with the
prostate cancer discussed above the use of a fibre optic probe highlighted the potential
to rapidly implement the technique for analysis in vivo.123 Successful in vivo analysis has
taken place and it was possible to distinguish regions of the bladder that were

cancerous from those which were normal.125, 126

1.5.2.5 Cervical Cancer

Cervical cancer is currently detected via screening and histopathology methods which
can lead to erroneous results since they are reliant on human collection and
interpretation.127.128 However, initial results based on the use of Raman spectroscopy

for the diagnosis of cervical cancer were particularly encouraging and not only was it
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possible to distinguish cancerous from non-cancerous tissue but abnormalities such as
inflammation and metaplasia could be readily differentiated from the actual cancerous
samples.128 Despite these promising results the data was collected in vitro and the
authors warned that the method was not yet suitable for extension in vivo because of
the extended acquisition times.128 However, subsequent in vivo experiments were
successful at differentiating between cancerous, non-cancerous and altered tissue
samples. Nonetheless, the initial sample set was small and again the diagnostic
acquisition times were long (1-3 min).12° In accordance with instrumental
developments, in particular miniaturisation which resulted in a portable system and in
compliance with application in a clinical setting much shorter acquisition times (5s c.f.
90s) were implemented.129 130 In this much larger clinical study it was possible to
differentiate between the tissues which ranged from normal to benign to dysplastic.
The tissue was also graded with higher sensitivity and specificity by the spectroscopic

method than was achieved by the histopathology expert.130

1.5.2.6 Colorectal Cancer

The current methods for screening of colorectal disease are not necessarily fit for
purpose since many of the indistinct lesions escape detection and for those patients
who present with several lesions multiple biopsies can be somewhat unfeasible.131 As a
result of this, analysis and biopsy using in vivo Raman spectroscopy has become an
appealing replacement especially since multiple lesions could be characterised without
the need for tissue removal.131 Several groups have looked at methods for
distinguishing between normal, altered but non-cancerous and cancerous polyps. Each
group found it was possible to differentiate between the tissue grades with high
specificity and sensitivity.132 133 Similarly, when a probe based system was tested in

vivo cancerous polyps were identified with high sensitivity, specificity and accuracy.134

1.5.2.7 Alternative Disease Based Detection Systems

In addition to the other forms of cancer discussed, cancer of the oesophagus is another
area which has been intensely studied.®® As with many of the disease processes
outlined it was possible to diagnose and classify tumours with high sensitivity and
specificity when in vitro samples were analysed by Raman spectroscopy.135 Successful
in vivo studies have also been performed!3¢ but some leaders in the field report that
there is still a real need to substantiate the capacity of the technique to grade tissues in

vivo and in general there is a need to make the technique more robust in terms of
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repeatability especially when considering the variability in instrument setups.8 A proof
of concept study also investigated the possibility of detecting brain tumours, in vivo, in
mice models.137 The authors reported that the tumours could be located with an
accuracy of approximately 250 um and while principally a demonstration of what could
be achieved, the authors emphasised the possibility of using Raman spectroscopy for

brain analysis and tumour detection in a live subject.137

Raman spectroscopy is not limited to the detection of cancer and research has
postulated that the method could be used for the characterisation and monitoring of
atherosclerotic plaques.138 In the UK alone coronary heart disease and the conditions
which stem from it cost an estimated £19 billion.13° This is clearly an extensive and
significant problem and Raman was found to be a suitable method by which plaque
deposits could be distinguished and their size determined.138 The effects of statin drug
treatment were also tracked, and in mice that were provided a cholesterol rich diet, the
statins successfully minimised plaque formation.138 Whilst this remains a proof of
principal study there is potential for extension to studies in man and although not

demonstrated, remote sensing could be achieved with a fibre optic probe system.138

Similarly, Raman spectroscopy has been implemented to monitor organ rejection in
patients following transplant procedures.l40. 141 While not directly involving the
detection of disease, it is possible that the processes which led to transplant were the
result of disease, for example, coronary heart or chronic kidney disease and these
studies demonstrate the application of Raman for monitoring subsequent disease
effects. In the particular instances of heart and kidney transplant the confirmation of
rejection requires an invasive biopsy procedure and the observation of an elevated
serum creatinine level, respectively.140. 141 However, the rejection of heart tissues can be
characterised by serotonin biomarkers, which can be detected using Raman, presenting
a viable non-invasive alternative to biopsy.!*! While the methods for monitoring kidney
rejection do not require the same invasive procedures, by the time detection of serum
creatine is confirmed significant deterioration of the organ can have occurred. 140
Raman spectroscopy was employed as a method to differentiate between T-cells which
were produced in response to different stimuli (i.e. in response to rejection and under
normal circumstances).!¥0 These were selected as biomarkers for monitoring the
rejection response since the process is primarily characterised by T-cells. The

technique was found to be suitable for differentiating between normal cells and those
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which are characteristic of a rejection response.40 [t should be noted that the T-cells
were not directly obtained from a patient undergoing rejection but rather the cells
were artificially modelled to be representative. Raman spectroscopy therefore

represents a viable alternative by which rejection could be monitored.

1.5.2.8 Summary

Raman spectroscopy has found application in a wide variety of medical and research
fields because it offers a non-invasive, non-destructive and molecularly specific method
by which considerable information can be gained. Instrumental improvements and
thoughtful design has led to a whole range of suitable configurations, including
portable fibre optic probe based systems, for analysis in a variety of settings. Although
it is an inherently weak process with careful consideration and optimisation of the
employed laser power and acquisition time clinical relevant signals can be achieved
from a whole host of biological matrices. Central to all of the discussed applications is
the implementation of chemometric methods and it is these which are responsible for
the elucidation of information hidden within the Raman spectra. Chemometric methods

also allow conclusions to be drawn with statistical significance.

1.5.3 SERS and In vitro Investigations

1.5.3.1 SERS and Intracellular Investigations of Cell Components

Raman spectroscopy is routinely used for the analysis of cell structure and highly
detailed images can be obtained.? However, since it is an inherently weak process
intracellular signals can be enhanced by the incorporation of metallic nanoparticles.52
142 The SERS based method is advantageous since it can provide information relating to
the intracellular localisation of the nanoparticles and also about any intrinsic bands

which may be selectively enhanced by their presence.24

The cellular composition can also be derived by the analysis of intrinsic cell bands.142
Kneipp et al. demonstrated this by measuring signals in live cells from protein, amino
acid, DNA and RNA components.142 Additionally, they determined that by measuring
representative spectral peaks of both protein and DNA it was possible to determine
their co-localisation.142 Protein was identified by phenylalanine at ~1004 cm! and DNA
by the band at ~1120 cm!. The determination of these signals not only allowed for the

elucidation of the cellular components but the method demonstrated how the signals
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changed throughout the cells and ultimately where co-localisation occurred.142
However, the obvious drawback of this method is that it does not provide a picture of
the cell in its entirety since nanoparticles are not disseminated throughout cells in a

uniform fashion.24

Whilst probing the intracellular composition is undoubtedly interesting nanoparticle
incorporation can also be used to monitor cell events such as endocytosis. For example,
cells can be monitored throughout the period of uptake and the temporal spectral
changes can be used to provide information about the cellular environment.52 143 When
epithelial and macrophage cells were exposed to gold nanoparticles the SERS spectra
changed with time, increasing in intensity as endocytosis progressed and as increasing
numbers of nanoparticles were packaged into vesicles.8 52 Significant spectral
differences were observed between the two cell lines following vesicle enclosure and as
might be expected, this indicated that the two cells lines subjected the nanoparticles to

distinctly different, cell specific, endosome treatment.52

The introduction of metallic nanoparticles can be further used to assess life cycle stage
and to differentiate between cancerous and non-cancerous cells thus providing means
by which to assess health.2+ 144 145 For example, when silver nanoparticles were
introduced into cancerous and non-cancerous tissue samples spectral variations
allowed for their discrimination.2% 144 This method of differentiation is analogous to
many of those discussed in the previous section (section 1.5.2) with the exception that
the signals are now enhanced by nanoscaffolds.2* Programmed cell death can also be
monitored through the appearance of DNA bands in the spectra. At present, nuclear
penetration or targeting can be difficult to achieve and as a result only a few DNA bands
are typically observed when unfunctionalised nanoparticles are present in healthy
cells. However, in apoptotic cells the nucleus condenses and then fragments, and DNA
bands can be measured throughout the cell.14s While apoptosis can be monitored via
intracellularly located nanoparticles the SERS effect can be manipulated in an
alternative fashion to provide a label-free method by which to also monitor
apoptosis.1#¢ Jiang et al. directly formed silver nanoparticles on the surface of silicon
wafers which were subsequently used as attachment surfaces for cell growth.146 Cell
death, as with the intracellular method, was monitored via DNA spectral variations,

further highlighting the applicability of SERS for measuring cell life cycle stage.146
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1.5.3.2 SERS Nanotags

To actively image and/or target and detect disease in vitro, ex vivo and in vivo the
sophistication of the implemented ‘nanotag’ systems varies. For example, in vitro
methods have employed unfunctionalised nanoparticles for simple sensing
applications, including the monitoring of enzyme activity 147 or in the determination of
intracellular components.142. Whilst more sophisticated systems range from metallic
nanoparticles labelled with reporter molecules 7. 8 148150 to even more complicated
systems with mixed reporter monolayers 151, dually functionalised systems consisting
of reporter molecules and membrane penetrating or targeting antibodies 9 152 153,
peptides 7. 70. 71 or oligomers.!5* To minimise or prohibit degradation from the
surrounding environment nanotag structures can be afforded a certain degree of
stability by silica 10 1239 or polymer encapsulation. 9 155 156 The incorporation of
polyethylene glycol (PEG) again offers protection from the chemical and physical
environment, minimisation of non-specific binding 157 and, depending on the terminal
functionality, PEG is also readily amenable for bioconjugation to a range of targeting

ligands. 18

1.5.3.3 SERS Nanotags and pH Sensing

Intracellular pH probes have also been developed by labelling metallic nanoparticles
with pH sensitive molecules such as mercaptobenzoic acid and mercaptopyridine.
Ratiometric peak variations at known pH values can be used to construct pH
calibrations to allow for intracellular predictions of pH.159-162 Knowledge of the
intracellular pH is beneficial for many reasons particularly because it can be used to
decipher the cell specific endocytic pathway and it can also be used to design more
robust and elegant nanotags capable of escaping the endolysosomal pathway. The
endocytic pathway in HeLa cells has already been deciphered using this method.160
Pallaoro et al,, found that the intracellular pH was predominantly pH 4-5 with a few
locations registering pH values of 6 and even less measuring pH 7-8. On the basis of
these pH values it was concluded that clathrin mediated endocytosis was the
predominant method of uptake since the pH of endosomes generated by this pathway
are typically between pH 4-5. Endosomes formed by caveolae mediated endocytosis or
macropinocytosis tend to have a higher pH.160 In addition to determining the specific
method of endocytic uptake intracellular pH measurements can also monitor the
progress of pH sensitive nanotags along the endolysosomal pathway in accordance

with endosome maturation.163
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Complementary to pH measurements is the ability to monitor the intracellular redox
potential. Knowledge of this is important because it can vary at different stages of the
cell cycle and in response to toxins.164 Extremes of redox potential, in particular, highly
oxidising environments, are often indicative of underlying disease conditions.164 In one
study, redox responsive small molecules were used to label gold nanoshells and their
ability to measure the intracellular redox potential was demonstrated.164 Auchinvole et
al. also reported that the redox sensors could also be developed further to target

specific organelles in order to monitor their modes of redox regulation.164

1.5.3.4 SERS Nanotags and In vitro Applications for the Detection of Disease

SERS based nanotags have been used in a variety of different formats for the in vitro
detection of disease. In some of the earliest examples, functionalised nanoparticles and
nanotags were not employed for the detection of disease, instead metallic surfaces
were used to exploit the SERS effect. In one such system used for the detection of
glucose, spheres were coated in a layer of silver for the provision of the SERS
enhancement and they were subsequently functionalised with both decanethiol and
mercaptohexanol.286 Dual functionalisation with molecules of varying chain length
results in hole formation between the different chains, actively providing a region into
which the glucose molecules can enter and the response can be measured via SERS.28
With the implementation of the system it was possible to quantitatively detect glucose
and the majority of the measurements were detected within levels which were
considered to be medically relevant.28 The authors also reported that the system
worked effectively even when interfering analytes were present.28 Detecting glucose in
real-time is of huge importance for diabetes sufferers who currently check their levels
via pin prick blood tests. With this method of monitoring huge variations in glucose
levels are often missed and in order to improve disease management, there is a real
need for accurate continuous monitors.28 Later work by the same group has strived to
further develop this method for in vivo sensing.165-167 In the initial stages the sensors (as
described above) were implanted into animal models and the glucose levels were
successfully measured via SERS and surface enhanced spatially offset Raman
spectroscopy (SESORS) respectively.165-167. (SESORS shall be discussed further in
section 1.5.4.1). In the most recent developments, the same sensor has been
investigated via animal implementation.16” The device was found to actively work over
17 days and more importantly the authors reported that between days 6 and 17, the

measured glucose levels were found to lie within the clinically relevant levels.167 This
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elegant and sophisticated example is a significant step forward in the development of a
method by which diabetes sufferers could monitor and control their condition more
accurately.16? A similar format was also used to monitor lactate quantitatively.168
Variations in lactate levels can be indicative of trauma in a number of medical
conditions and as with glucose monitoring the ability to measure lactate in real time
would further improve the clinical care offered to patients suffering from a range of

conditions.168

In other examples, the SERS enhancement was achieved using metallic nanoparticles.
Using this format and a nanofluidic device Chou et al. demonstrated the detection of the
B-amyloid peptide, which is a key component in plaques in sufferers of Alzheimer
disease.1¢® B-amyloid detection was achieved by concentrating the nanoparticles and
target molecules within the device, irradiating with a laser and monitoring the SERS
signal.169 To demonstrate the sensitivity of the detection system the author’s added
additional proteins of similar and different conformations. Analysis of the SERS signals
found that it was possible to discriminate between the different protein forms,!¢9 in
particular, a-helices could be discriminated from [3-sheets and between the different 3-
sheet forms discrimination was also possible.16® Having a method by which to
characterise the disease process is hugely beneficial and it could be used as a method to

monitor disease development.169

Unfunctionalised nanoparticles have also been used to monitor enzyme activity
intracellularly.4” This is relevant in terms of disease detection since some notable
diseases, including cystic fibrosis, Parkinson’s and Alzheimer’s are all characterised by
some form of abnormal enzyme activity.l*” In the study Au nanoparticles were
incorporated by cell populations alongside the colourless substrate X-Gal, where upon
internalisation it was enzymatically transformed by [-galactosidase enzymes to 5,5'-
dibromo-4,4’-dichloroindigo. This transformation was characterised by the appearance
of a peak in the SERS spectra at 598 cm! and a blue colour which was indicative of the
turnover of the substrate by the enzyme (Figure 1.6).147 The conversion was specific to
the enzyme as confirmed when known enzyme inhibitors were introduced (Figure 1.6)
and the corresponding reduction in the measured SERS signal.!47 High resolution
analysis of single cells and cell populations suggested that enzyme action was localised
in specific cellular compartments which were proposed to be endosomes.!*” The

authors expressed a desire to quantify enzyme levels within these compartments,
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particularly in response to different disease stimuli and states since it is hoped that

such knowledge will facilitate the development of suitable treatments.147
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Figure 1.6: Intracellular conversion of X-Gal to the blue coloured product 5,5’-dibromo-4,4’-
dichloro indigo by the enzyme -galactosidase - A) white light and false colour image based on
the 5,5’-dibromo-4,4’-dichloro indigo peak at 598 cm-!, B) corresponding spectra from the
highlighted areas and the associated false colour LUT bar and C) the effect of an enzyme

inhibitor on the measured SERS signals.147 Reproduced by permission of the RSC.

More recently systems for disease detection have looked at functionalised nanotags.170-
172 In one immunoassay, the detection of the carcinoembryonic antigen (CEA), a marker
frequently used for the detection of lung cancer, was achieved using a combination of
hollow gold nanospheres (HGNs) and magnetic beads.172 Porter et al. also implemented
an immunoassay format for the detection of the pancreatic cancer marker, MUC4.170
This marker is suitable for detecting cancer since it appears to be absent in healthy and
pancreatitis-suffering populations.170 Detection was achieved using SERS via gold
nanoparticles which were labelled with a reporter molecule and an antibody specific
for the marker. SERS was critical for the detection of disease, especially as the authors
noted that conventional immunoassay formats had failed to detect the protein in
human sera.l’”® In an extension of this initial work Porter et al. developed an
immunoassay system which could simultaneously detect two markers of pancreatic
cancer.l’! The detection of multiple disease markers is a key step in the future of
disease diagnosis since it is rare for disease processes to be represented or
characterised by a single indicator.10 In addition, the detection of multiple aspects of a
disease will undoubtedly lead to better personalised medicine and immunoassays

could be extended to detect a plethora of diseases simultaneously.
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Cell based detection is a vast field and in particular research has centred on detecting
breast cancer.173.174 One of the earliest studies employed SERS dots (a form of silica
encapsulated nanotags) functionalised with breast cancer (HER2) or leukaemia specific
antibodies (CD10).173 Antibody functionalisation was required so that the dots would
bind specifically to the corresponding cell line and when the conjugates were incubated
with different cell populations this specificity was observed.1”3 HER2-functionalised
dots only bound to the breast cancer cells and similarly the CD10 functionalised dots
bound only to the leukaemia cells.173 SERS signals were not observed when either of the
antibody functionalised nanotags was incubated with the control cell population.173
This initial study highlighted the possibility of screening cell populations for cancerous
and non-cancerous cells and, provided that each subset of dots was labelled with a
distinct reporter and an antibody, a range of disease could be detected simultaneously.
The authors also reported that the method could potentially be implemented as an

alternative to the radioactive tagging of cells and tissues.173

Later, studies took advantage of the same binding relationship between HER2
antibodies and the corresponding receptors on cell membranes.30.31 However, rather
than focusing on spherical shaped nanostructures rods and HGNs were investigated as
alternative imaging scaffolds.30 31 In both instances, recognition via the specific
antibody-antigen interaction was achieved and brighter images were observed (Figure
1.7).30.31 The increased SERS intensity in the false colour images were not the result of
any improvement in the binding efficiency but were a direct result of the enhanced
optical properties demonstrated by both the rods and HGNs (Figure 1.7).30.31 The
authors suggested that both systems are extremely sensitive imaging agents and when
designing a disease detection system consideration should also be given to the imaging

scaffold especially if the disease target is present at low concentrations.30.31
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Figure 1.7: Left Panel - differential levels of binding between a)gold nanospheres and b)rods
functionalised with HER2 antibody and exposed to MCF7 cells overexpressing HER2.30 Right
panel - differential levels of binding between a) HGNs and b) silver nanoparticles functionalised
with HER2 antibody and exposed to MCF7 cells overexpressing HER2, c)intensity ratios for the

peaks at l1620/11371 for the crystal violet reporter.3! Reprinted with permission from Elsevier.

In a recent study antibody-antigen interactions were also studied as means for
differentiating between disease states.!>2 The development of the nanostructures
involved the labelling of silver nanoparticles with reporter molecules, and HER2
antibodies were subsequently conjugated via the terminal carboxylic acid group on the
reporter.152 The functionalised nanostructures were then exposed to two cell lines
(SKBR3 and MCF7) which demonstrated a differential level of HER2 expression.152 In
the SKBR3 cell line which exhibits a high level of HER2 expression the SERS signal was
observed by the authors to be 3-4 times greater than in MCF7 cells, which have a low
level of expression.152 Although significantly greater levels of data would need to be
collected from cells, at a number of different disease stages, this preliminary study
highlights the implementation of SERS nanotags for the categorisation of cancerous
disease states. The principles of the study are not limited to cancer and any other
condition which exhibits differential levels in the expression of disease markers could

be analysed and graded in an analogous manner.

In the most recent study implementing breast cancer cell lines, the cell phenotype was
determined from specific antibody-antigen interactions occurring between

nanostructures labelled with antibodies and antigen receptors present on cell
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surfaces.17> This was achievable because each of the nanostructures was labelled with a
different reporter molecule and thus different SERS signals were measured (Figure
1.8).175 The false colour SERS maps were subsequently used as a method to quantify
the level of biomarker expression since the SERS intensity is a direct measure of the

concentration of biomarker.175

a) -..

b)

KPL4 MDA-MB-468

SK-BR-3

Figure 1.8: Silica encapsulated hollow gold nanoshells (SEHGNs) used to phenotypically
identify cancerous cell lines and determine the level of antigen expression in each cell line - a)
SEHGNSs were applied to the different cell lines and each of the cell types were identified based
on the signal from the specific reporter molecules and b) SERS mapping images of the
corresponding cell lines were measured at 1650 cm ! (RBITC), 1619 cm! (MGITC) and 1490 cm-!
(RulTC) for the SK-BR-3, KPL4 and MDA-MB-468 cell line specific reporter molecules.175

Modified and reprinted with permission from Elsevier.
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Biomarker or protein expression can also be used to differentiate cancerous from non-
cancerous cells.17¢ In prostate cancer cells neuropilin-1 is overexpressed and, on the
basis of this knowledge, selective SERS nanotags were constructed for differentiating
between cell lines.176 To actively target cancerous cells or more specifically the
receptors, nanotags were functionalised with a peptide with a specific affinity for
neuropilin.t7¢é Control nanotags were functionalised with the HIV transactivator of
transcription (TAT) peptide sequence and these nanotags had the ability to bind to
both cells lines.176 In order to positively identify the cancerous cells, the ratio of the
SERS signal from each of the reporters was calculated.1’¢ The cancerous cells should
have a high contribution from the reporter on the specific targeting nanotags whilst the
non-cancerous cells should have a high contribution from the reporter on the control
system.176 This was found to be true and this represents a viable method for
differentiating between the two cell lines.17¢ Prostate cancer cells can also be positively
identified from interactions between imaging agents and surface carbohydrates.* For
example, PC3 cancerous cells exhibit elevated levels of sialic residues on their surface.6
These can be actively targeted with nanostructures functionalised with the lectin,
Triticum vulgaris, which is known to have a specific affinity for these glycans.4¢ Craig et
al. demonstrated this lectin-glycan interaction and in doing so successfully

distinguished cancerous PC3 cells from the non-cancerous PNT2A cells.46

Further applications involving the detection of cancerous cells have centred on
circulating tumour cells (CTCs). Unlike other applications, which might be concerned
with the primary detection of cancer, CTCs are particularly aggressive and are
associated with the initiation of further cancerous growth.153.177 During an initial study
the CTCs were exposed to antibody functionalised nanotags and magnetic beads. The
nanotags whilst simultaneously binding to the CTCs acted as the reporter component
and similarly, the magnetic beads whilst capable of binding to the cancer cells, were
also incorporated so that the samples could be concentrated via a magnet.153 The
implementation of this method has resulted in successful detection of CTCs via SERS
and detection was also achievable with high sensitivity and specificity when whole
blood was employed.t53 In a subsequent study by Wang et al. a similar method was
employed but the incorporation of magnetic beads was substituted for a physical
separation step.177 Initially, the blood was separated by centrifugation and, because of
their low density, CTCs were removed from the upper portion of the container with

relative ease.l”? CTCs were then incubated with nanotags for a specified period and
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after this any unbound nanotags were also removed by centrifugation prior to the SERS
analysis.1”” Both methods were found to allow for the sensitive and selective detection

of CT(Cs.153,177

In a final example of SERS based disease detection in vitro, targeting of stem cells was
investigated. Although this is not strictly a method for the detection of disease, stem
cells have an important role in disease research.178 In this study nuclear targeting SERS
nanotags were deployed to ascertain the differences between differentiated and
undifferentiated stem cell populations.178 The cells were analysed by SERS and spectral
information was extracted. Principal component analysis (PCA) was employed and it
revealed that there were distinct differences between the two stem cell forms with
regards to the organisation of the nucleus. These changes were suitably distinct and

allowed for cell identification.178

1.5.4 SERS and Ex vivo/In vivo Applications for the Detection of

Disease

1.5.4.1 Tissue Imaging and Disease Detection

The use of SERS for disease related tissue imaging was initially performed by Schlucker
et al. in 2006.179 Their SERS based detection system consisted of gold nanoparticles
conjugated to an antibody via a small molecule reporter and this was used to actively
detect prostate specific antigen (PSA) in tissue samples.17? In a later study the same
group extended this to monitor PSA expression in tissues.158 This predominantly occurs
in the epithelium of the prostate and when incubated with functionalised nanoshells,
the localised expression was confirmed by SERS signals arising from the specific
nanoshell antibody-tissue antigen interaction. This interaction was particularly evident
in the false colour SERS maps (Figure 1.9).158 Determining the localisation of other
components within the tissues is not isolated to biomarkers of disease and the group
successfully determined the localisation of the tumour suppressor p63, in non-
cancerous tissue.!80 Elucidation of this was again determined by SERS signals arising

from the specific interaction between the detection system and the tissue.180
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Figure 1.9 Detection of PSA ex vivo - top: bright field microscope image of a prostate tissue
section. The grid shows the locations at which Raman spectra were acquired in a point mapping
experiment. The false colour SERS image shows that the characteristic signal of the SERS-
labelled antibody is observed selectively in the epithelium. Reproduced from158 with permission

from the PCCP Owner Societies.

Whilst detection systems like this might seem trivial, they are actually of huge
importance for the characterisation of disease in tissue. In all of the examples
discussed, the measured signals arise from the SERS reporters. However, a second laser
line could be employed at a frequency where the nanotags are not SERS active but
where intrinsic Raman signals from the tissues dominate. This would allow
biochemically characteristic information to be obtained from the tissues and the false
colour SERS images could be used to delineate the boundaries between the regions
where, for example, PSA expression is high and low. This would provide further
information which is biochemically representative of the disease biomarkers. Whilst
areas of protein expression can be imaged using traditional immunohistochemical
methods, no biochemical information is obtained. Additionally, conventional
fluorophores have broad absorption and emission bands so the staining of multiple

areas is difficult. However, when employing either Raman and/or SERS imaging, the
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spectral bands are narrow and not limited in terms of the tissue regions or receptors
which could be targeted simultaneously. This is particularly important as the
documentation of disease processes progresses towards the detection of multiple

markers.10

Manipulation of the antibody-antigen interaction has also been exploited for the
determination of nasopharyngeal cancer in tissue samples.181 As with most of the
discussed samples, antibody functionalised SERS nanotags were exposed to tissues.181
Clinical samples were analysed and directly compared with the tissue which had been
analysed via a traditional immunohistochemical method. SERS analysis was found to
considerably exceed the conventional method.!8! In total, there were 34 cancerous and
20 non-cancerous tissue samples and the SERS detection method correctly identified
33 of the cancerous samples whilst the traditional method only identified 22.181
Negative samples were correctly identified by both methods.18! As with the previous
examples, the above discussed advantages of the SERS method are equally applicable to

this study.!8!

SORS has been previously discussed as a method for disease detection in section
1.5.2.1. SORS has also been developed to incorporate a surface enhanced method
known as surface enhanced spatially offset Raman spectroscopy (SESORS).182 The key
feature and main advantage of this technique is that it can measure Raman or SERS
signals through medically relevant tissue depths.182 This is of huge importance since it
actively demonstrates non-invasive detection of disease.182 In one of the latest studies
cumulative SERS signals were measured from four different SERS nanotags which were
located within tissue at a depth of 20 mm.182 Even more significantly, it was possible to
measure SERS signals through 50 mm of tissue.182 This study highlights the possibility

of implementing SERS and their nanotags for use in vivo.

In a subsequent study the method was also investigated in specific relation to a disease
process osteoporosis.183 This is a progressive bone disease which can be treated with
drugs known as bisphosphonates.!83 The disease itself was not investigated but rather
the study was designed to replicate drug distribution and investigate its localisation.183
In order to do this, the drug was conjugated to SERS nanotags and subsequently
incubated with representative bone samples. The bones were then transplanted into a

tissue mass and the samples were analysed.!83 It was possible to detect the drug-
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nanotag conjugates at a depth of 20 mm and although this study did not involve the
direct detection of the disease it is nonetheless important because it actively
demonstrates the ability to monitor drug distribution non-invasively.183 This therefore

highlights the suitability of SERS as a key process in the treatment of disease.

1.5.4.2 In vivo Imaging and Disease Detection

One of the most recognisable and well documented examples of in vivo SERS imaging is
undoubtedly the study by Qian et al,,!! where tumours were successfully targeted with
an antibody functionalised gold nanoparticle system in vivo.!! The nanotag conjugates
were introduced into the mice model via tail injection and they were successfully
translocated to tumour locations.!! Successful targeting was demonstrated via
monitoring of the SERS signals and those measured from the tumour regions of the
mouse were found to be representative of the reporter from the SERS nanotags (Figure
1.10).11 This study actively demonstrated that the nanoparticles were able to travel
through the animal model and reach their targets.!! It was also critical for

demonstrating the success and application of SERS for monitoring such interactions in

vivo.
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Figure 1.10: In vivo cancer targeting and surface enhanced Raman detection by using ScFv-
antibody conjugated gold nanoparticles that recognise the tumour biomarker EGFR. (a,b) SERS
spectra obtained from the tumour and the liver locations by using targeted (a) and nontargeted
(b) nanoparticles. Two nude mice bearing human head-and-neck squamous cell carcinoma
(Tu686) xenograft tumour (3-mm diameter) received 90 pL of ScFv EGFR-conjugated SERS tags
or pegylated SERS tags (460 pM). The particles were administered via tail vein single injection.
SERS spectra were taken 5 h after injection. (c) Photographs showing a laser beam focusing on
the tumour site or on the anatomical location of liver. In vivo SERS spectra were obtained from
the tumour site (red) and the liver site (blue) with 2-s signal integration and at 785 nm
excitation. The spectra were background subtracted and shifted for better visualisation. The
Raman reporter molecule is malachite green, with distinct spectral signatures as labelled in a
and b. Laser power, 20 mW. Reprinted by permission from Macmillan Publishers Ltd. Nature

Biotechnology,11 (2008).

In vivo imaging of SERS nanotags has also been applied for the observation of
inflammation and again, while not a disease process, it is of relevance since any change
can be indicative of infection and underlying disease conditions.18¢ Nanotags were
functionalised with antibodies which have a specific affinity for the identified
inflammation biomarker, intracellular adhesion molecule 1 - (ICAM-1-). The nanotags
specifically targeted inflammation in vitro, ex vivo and in vivo.18* When the effectiveness
of the SERS approach was directly compared with the conventional fluorescence

method it was also found to be significantly more sensitive.184

Whilst the previous examples have demonstrated active in vivo disease targeting, a
multi marker approach is considered to be beneficial, especially if multiple disease
aspects are to be detected simultaneously.1 It is hoped that by analysing disease
processes or even multiple different diseases it will lead to better characterisation and

personalised medicine.

With the advent of superior nanotag systems, which display excellent stability and are
optically ‘hot’, the possibility of multiplexed imaging in vivo has become a real
possibility.10. 12 Zavaleta et al.,, showed in early experiments that it was possible to
simultaneously detect two different nanotags within a live subject. This was latterly
extended to include the simultaneous detection of ten different nanotags (Figure
1.11).10.12 This was a crucial step forward for multiplexed detection in vivo, actively

demonstrating the potential to detect multiple pathosis or different elements of disease
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simultaneously.10 In a further extension of the work and in terms of true multiplexing
and the confident identification of nanotags present within a specified location, it was

possible to positively identify four nanotags in a multiplexed scenario.10

SERS 420 SERS 466 SERS 481 SERS 421 SERS 403

SERS 440 SERS 482 SERS 663 SERS 661 I

Figure 1.11: Evaluation of multiplexing 10 different SERS nanoparticles in vivo. Raman map of
10 different SERS particles injected subcutaneously in a nude mouse. Grayscale bar to the right
depicts the Raman intensity, where white represents the maximum intensity and black
represents no intensity. 10 C.L. Zavaleta, B.R. Smith, I. Walton, W. Doering, G. Davis, B. Shojaei,
M.]. Natan, S.S. Gambhir, Proc. Natl. Acad. Sci. USA., 106 (2009), 13511-13516. Copyright (2009)

National Academy of Sciences of the United States of America.

Further in vivo applications have been demonstrated by Maiti et al.185-187 |n the first of
their in vivo experiments nanotags were injected into a mouse model and successfully
imaged using SERS.185 The only difference being that the antibody functionalised
nanotags were actively bound to cancerous cells prior to their introduction,
highlighting the opportunity to successfully image the nanotags in vivo even after
participation in a disease recognition event.!85 In an extension to this work nanotags
functionalised with antibodies, which had a specific affinity for the receptors in the
xenograft, were found to translocate to the xenograft site following introduction into
the animal.18¢ Thus the conjugates participated in antibody-antigen recognition and
signals representative of the reporter molecule were measured at the xenograft site.186

However, when nanotags were introduced into mice bearing xenografts of the non-
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cancerous cell population SERS signals were not measured in accordance with the

absence of a specific binding event.186

In the most recent of their work, the group elegantly demonstrated the selectivity of
their targeting nanotags.187 In this study the xenograft was composed of oral squamous
cell carcinoma (OSCC) cells which exhibit a differential level of expression of EGFR and
HER2. EGFR receptors are present at a much higher levels than HER2 receptors on the
surface of the cells.187 In accordance with the expressed receptors three nanotags were
injected into the tail of the animal subject, two of which had been functionalised with
the EGFR specific antibody and the remaining nanotag was functionalised with the
HER2 antibody.!87 The signals which were measured from the site of the xenograft
were in accordance with the two nanotags functionalised with the specific antibody and
two different reporter molecules. There was no contribution from the nanotag
functionalised with the HER2 antibody (Figure 1.12). This study represents one of the
first true, targeted, in vivo multiplexing examples, and this is an important step
forwards in terms of striving towards the deliverable of comprehensively

characterising and detecting multiple aspects of disease.187
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Figure 1.12: In vivo multiplex detection in xenograft tumour - a) Normalised SERS spectra of
CyNAMLA-381, Cy7LA and Cy7.5LA after chemisorption of AuNPs and b) - A: SERS spectra from
tumour site (peaks obtained at 503 and 586 cm-! from two EGFR positive nanotags, Cy7LA and
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Cy7.5LA), B: SERS spectra from liver site (peaks obtained at 503, 523 and 586 cm1) from two
EGFR nanotag Cy7LA, Cy7.5 and anti-HER2 nanotag CyNAMLA-381) and C: SERS spectra from

dorsal region. 187 Modified and reprinted with permission from Elsevier.
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Chapter 2 Aims

This thesis aims to develop analytical examples which demonstrate the power of SERS
and in particular combined Raman and SERS for cellular imaging and analysis. The

main areas of research aimed to:

Develop and implement suitable nanotag systems for the analysis of single cells and cell
populations in a multiple component manner. Detecting multiple nanotags within a
single cell or cell population has important implications for targeting applications
including the targeting of multiple cell organelles and for intracellular drug delivery. A
multi marker approach is also thought to be critical for the comprehensive

characterisation of disease processes.

Develop the best process in terms of instrumentation and chemical reporting for the
production of 3D images of single cells. As a standalone application 3D Raman imaging
has important implications for understanding architectural and compositional changes
between healthy and diseased samples. However, if used in parallel with SERS (2D and
3D), for the tracking of multiple nanotags, it is thought that the combination will allow

for the simultaneous confirmation of cellular uptake and nanotag identification.

Develop a range of targeting nanotags which when functionalised with biomolecules
can target multiple cell receptors or organelles. Analysis will involve 2D and 3D Raman
imaging to confirm localisation and for organelle targeting uptake of the nanotags

within the correct organelle.
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Chapter 3 Development and
Imaging of Multiple SERS

Nanotags in Cells

3.1 Introduction

‘It is recognised that no single targeting agent can provide the information needed to
characterise or detect a specific disease process’ 10 As a result, research in the field of in
vitro, ex vivo and in vivo imaging, using SERS nanotags, has focused on the development
of multi-marker approaches with the prognosis for earlier detection, better
characterisation and with the ultimate aim of improving the sensitivity and specificity
by which diseases are detected. 7-10 In the specific case of cancerous cells, there are
multiple reports of single target detection methods!® 30.31, 152,153,173 gand although the
ability to detect multiple targets has been demonstrated in solution!88. 189 this has yet to
be extended in vitro and in vivo. In addition to disease detection, the potential also
exists for nanotags/nanoprobes to aid in the treatment of disease, for example as drug
transport agents.” 190 Nanoparticles used in chemotherapy treatment can deliver a
payload specifically to diseased cells with the result of improving efficacy whilst
concomitantly minimising deleterious effects since targeting can be localised to the
diseased region.”. 19 If this approach were extended to multiple targets within a single
cell, then multi-marker nanotags would undoubtedly improve the detection, treatment

and management of disease.

Nanotags or nanoprobes for biomedical research can be synthesised by a variety of
methods, the most simple of which involve labelling metallic nanoparticles with
reporter molecules.?. 8 143, 149, 150 More complicated systems can additionally involve
mixed monolayers of reporter’5! and membrane penetrating or targeting antibodies,%
152,153 peptides?.70.71 or oligomers.15¢ Robust and chemically resistant systems can be
created by silicall 12 191 or polymer encapsulation.? 155 Regardless of the synthesis
method, effective implementation requires confirmation of cell uptake as well as an

understanding of their subsequent intracellular dissemination.”.8
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With the multi-marker, cellular uptake and intracellular distribution criterion in mind
this chapter will investigate suitable systems for the development of a range of multi-

marker nanotags and their subsequent cellular detectability.

3.2 Multiple Component System - Commercial System

3.2.1 Commercial SERS Nanotags

Initial investigations into multi-marker cellular imaging agents were carried out using
commercially available SERS nanotags (Nanoplex Biotags - Cabot Corporation). These
were selected on the basis that they have demonstrated applications as biological
contrast agents!® 12 whilst their overall structure is reported to be biocompatible,
physically and chemically durable.l®© These are important factors which need to be
considered when selecting cellular imaging agents since they must remain detectable
following cell uptake, be non-toxic to the cell and resistant to the intracellular
environment. These nanotags had the added advantage that they were SERS active in
the near-infrared (NIR) window thus when considering further applications such as in
vivo studies they were ideally suited to the analysis matrix.1% 12 Qutside of the NIR

window tissue auto-fluorescence becomes an increasingly dominant problem.10

The nanotags consisted of a gold nanoparticle core onto which the Raman active
molecules were adsorbed and this core was coated with silica to make the nanotags
physically and chemically robust (Figure 3.1). The nanotags obtained were denoted as
SERS 403, 420, 421 and 440. These were differentiated based on the Raman active
molecule adsorbed onto the gold nanoparticle core and for SERS 403, 420, 421 and 440
were 5-(4-pyridyl)-1,3,4-oxadiazole-2-thiol, 4,4’-dipyridyl, d8-4,4’-dipyridyl and trans-
1,2-bis(4-pyridyl)-ethylene respectively (Figure 3.1).
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Figure 3.1: Commercial SERS nanotags - a) nanotag structure and b) Raman active molecules
adsorbed onto the Au nanoparticle core for the range of SERS nanotags investigated in the

study.10

3.2.2 Characterisation of the Commercial SERS Nanotags

3.2.2.1 Stability Measurements

To determine the stability of the commercial nanotags in solution, analyses were
performed using extinction spectroscopy and dynamic light scattering (DLS). The
extinction measurements were made in distilled water (dH.0) whilst the DLS
measurements were additionally performed in the serum free cell media Rosewell Park
Memorial Institute Medium (RPMI). The results from the extinction spectroscopy
suggested that the commercial nanotags were stable, monodisperse and SERS-403, 420,
421 and 440 had a Amax= 548, 555, 545 and 547 nm respectively (Figure 3.2). SERS-420
appeared to be less stable than the other three nanotags as exemplified by a red shift
and broadening of the plasmon band (Figure 3.2). However, this reduced stability was
not considered to be a significant hindrance to further solution or cellular studies since
it wasn’t particularly extensive and it is possible that SERS-420 has a propensity to
form larger aggregates. Attempts were also made to measure the extinction spectra in
RPMI cell media to determine if this induced any aggregation. Unfortunately because of
the presence of phenol red, a colour changing pH indicator used to monitor cell viability

during culture, extinction measurements were not possible as the broad absorbance
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band of phenol red obscured the extinction profile of the nanotags. To measure the
effects of the cell media this study would need to be repeated in media free of phenol

red which wasn’t an option at the time.
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Figure 3.2: Extinction spectroscopy analysis of the commercial nanotags dispersed in dH,0. The

Amax = 548, 555, 545 and 547 nm for SERS-403, 420, 421 and 440 respectively.

DLS was used to obtain size and Zeta potential measurements for each sample and the
principles of the measurements are as follows. When particles within a solution are
illuminated with light, scattering occurs generating an interference pattern.192
Brownian motion is assumed for the particles and any motion will cause a change in the
interference pattern or more specifically, the intensity changes which appears to cause
an overall change in the pattern.'92 This intensity change is used to calculate the
particle size. Surrounding each of the particles in solution is an electrical double layer
which consists of two distinct parts namely the Stern and diffuse layer.192 The division
between these layers influences the movement of the ions associated with a particle,
such that ions close to the division move with the particle whilst those away from the
division do not.192 The potential measured at the division is known as the Zeta
potential. Zeta potential measurements are used as a measure of colloidal stability and
in general values greater than -30 mV or + 30 mV are considered to be stable and non-

aggregated.192

The nanotags were reported to have an overall size of ~120 nm,% 12 however, with the

exception of the SERS-403 nanotags (153 nm), the DLS size measurements revealed
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that they were slightly smaller ~ 100 nm (99, 96 and 111 nm for SERS-420, 421 and
440 respectively) (Figure 3.3). However, these values were in good agreement with
the provided data sheets and any variability from the average reported value (~ 120

nm) might be due to variation in the silica shell thickness.
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Figure 3.3: DLS size measurements for the commercial nanotags when dispersed in dH,0 and
RPMI cell media. Measurements were made in triplicate, the average value is shown and the

error bars represent the standard deviation of the triplicate measurements.

When dispersed in the cell media the size of the nanotags was observed to increase and
this was most pronounced for SERS-440 (Figure 3.3) which exhibited a ~ 50 nm
increase. For the remaining nanotags the increase was around ~ 20 nm. Typically
when dispersed in cell media, a corona, which is comprised of the main media
components (e.g. protein and sugar), can enshrine the surface of the nanoscaffold.193 194
Therefore, this size increase was not necessarily representative of aggregation. The
media however was serum free hence corona formation was unlikely to be extensive
but as the serum was additionally supplemented with L-glutamine and it is possible
that the free amine groups on the amino acid interacted with the silica shell. Regardless
of whether ‘true’ aggregation or corona formation was taking place the overall size of
the nanotags as measured in the cell media was not considered to be detrimental to
cellular uptake. Although smaller particles can demonstrate higher levels of uptake195
particles ~1000 nm have also been shown to be viable.196 Particles in the same size
range as the nanotags used in the study have further been shown to be taken up by

both endocytic!97 and passive diffusion mechanisms>3 thus the size range exhibited was
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unlikely to be prohibitive to cellular uptake. The stabilisation of the gold nanoparticle

core by the silica shell was apparent in the Zeta potential measurements (Figure 3.4).
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Figure 3.4: Zeta potential measurements for the commercial nanotags dispersed in distilled
water. Measurements were made in triplicate, the average value is shown and the error bars

represent the standard deviation of the triplicate measurements.

Large negative values (- 30 mV) indicative of stabilisation were measured for each of
the commercial nanotags and were -30.6, -29.7, -31.4 and -34.2 for SERS-403, 420, 421
and 440 respectively (Figure 3.4).192 Attempts were also made to measure the Zeta
potential in the cell media to determine if this induced any instability resulting in
aggregation. However, when the Zeta potential of the cell media was measured it was
found to be ~ -9 mV and successive Zeta potential measurements of the nanotags
suspended in the cell media were also found to be ~ -9 to -11 mV. This suggested that
the measurements were representative of the cell media rather than the influence and
interaction between the media and the nanotags. This was not surprising since the cell
media contained components (amino acids, vitamins and ions) which themselves can
be prone to electrostatic or charge repulsion or attraction between particles. Several
studies have reported Zeta potential measurements of nanotags in cell medial9. 19 but
typically the tags were left to interact with the media before centrifugation and
resuspension in a buffer suitable for measuring Zeta potential. This assumes that
interactions and any electrostatic binding which take place between the media and the
nanotags are maintained following resuspension. This was not considered to be

representative of the environment to which the nanotags were actually exposed and as
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such measurements were not performed in this way. Overall, on the basis of the
extinction (Figure 3.2) and Zeta potential (Figure 3.4) measurements performed in
dH>0 and the size measurements performed in dH,0 and cell media (Figure 3.3) the
nanotags were considered to be stable, monodisperse and of a size suitable for cellular

uptake.

3.2.2.2 Spectroscopic Measurements
A unique SERS signal was observed for each of the commercial nanotags (Figure 3.5)
and the predominant molecular vibrations arose from the pyridyl and oxadiazole ring

systems (Figure 3.1, Figure 3.5 and Table 3.1).
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Figure 3.5: Control SERS spectra for the commercial nanotags SERS-403, 420, 421 and 440
shown in red, blue, green and magenta respectively. Spectra were offset for illustrative purposes
and no major peaks were observed below 800 cm! or above 1800 cm hence the spectra were

truncated accordingly. (Aex = 785 nm, 100% (0.45 W), extended scan, 10s, 800-1800 cm-1)
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The main molecular vibrations have been assigned (Table 3.1). A number of smaller
peaks were observed in the fingerprint region but these were not considered to be
sufficiently intense for identification purposes. Molecular vibrations were not observed

above 1800 cm! hence the spectra were truncated accordingly (Figure 3.5).

Table 3.1: Peak assignments for the predominant molecular vibrations for each commercial

nanotag.200-202

Commercial Nanotag Observed Peak Position (cm-1) Assignment

1618 Uring

1577 ring stretch

541 ring in plane deformation,
SERS-403 v(C-N)

1378 S(CH)

1346 S(CH)

1215 inter ring stretch

1014 Uring

1615 Uring

1511 VUring, 8(CH)
SERS-420 1296 Uring, 8(CH), inter ring stretch

1230 S(CH)

1075 VUring, 8(CH)

1024 Urings §(CH), ring deformation

1578 Uring

1426 6(CH), ring stretch
SERS-421 1199 Inter ring stretch

1002 ring breathing

925 S(CH)

1641 v(C=C)

1612 v(C-C), §(CH)

1339 S(CH), §(C-Q)
SERS-440 1203 v(ring-C), §(CH)

ring in plane deformation
1023 (ring breathing), y(CH),

y(C=C)
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3.2.3 Multiple Component Capability

Prior to any cell investigations the suitability of the SERS nanotags as multi-markers for
disease detection was investigated in solution. With a total of 4 nanotags there were 11
(6 duplex, 4 triplex and 1 fourplex) possible combinations which were pre-mixed and
analysed. Some degree of spectral overlap was expected since the Raman reporters
were similar in structure, predominantly consisting of bi-pyridyl ring systems (Figure
3.1). However, for all the solutions analysed it was possible to deconvolve the spectra
by eye and identify the specific combination of nanotags present. For the purposes of
subsequent experiments, the mixed suspensions were referred to as multiple
component samples since they were not true examples of a multiplex. In a true
multiplex it is expected that all the peaks from the contributing reporters will be found
in the overall combined spectrum. This is true for the solution samples but in some of
the later cell experiments the nanotags were often found in discrete locations so there

was no overall ‘multiplex’ spectrum.

Although a multivariate analysis method was used to identify the specific combination
of nanotags present in the cell experiments the multiple component criteria was
defined such that there must be at least one unique peak identifiable for each of the
SERS nanotags. In the specific case of the fourplex, the highest achievable multi-marker
system, unique peaks were found at ~1296 cm-t, ~925 cm-! and ~1641 cm! for SERS-
420, 421 and 440 respectively. Although there was no single peak unique to SERS-403
it was readily identifiable from the triplet of peaks produced at ~1541, 1577 and 1618
cm-! (Figure 3.6).
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Figure 3.6: Representative spectra for the fourplex solution sample and control spectra for the
commercial nanotags. Spectral contributions from each of the commercial nanotags are readily
identifiable within the multiple component spectra. (Aex = 785 nm, 100% (0.45 W), extended
scan, 10s, 800-1800 cm1).

Although a broad spectral range was observable during the measurement of solution
samples instrumental constraints relating to the charge coupled device (CCD) chip and
the grating combination (1200 1/mm) meant that only a very narrow spectral range
~400 cm! was observable when mapping. As a result of this it was decided to
concentrate on a spectral region where peaks from all four nanotags were present and
could readily be differentiated from one another. The region from ~ 1540 - 1650 cm-!
was selected and considering the highest achievable multiple component sample - the
fourplex - it was possible to differentiate between each of the four nanotags as follows.
SERS-403 was readily identifiable from the triplet of peaks produced at ~1541, 1577
and 1618 cm-1. SERS-420 gave rise to a peak ~1615 cm! and was differentiated from
SERS-403, which produced a peak in the same region at ~1618 cm-, by the occurrence
of the triplet of peaks (Table 3.2). SERS-440 also produced a peak ~1612 cm-!and this
was differentiated from SERS-420 by the doublet of peaks in the SERS-440 spectrum at
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~1612 and 1641 cm-}, this peakwas unique to SERS-440. SERS-421 produced a peak ~
1578 cmland this was differentiated from SERS-403, which also produced a peak in
this region ~1577 cm-1, again by the occurrence of the triplet of peaks (Table 3.2).

Table 3.2: Key identification peak(s) for each SERS nanotag suspension in the spectral region

~1540-1650 cm™.

Nanoparticle suspension Key Identification Peak(s) (cm1)
SERS-403 Triplet, ~1541, 1577 and 1618
SERS-420 ~1615
SERS-421 ~1578
SERS-440 Doublet, ~ 1612 and 1641

3.2.4 In vitro Analysis of the Commercial Nanotags

Following on from the success of the multiple component solution study - where it was
possible to identify the specific combination of nanotags present within any given
multiple component sample - the nanotags were applied individually to cell
populations (macrophage and dendritic cells derived from Balb/C mice). In these
experiments all 11 of the possible multiple component combinations were applied to
the cells. Macrophage and dendritic cells were chosen for this study and, as the Greek
name for macrophage cells ‘large eaters’ suggests, the cells readily engulf nutrients,
debris and pathogens presented in the extracellular fluid. The cultured cells were
incubated with the appropriate nanoparticle solution (100 pL, 0.5x concentration -
diluted from 20x stock concentration) for 90 min. Following incubation, the cells were
washed four times with 1x phosphate buffered saline (PBS, pH 7.6) to remove
extracellular nanoparticles before fixation with methanol. After fixation the cells were

washed with PBS, dH»0 and air dried before mounting onto microscope slides.

Samples were interrogated by Raman mapping using a Renishaw inVia Raman
spectrometer/ Leica DMI 5000 M inverted microscope. A 785 nm laser diode excitation
source was used and cell samples were imaged using a Leica 100x LWD (0.75 N.A.)
objective. A grating of 1200 lines / mm was used with a RenCam CCD (400 x 576
pixels). Some of the measurements were performed at Renishaw plc, Gloucestershire,
UK using a Renishaw inVia Raman spectrometer / Leica DM 2500 M microscope. Again

a 785 nm laser diode excitation source was used and cell samples were imaged under
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immersion in a saline solution using an Olympus 50x (0.75 N.A.) water immersion
objective. A grating of 1200 lines / mm was used with a RenCam CCD (1040 x 256
pixels). The superior CCD chip on the system at Renishaw allowed for a larger spectral
range (1000 cm! c.f. 400 cm!) to be observed and in the following discussion of the
data the specific system used will be identified. Line mapping and high resolution
images were collected with a StreamLine™ and StreamLineHR™ Raman mapping
system and the experimental conditions are summarised in Table 3.3. The principles of

StreamLine and StreamLineHR mapping are described in section 1.1.5.42

Table 3.3: Experimental parameters for cell mapping using the systems available at Strathclyde

University and Renishaw, plc.

Laser excitation Laser line Spectral range Laser power
(nm) line or edge (cm1) (% and W)
785 - Strathclyde line 1434-1774 100% -0.29
785 - Strathclyde edge 1434-1774 100% -0.45
785 - Renishaw line 607-1720 100% - N.A.
785 - Renishaw edge 607-1720 100% -0.13

Acquisition and analysis of the collected data was performed using the Windows-based
Raman Environment (WIiRE™ - Renishaw plc) 3.4 software package. Within the
software the data can be used to generate false colour SERS map images using uni-
variate or multivariate analysis methods.203 204 Uni-variate methods can be used to
generate a whole array of different images including signal to baseline maps whereby
increases in signal intensity over a defined spectral range are monitored. Similarly,
peak intensity maps can be generated by monitoring the signal intensity at a particular
wavenumber. For this study however, the false colour SERS images were generated
using the multivariate analysis method - component direct classical least squares
(DCLS). This method is typically employed when ‘reference spectra are available for all
of the components and involves fitting the unknown data (collected during mapping) to a
linear combination of the specified component spectra (the reference spectra for each of
the commercial nanotags). If there is a good spectral fit between the reference and the
collected spectra a false colour is assigned and each reference spectrum is used to create
separate false colour images’.2%4 In the following images the blue trace represents the

reference spectrum whilst the red trace is an isolated spectrum from the map.
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Associated with each false colour image is a look up table (LUT) and the minimum and

maximum values of the LUT give an indication towards the degree of spectral fit.

3.2.5 Detectability of the Commercial Nanotags in Cells

3.2.5.1 StreamLine Measurements of the Commercial Nanotags in Cells

In all instances it was possible to identify the commercial nanotag or combination of
nanotags applied to a cell population. When individual suspensions of the nanotags
were applied each appeared to be successfully taken up within a single cell (Figure 3.7
- Figure 3.10) and component DCLS correctly identified the individual nanotag present

(Figure 3.7 - Figure 3.10).
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Figure 3.7: False colour SERS map image and representative spectrum for SERS-403 nanotags
applied to a macrophage cell population. a) white light image, b) false colour SERS map image c)
LUT colour bar and d) representative SERS spectrum for SERS-403 - the cell spectrum is plotted
on the primary y-axis and the reference on the secondary y-axis. (StreamLine - Acx = 785 nm,

100% (0.29 W), spectral range 1434-1774 cm!, step size x,y 1.0 pm, 0.5 pm, 2s acquisition).
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Figure 3.8: False colour SERS map image and representative spectrum for SERS-420 nanotags
applied to a macrophage cell population. a) white light image, b) false colour SERS map image c)
LUT colour bar and d) representative SERS spectrum for SERS-420 - the cell spectrum is plotted
on the primary y-axis and the reference on the secondary y-axis. (StreamLine - Aex = 785 nm,

100% (0.29 W), spectral range 1434-1774 cm, step size X,y 1.0 um, 0.5 pm, 2s acquisition).
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Figure 3.9: False colour SERS map image and representative spectrum for SERS-421 nanotags
applied to a macrophage cell population. a) white light image, b) false colour SERS map image c)

LUT colour bar and d) representative SERS spectrum for SERS-421 - the cell spectrum is plotted




on the primary y-axis and the reference on the secondary y-axis. (StreamLine - Aex = 785 nm,

100% (0.29 W), spectral range 1434-1774 cm, step size x,y 1.0 um, 0.5 um, 2s acquisition).
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Figure 3.10: False colour SERS map image and representative spectrum for SERS-440 nanotags
applied to a macrophage cell population. a) white light image, b) false colour SERS map image c)
LUT colour bar and d) representative SERS spectrum for SERS-440 - the cell spectrum is plotted
on the primary y-axis and the reference on the secondary y-axis. (StreamLine - Aex = 785 nm,

100% (0.29 W), spectral range 1434-1774 cm1, step size x,y 1.0 um, 0.5 pm 2s).

The measurements were performed using the StreamLine mapping system at
Strathclyde and due to instrumental constraints StreamLineHR images were not
obtained when the measurements were initially made. The 785 nm laser line requires a
pinhole to generate a laser spot for high resolution mapping and this was not initially
fitted on the instrument. Nonetheless, all of the commercial nanotags were detectable
within a single cell (Figure 3.7 - Figure 3.10). The measurable SERS signal of the cell
associated nanotags was reduced when compared with the reference spectrum (Figure
3.7- Figure 3.10). This however was not an effect of cell uptake and was a direct result
of the cell applied nanotag suspension being diluted from a 20x stock concentration to
0.5x working concentration. It was expected that this 40x dilution would result in a 40-
fold reduction in the measured signal and this was consistent with the observations
made (Figure 3.7- Figure 3.10). In the different examples the nanotags were not taken
up uniformly across the cells and this may differ depending on cell fitness and their

propensity to incorporate the nanotags.
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Consistent with the false colour images was a degree of non-specific binding (Figure
3.7- Figure 3.10). Signals were measured from the nanotags out with the cell
boundaries but this was to be expected, to a certain extent, since the nanotags were not
functionalised with any directing moiety and were not specifically targeting a cell
component or membrane. The images also do not offer any definitive proof of cellular
uptake and it can be argued that the nanotags were bound to the cell surface. Uptake by
the cell could be confirmed by Transmission Electron Microscopy (TEM), depth
profiling in the z-direction or 3D imaging to determine the location of the nanotags
relative to the cell. It is however, reasonable to assume cellular uptake and there are
several instances within the literature where uptake has not been confirmed by a
supplementary method.”. 8 205 In addition, this preliminary study was designed to
determine if the commercial nanotags were suitable as cell bio-imaging agents. Their
suitability has been determined and in further studies conclusive proof of uptake using

3D imaging would be investigated.

3.2.5.2 StreamLineHR Water Immersion Measurements of the Commercial
Nanotags in Cells

In the initial stages of the investigation the absence of a pinhole prohibited
StreamLineHR measurements and the inverted microscope system prevented water
immersion measurements. As a result of this a selection of samples were analysed at
Renishaw using an upright microscope fitted with a pinhole which allowed for both
high resolution and water immersion measurements to be made. The use of a water
immersion objective has several advantages - namely the minimisation of refraction
which can occur at the sample-air interface206.207 and a reduction in the power density
which is important when directly interrogating the cell since it can reduce any sample

degradation.208

Due to time constraints it was only possible to analyse a single duplex sample to which
SERS-403 and SERS-421 commercial nanotags had been applied (Figure 3.11).
However, component DCLS was able to resolve the individual nanotags which were
present and it was also possible to observe cumulative SERS signals - that is SERS

signals from all the nanotags found within a specified location (Figure 3.11i-k).
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Figure 3.11: False colour SERS map image and representative spectrum for SERS-403 and 421
nanotags applied to a macrophage cell population. a) white light image, b) complete false colour
SERS map image and false colour SERS map image, representative cell spectrum and LUT colour
bar for c)-e)SERS-403, f)-h)SERS-421 and i)-k) cumulative SERS-403/421 respectively. The cell
spectrum is plotted on the primary y-axis and the reference on the secondary y-axis
(StreamLineHR - Aex = 785 nm, 100% (0.13 W), spectral range 607-1720 cm, step size x,y 0.2
um, 0.2s).
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Both SERS-403 (Figure 3.11c-e) and SERS-421 (Figure 3.11f-h) were detectable
within a single cell and when identified individually the nanotags were found in
discrete cellular locations. The exact location of the nanotags within the cell was
unknown but this could be achieved by interrogating the cells with a laser wavelength
which allows for the visualisation of the intrinsic Raman cell signals. Cell signals can be
observed with a 785 nm laser but the employed laser power (100% - 0.13 W) and
acquisition time (0.2 s) were optimised for visualisation of the nanotags and not the
cell. Although the positioning of the nanotags relative to the cell components would
have provided valuable information, this was outside the scope of the study since the
initial goal was to determine the suitability of the nanotags as cellular imaging agents.
Surface functionalisation has also been observed to influence cellular uptake” however
the positioning of the nanotags in discrete cellular locations was unlikely to be
influenced by this since the silica shell of the commercial nanotags, rather than the
reporter molecule, was presented to the cell surface. Their occurrence in distinct cell
positions was also not influenced by any targeting moiety since the nanotags were

unfunctionalised.

Interestingly, it was also possible to observe cumulative SERS signals from both the
SERS-403 and SERS-421 commercial nanotags when they were found within the same
single location (Figure 3.11i-k). When the nanotags were located close together, they
were also found in a discrete cellular location from where the nanotags were found
individually (Figure 3.11b). In the instances of co-localisation it was probable that the

nanotags were internalised simultaneously.

Consistent with the examples where the nanotags were applied to the macrophage cells
individually (Figure 3.7- Figure 3.10) the images provided no evidence of cellular
uptake. As stated earlier the preliminary goal of the investigation was to determine if
the nanotags were suitable cellular imaging agents. This has been determined and in

future studies definitive proof of cellular uptake would be obtained.

3.2.5.3 StreamLineHR Measurements of the Commercial Nanotags in Cells
With the addition of a pinhole to the system at Strathclyde it was possible to perform
StreamLineHR measurements and some of the samples initially analysed by the

StreamLine system were re-interrogated. However, the use of an inverted microscope
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still prohibited the use of a water immersion objective. The samples which were re-
analysed included dendritic cells to which all four nanotags had been applied. As with

the previous examples it was possible to observe and identify the exact combination of

SERS nanotags which had been applied (Figure 3.12).

[l SERs-403
[l SERs-420
[ SERs-421

[ SERs-440

Figure 3.12: False colour SERS maps images of all four commercial nanotags applied to a
dendritic cell population. a) StreamLine image of a dendritic cell population and b-c)
StreamLineHR images of the highlighted cells. (StreamLine -Aex = 785 nm, 100% (0.29 W),

spectral range 1434-1774 cm, step size x,y 0.3 pm, 0.5 um, 5s and StreamLineHR - Aex = 785
nm, 100% (0.45 W), spectral range 1439-1774 cm-!, step size x,y 0.1 um, 0.1s).
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In this particular example a cell population was initially analysed using the StreamLine
method to rapidly determine which cells had taken up the SERS nanotags. From the
StreamLine image it can be seen that five cells had internalised the nanotags to varying
degrees (Figure 3.12a). SERS-420 and SERS-421 were found in all 5 cells and only one
of the cells was found to contain all four nanotags (Figure 3.12a). As with some of the
other examples there was a certain degree of non-specific binding but again the
nanotags were not functionalised with any targeting moiety and this was to be

expected.

Re-analysing two of the nanotag positive cells with the StreamLineHR method had a
drastic effect on the resolution (Figure 3.12a c.f. Figure 3.12b, c). In the StreamLine
image the nanotags were quite columnar and not particular spherical. This is a direct
result of mapping using a non-confocal laser line rather than a spot. Implementation of
a confocal method and a laser spot resulted in false colour images where the nanotags
were well resolved and spherical. In addition, in the StreamLine image only SERS-420
and SERS-421 nanotags were visible within the cell on the right (Figure 3.12c).
However, when the cell was interrogated with the high resolution method it was
apparent that all four nanotags were actually present within this single cell. This
highlights the benefits of imaging with a confocal system where the laser is focused into

a tight spot and each point on the map is individually interrogated with this area.

In the final example a single dendritic cell to which all four nanotags had been applied
was analysed using the StreamLineHR method. All four nanotags were successfully
identified using component DCLS (Figure 3.13). As with the previous examples, each
of the nanotags were found within discrete cellular locations but to a lesser extent than
the duplex sample (Figure 3.11 c.f. Figure 3.13). However, there was no consistency to
where the nanotags were found and they did not cluster within specific regions of the
cell (Figure 3.13). Determining the exact cellular positioning was out with the scope of
this preliminary study and as mentioned earlier, a 40-fold reduction in signal intensity
was expected as result of diluting the nanotags to a 0.5x working concentration. In this
example however, signals from the nanotags decreased up to 300-fold when compared
with the reference (Figure 3.13d, j and m). This may suggest that these nanotags were
present at a greater depth within the cell and this might provide evidence of uptake.

However, this would need to be confirmed be a secondary method.
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Figure 3.13: False colour SERS map images of all four nanotags applied to a dendritic cell
population. a) white light image, b) complete false colour SERS map image, c-e), f)-h), i)-k) and
1)-n) false colour SERS map image, representative cell spectrum and LUT colour bar for SERS-
403,420,421 and 440 respectively. The cell spectrum is plotted on the primary y-axis and the
reference on the secondary y-axis (StreamLineHR - Aex = 785 nm, 100% (0.45 W), spectral range
1434-1774 cm, step size x,y 1.0 um, 0.2s)
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It does however highlight the need to use robust SERS nanotags which can still be

detected within cells should uptake result in such a reduction in signal intensity.

3.2.5.4 Conclusions and Commercial Issues

The commercial nanotags were found to be suitable multi-marker cell imaging agents.
When analysed individually and as multiple component samples, both in suspension
and when applied to cells, it was possible to identify the specific combination of
nanotags present. Cumulative SERS signals were also detectable and the benefits of
StreamLineHR imaging were demonstrated. High resolution mapping provided
superior resolution of the nanotags and revealed further information which was
lacking when the StreamLine method was employed (Figure 3.11). Common to all of
the samples were issues with non-specific binding, a need for definitive proof of
cellular uptake and an indication of nanotag localisation relative to the major cell
organelles. The next stages of investigation would have considered functionalising the
nanotags with targeting moieties, determining cellular uptake by depth profiling and
3D mapping techniques and imaging in 2D with a secondary laser to measure the
intrinsic Raman cell signals. This in combination with chemometric methods would
hopefully result in the resolution of cell organelles to give an indication of the cellular

localisation of the nanotags.

Unfortunately the nanotags were a commercial product and as sponsorship was
provided by another commercial company there was a conflict of interest in
implementing these nanotags in further studies. As a result their use had to be

suspended.

3.3 Investigations of Suitable Nanotag Systems

Investigations were commenced into alternative nanotag systems for use as multi-
marker cellular imaging agents. One of the first systems investigated involved
functionalising a range of silver (Ag) and gold (Au) nanoparticles with small molecule
reporters. Such systems were selected as they had demonstrated applications as
individual cell imaging agents?. 8 209 but this had not yet been extended to a multi-

marker approach.
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Ag citrate, hydroxylamine, borohydride and Au citrate nanoparticles were
functionalised with 4-mercaptobenzoic acid (MBA), 4-mercaptopyridine (MPY) and 2-
aminothiophenol (ATP) (10 upL, 10 mM stock concentration, 0.1 mM final

concentration) and analysed accordingly (Figure 3.14).
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Figure 3.14: Spectral analysis of a) Ag citrate, b) hydroxylamine, c) borohydride and d) Au
citrate nanoparticles functionalised with a range of small molecule reporters. (Single scan - Aex=

633 nm, 100% (~6.6 mW), spectral range 100-3200 cm-1, 10s).

When the Ag citrate nanoparticles were analysed no measurable signals from the small
molecule reporters were observable. Analysis of the hydroxylamine and borohydride
nanoparticles showed that the only conjugates from which a signal was obtained was
from those functionalised with APT (Figure 3.14). In contrast signals were measured
from all of the small molecule functionalised Au nanoparticles (Figure 3.14). The
intense signals measured from the Au conjugates were a direct result of nanoparticle
aggregation and this was so extensive that visible particles formed within the solutions

within 24 h.
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Figure 3.15: Ag citrate nanoparticles functionalised with MBA- the black trace is representative
of nanoparticles without aggregation and the red trace is representative of MBA functionalised
nanoparticles which have been aggregated with 2M NaCl. (Single scan - Aex= 633 nm, 100%
(~6.6 mW), spectral range 100-3200 cm'?, 10s).

Measurable signals were observed from the remaining Ag citrate (Figure 3.15),
hydroxylamine and borohydride nanoparticles provided that the solutions were
aggregated with a 2 M salt solution (NaCl). The aggregation exhibited by the Au citrate
conjugates, and the uncontrolled aggregation achieved by the addition of salt, was
however, considered to be detrimental since the initial ‘homogeneity’ of the
nanoparticle suspension was destroyed and aggregate formation in this manner is
highly irreproducible.38 39 Uncontrolled aggregation of this manner would be highly
undesirable for conjugates that were to be used in cellular studies since aggregation
could continue to an extent where the nanoparticles/nanotags were no longer eligible
for cell uptake. However, without some method of aggregation the conjugates were not

suitable as multi-marker imaging agents as no measurable signals were obtained.

The Au core was central to the success of the commercial nanotags and similarly the
salt induced formation of aggregates was key to the success of the conjugates described
above. From this, and the previous investigations with the commercial nanotags, it was
clear that some form of induced, but controlled aggregation, was necessary. Based on
this information an already published method was investigated.® This system involved

‘controlled’ aggregation of Ag citrate nanoparticles with a cross-linking agent before
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polymer coating and labelling with various small molecule reporters.® The multiple
component capabilities of the nanotags had been investigated to the extent of a triplex
solution dried on a glass microscope slide and in another study some of the nanotags
had been functionalised with cell surface binding antibodies for cellular studies.
However, their use as multi-marker intracellular imaging agents had not been

investigated.

3.4 Optimisation of the Selected Nanotag System

Prior to the commencement of any multiple component capability studies in solution or

within cell populations it was necessary to optimise the synthesis of the nanotags.

3.4.1 1,6-Hexamethylenediamine (1,6-HMD) Optimisation

It is well known that the strength of the SERS signal can be enhanced by the
aggregation of nanoparticles.38 39 This phenomenon arises because the reporter
molecules can reside in the interstices between two particles and at these intersections
the electromagnetic fields are considerably augmented.38 39 As discussed previously,
uncontrolled aggregation can be detrimental but some form of ‘controlled’ aggregation
was considered to be necessary for the development of robust and optically strong
nanotags, especially for use in intracellular studies. In order to achieve ‘controlled’
aggregation the cross-linking agent 1,6-hexamethylenediamine (1,6-HMD) was
employed.® Cross-linking occurs via the terminal amine groups and each terminus

binds to separate nanoparticles bringing them in close proximity with one another.®

During the initial stages a wide range of 1,6-HMD concentrations (0.1 - 1 mM final
concentrations) were investigated in order to select the optimum for controlled
aggregation (Figure 3.16a and b). From the results of the extinction spectroscopy
measurements it was observed that when the concentration was increased above 0.4
mM a broad band, indicative of aggregation, in particular cluster or aggregate
formation, began to arise between 600 - 800 nm and this was especially pronounced
for 0.8 - 1 mM concentrations (Figure 3.16b). In addition, there was a broadening of
the plasmon band and this was most pronounced for the higher concentrations of 1,6-

HMD (Figure 3.16a and b). There was also significant dampening of the plasmon band
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(Amax = 405 nm) for concentrations above 0.7 mM and this was again indicative of

aggregation (Figure 3.16a) in particular sedimentation.
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Figure 3.16: 1,6-HMD optimisation - a range of 1,6-HMD concentrations (0.1-1 mM) were
investigated as controlled aggregating agents. a) non-normalised extinction spectra and b)
normalised extinction spectra. Dampening of the main plasmon band at ~ 400 nm was obvious
in the non-normalised spectrum whilst any blue or red shift was more easily visualised in the
normalised spectrum. Insert a) and b) from left to right; Ag citrate colloid, Ag citrate colloid

aggregated with 0.1 mM - 1 mM 1,6-HMD respectively.
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Although band broadening and dampening were observed the Amax did not shift
significantly between the samples. For example, Ag citrate Amax = 406 nm c.f. 0.9 mM
HMD Anax = 403 nm. For 0.6 - 1 mM concentrations there was an immediate colour
change from yellow to dark green suggesting that aggregation was progressing rapidly.
While the 0.1 - 0.5 mM concentrations all retained the yellow colour of the bare citrate

colloid suggesting that aggregation was more controlled and not as rapid.

Based on the extinction data and the visual observations, significant aggregation
occurred within the 0.5 - 1 mM solutions. Such significant and rapid aggregation was
undesirable since larger aggregates would be unable to penetrate cell walls and
external membranes. Additionally, the dramatic colour changes observed suggested
that these solutions would not be stable over longer periods of time. As a result it was
decided to only proceed with 0.1 and 0.2 mM 1,6-HMD concentrations. Although 0.3
and 0.4 mM concentrations demonstrated an extinction profile similar to that of the
bare citrate colloid, the solutions changed colour from yellow to dark green, after a

couple of hours, raising concerns regarding their long term stability.

To determine how the aggregation process progressed with time the nanoparticles
were cross-linked with 0.1 and 0.2 mM 1,6-HMD and monitored over 12 h (Figure
3.17).

70



b)

1.0+

a)

Normalised Extinction (a.u)

Extinction (a..)
e e
o =
Lt
e
e

(R

T T T T T T T T T T T T T T T T T T
300 350 400 450 500 650 600 650 T00 60 800 300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm) Wavelength (nm)

o d)

1.0+ Ve
094
0.8+
0.7+

0.6

0.6

Extinction (a.i)

0.4

Normalised Extinction (a.u)

0.3

02y /
w]\S —

0.0

T T T T T T T T T
300 350 400 250 500 550 500 650 700 750 800

Wavelength {nm) Wavelength (nm)

Figure 3.17: 1,6-HMD optimisation study - Ag citrate nanoparticles were controllably
aggregated with a)-b)0.1 and c)-d)0.2 mM 1,6-HMD and monitored over a 12h period. The data
was both non-normalised and normalised. Dampening of the plasmon band was obvious in the
non-normalised spectrum whilst any blue or red shift was more easily visualised in the

normalised spectrum.

When aggregated with 0.1 mM HMD over a 12 h time period the plasmon band was
observed to dampen as the time progressed (Figure 3.17). The Anax values for the 0.1
mM samples were not observed to shift significantly (Amax = 408 - 411) but a very slight
red shift and broadening of the plasmon band was observed which became more
evident with increasing time increments (Figure 3.17). This would suggest that
aggregation continued to progress with time and since there was nothing to slow this
reaction this was to be expected. However, unlike the samples where larger
concentrations of 1,6-HMD were employed (Figure 3.16) aggregation did not appear to

be particularly rapid or extensive.

Unlike the 0.1 mM 1,6-HMD sample the 0.2 mM sample did not give any indication that

aggregation was progressing with time (Figure 3.17). When the data was normalised
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all of the samples retained approximately the same profile as that of the bare citrate
colloid and the Amax values were not observed to shift, remaining at Amax = 408 nm and
any signs of peak broadening were very slight (Figure 3.17). This was surprising since
it was expected that aggregation would increase with increasing concentration of the
aggregating agent especially since aggregation was continuing at the lower

concentration of 1,6-HMD.

It was decided that either a 0.1 or 0.2 mM concentration of 1,6-HMD could be used to
controllably aggregate the nanoparticles. Based on the extinction data (Figure 3.16
and Figure 3.17) it was determined that it might be more prudent to opt for the 0.2
mM concentration since the solutions appeared to demonstrate a greater stability over
time. In addition, at this concentration samples should achieve maximum levels of
aggregation without any loss of stability and more extensive ‘controlled’ aggregation

should, in theory, lead to greater signal enhancement.

3.4.2 Polyvinylpyrrolidone (PVP) Optimisation

Polymer encapsulation has traditionally been used as a method for protection and
stabilisation in nanotag systems;3° preventing reporter molecules from desorbing
whilst simultaneously preventing any adulterants or interfering agents from adsorbing
onto the nanotag surface.3® Encapsulation agents can include bio210 and organic2!l
polymers and inorganic materials such as silica.10.39 Silica is often favoured as it confers
physical durability whilst simultaneously protecting the nanotags from the chemical
environment and as a result silica coated nanotags tend to have an extended shelf life.10.
39 In this system polymer encapsulation was dually functional in that it dampened the
induced aggregation whilst simultaneously offering a degree of protection to the

nanotags.?

As with the optimisation of 1,6-HMD, various concentrations of PVP were initially
investigated. Ag citrate nanoparticles were aggregated with 0.1 and 0.2 mM 1,6-HMD
and after a recommended aggregation period of 3 min,° although samples can
demonstrate stability over longer periods of time (Figure 3.17), PVP was added to

dampen the reaction and stabilise the nanoparticle aggregates.
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In the case of the 0.1 mM 1,6-HMD samples, PVP concentrations ranging from 0 - 22.7
uM were investigated (Figure 3.18).

0.7
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Figure 3.18: PVP optimisation - Ag citrate was cross-linked with 0.1 mM 1,6-HMD before PVP
was applied to dampen the aggregation reaction. Various volumes (0 - 50 pL) were investigated
and the concentrations shown in brackets refer to the final concentration (PVP stock - 10

mg/mL, 250 uM) added to samples. The data was a)non-normalised and b)normalised.

In the non-normalised data set the plasmon band was observed to decrease for the

highest concentrations of PVP (Figure 3.18). This was surprising as it was expected
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that the higher concentrations of PVP would be the most successful at dampening the
aggregation. However, when the data was normalised red shifting (Aex = 408 - 410 nm)
and broadening of the plasmon band was apparent for all of the concentrations when
compared directly to the bare citrate colloid (Figure 3.18). This broadening was least
prominent for the highest concentration of PVP. When only considering the samples to
which PVP had been applied, this red shift and broadening was very slight and there
was no obvious correlation between increasing PVP concentration and stability (Figure
3.18). This small difference between the samples suggests that aggregation at a 0.1 mM
1,6-HMD concentration was not particularly extensive or rapid and even small

concentrations of PVP were sufficient to dampen the aggregation.

When the same concentration series, 0 — 22.7 uM, was repeated with samples that had
been aggregated with 0.2 mM 1,6-HMD they were observed to visibly aggregate over
time suggesting that the PVP concentrations were not sufficient to dampen the
aggregation reaction. As a result higher concentrations 30.7 - 41.7 uM, of PVP were

applied (Figure 3.19).
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Figure 3.19: PVP optimisation - Ag citrate colloid was cross-linked with 0.2 mM 1,6-HMD
before PVP was applied to dampen the aggregation reaction. Various volumes (70 - 100 pL)
were investigated and the concentrations shown in brackets refer to the final concentration
(PVP stock - 10 mg/mL, 250 uM) added to samples. The data was both a) non-normalised and b)

normalised.

When the non-normalised extinction data were analysed a dampening in the plasmon
band was observed and this was most pronounced for the 34.5 uM PVP sample and

least pronounced for the lowest concentration of PVP (Figure 3.19). Analysis of the
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normalised extinction data revealed a very slight broadening of the plasmon band but
the Amax0of 408 nm was not observed to shift when compared with the colloid standard
(Amax = 408 nm). When comparing the samples to which the PVP had been applied, the
broadening of the plasmon band was greatest for the sample to which the lowest
concentration of PVP (30.7 pM) was applied and least for the sample to which the
highest concentration (41.7 puM) was applied. In fact, the broadening of the plasmon
band decreased with increasing PVP concentration suggesting that there was a

correlation between the PVP concentration and sample stability.

Although the initial stability demonstrated by the 0.2 mM 1,6-HMD, 41.7 uM PVP
sample was promising, it was necessary to determine the longer term stability

therefore the sample was monitored over a 12 h period (Figure 3.20).
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Figure 3.20: PVP optimisation- Ag citrate colloid controllably aggregated with 1,6-HMD and

polymer wrapped with 41.7 uM PVP. The dampening of the aggregation process was monitored

over a 12 h period. The data was both a) non-normalised and b)normalised.

In the non-normalised extinction data, the intensity of the plasmon band of all the
samples to which PVP was added increased above that of the 0 h sample (Figure 3.20).
In the normalised extinction data the plasmon band of the samples were not found to
change, there was no band broadening or red shifting or any general indication that the

PVP had not dampened or at least dramatically slowed the induced aggregation (Figure
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3.20). Based on these results it was decided to proceed with a final 1,6-HMD
concentration of 0.2 mM and a final PVP concentration of 41.7 pM. Although 0.1 mM
1,6-HMD can probably achieve sufficient levels of aggregation, the 0.2 mM samples, for
unknown reasons, appeared to be more stable, both initially and over longer periods of
time (Figure 3.18 c.f. Figure 3.19, Figure 3.20). By selecting the higher of the two 1,6-
HMD concentrations it was hoped that controlled aggregation could be achieved
resulting in significant signal enhancement, and by polymer wrapping with 41.7 uM

PVP, all of this could be accomplished without any observable loss of sample stability.

The nanotag samples were also analysed by scanning electron microscopy (SEM) to
determine the full extent of aggregation induced by the addition of 1,6-HMD and to
further determine if the subsequent PVP quenching reaction had indeed been

successful.

Nanotags — 1 week

Nanotags — 2 weeks Nanotags — 3 weeks

Figure 3.21: SEM images of the nanotags - a) Ag citrate nanoparticles, b)-e) Ag citrate
nanoparticles aggregated with 0.2 mM 1,6-HMD and polymer wrapped with 41.7 uM PVP

analysed after 2h, 1 week, 2 weeks and 3 weeks respectively. Scale 500 nm.

The SEM images show that the citrate colloid wasn’t particularly homogenous and
consisted of a mixture of single nanoparticles, larger aggregates and some rods (Figure

3.21a). The 1 and 2 week old and the 2h nanotag samples were relatively similar, again
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consisting of single nanoparticles, some rods but mainly dimers, trimers and small
clusters (Figure 3.21b-d). This was to be expected since the samples were subject to
‘controlled’ aggregation and the ultimate aim was the formation of small clusters since
these scaffolds can provide large enhancements in signal, whilst still being capable of
cell penetration. However, the 3 week old nanotag sample consisted of considerably
larger clusters (~ 200 nm) suggesting that the PVP was not entirely capable of stopping
the aggregation reaction and it only slowed the aggregation over time. Although such
extensive aggregation is clearly undesirable in terms of cell penetration, it was not
particularly rapid. Therefore provided the samples were renewed every 2 weeks, the
benefits of controlled aggregation could be reaped without any detrimental effect on

their ability to be taken up by cells.

3.4.3 Small molecule selection

The range of molecules available for use as reporters?12-215 in SERS studies is vast. For
example, fluorescent labels can be purchased commercially (e.g. ROX, HEX, FAM, TET,
Cy3 and TAMRA)?216 217 or dyes can be synthesised with specific chemical moieties
known to give strong SERS signals.212-215,218,219 Within the research group at the Centre
for Molecular Nanometrology numerous dyes have been synthesised for reporter use,
most notably benzotriazole azo dyes212215 and more recently squaraine?!8 and
cyanine?!® type reporters. However, commercial dyes can be expensive and dye
synthesis time consuming and complicated. Therefore, a range of small molecules were
selected as reporters for this particular study. The molecules were selected on the basis
that no synthesis was required, they were inexpensive, readily available, gave strong
SERS signals, nanoparticle conjugation was extremely straightforward and if required
their chemical structures were such that subsequent functionalisation with

biomolecules would be relatively simple to achieve.

4-mercaptobenzoic acid (MBA), 4-mercaptopyridine (MPY), 5,5’-dithiobis(2-
nitrobenzoic acid) (DTNB), 4- nitrobenzenethiol (NBT), 5-(4-pyridyl)-1,3,4-oxadiazole-
2-thiol (SERS-403) and 2-napthalenthiol (2-NPT) were selected. The molecules were all
similar in structure consisting of benzene, pyridine and/or oxadiazole ring systems, a
terminal thiol or di-sulfide linkage and carboxylic acid and/or nitro group side chains

(Figure 3.22).
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Figure 3.22: Small molecule reporters used in the study - a) 4-mercaptobenzoic acid (MBA), b)
4-mercaptopyridine (MPY), «¢) 5,5-dithiobis(2-nitrobenzoic acid) (DTNB), d) 4-
nitrobenzenethiol (NBT), e) 2-naphthalenethiol (2-NPT) and f) 5-(4-pyridyl)-1,3,4-oxadiazole-2-
thiol (SERS-403).

A unique SERS signal was observed for each of the small molecules when adsorbed on
the Ag nanotag scaffold. As the molecules were non-resonant with the exciting laser
line (633 nm) there was no resonance contribution and the signal enhancement
resulted solely from their adsorption onto the nanotag surface. The predominant
molecular vibrations arose from the aromatic or hetero rings and the carboxylic acid or
nitro group side chains. The spectra for each of the small molecule labelled nanotags
was measured in water and also when the nanotags were re-suspended in cell media
(Figure 3.23 and Figure 3.24). As shall be discussed later (see section 3.4.4) some
modification to the nanotag synthesis took place in order to improve the stability,
whereby the nanotag scaffolds were additionally labelled with a thiol-terminated
polyethylene glycol (PEG). Following the addition of PEG to the surface of the nanotags
the same predominant molecular vibrations were apparent. In the case of MPY labelled
nanotags a doublet of peaks was observable ~ 1001 and 1017 cm-1. However when the
nanotags were additionally labelled with PEG a single peak was observed at ~1002 cm-

1, This wasn’t considered to be an effect of PEG addition since a single peak was
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sometimes observable when there is no PEG present on the surface and this was
thought to be a batch specific effect. The SERS spectra for each of the small
molecule/PEG labelled nanotags was also measured in water and also when re-
suspended in cell media (Figure 3.25 and Figure 3.26). The predominant molecular
vibrations have been assigned (Table 3.4) and for completeness the spectra were
measured for all the nanotags at 532 nm and 785 nm (see Appendix I-Appendix IV) as

were control spectra for each of the small molecule reporters (Appendix V).
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Figure 3.23: Representative SERS spectra for each of the small molecule labelled nanotags.

Spectra were offset for illustrative purposes and as no major peaks used for identification were

81



observed below 800 cm! or above 1800 cm™ the spectra were truncated accordingly (Aex = 633

nm edge, 10% (0.66 mW), 10s, extended scan, 800-1800 cm1).
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Figure 3.24: Representative SERS spectra for each of the small molecule labelled nanotags
when resuspended in cell media. Spectra were offset for illustrative purposes and as no major
peaks used for identification were observed below 800 cm! or above 1800 cm-! the spectra

were truncated accordingly (Aex = 633 nm edge, 10% (0.66 mW), 10s, extended scan, 800-1800

cm1).
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Figure 3.25: Representative SERS spectra for each of the small molecule/PEG nanotags. Spectra
were offset for illustrative purposes and as no major peaks used for identification were
observed below 800 cm! or above 1800 cm! the spectra were truncated accordingly (Aex = 633

nm edge, 10% (0.66 mW), 10s, extended scan, 800-1800 cm™1).
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Figure 3.26: Representative SERS spectra for each of the small molecule/PEG nanotags when
resuspended in cell media. Spectra were offset for illustrative purposes and as no major peaks
used for identification were observed below 800 cm or above 1800 cm-! the spectra were

truncated accordingly (Aex = 633 nm edge, 10% (0.66 mW), 10s, extended scan, 800-1800 cm1).
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Table 3.4: Peak assignments for the predominant molecular vibrations for each of the small
molecule labelled and small molecule/PEG labelled nanotags analysed as pure suspensions and

when resuspended in cell media.159 200-202, 220-225

Small molecule labelled

Observed Peak Position (cm1) Assignment
nanotag
~1001-1004 ring breathing
~ 1063 - 1064 CH
MPY PECH)
~ 1092 - 1094 ring breathing/C-S
~ 1579 - 1584 v(C-C)
~844 - 849 in plane symmetric 8NO2-
~ 1060 - 1065 B(CH)
~ 1097 - 1099 ring breathing
DTNB
~1149-1151 §(C-H), 8(C-C)
~1334-1339 vsNOz
~1555-1557 v(C-C)
~852-853 in plane symmetric SNO2-
in plane §(C-H) mode,
~ 1077 - 1080
5(C-C)
NBT
~1106-1109 in plane §(C-H) mode
~1333-1338 vsNO2
~ 1569 - 1572 v(C-C)
~ 841 C-H twist
~ 1063 5(C-H)
~1378 Uring
~ 1425 -1427 Uring
2-NPT
~ 1449 Uring
~1565 Uring
~1581 Uring
~1620 Uring
~1010-1011 Uring
~ 1073 -1079 v(C-C)
MBA
~1182-1184 -
~ 1583 -1584 v(C-C)
~ 996 -997 ring breathing
~1018-1024 Uring
ring in plane deformation
SERS-403 ~ 1539 - 1540
v(C-N)
~ 1573 - 1578 Uring
~1608-1611 Uring
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Common to all of the small molecule reporters was a terminal thiol or a disulfide
linkage in the case of DTNB (Figure 3.22). Conjugation to the nanotags was therefore
straightforward and resulted in the adsorption of the thiols onto the surface of the
nanotags. There is some debate as to whether DTNB adsorbs via the disulfide bond or
breaks apart and adsorbs by a single thiol. Regardless of the mechanism of attachment
it was still possible to differentiate between each of the individually labelled nanotags

(Figure 3.23 - Figure 3.26).

3.4.4 Optimised Nanotag system

The final step in the development of the complete nanotag system was the addition of
the reporter molecules. Some degree of optimisation was necessary as addition of too
low a concentration of reporter resulted in little or no signal and similarly addition of
too much can result in further aggregation.® This is likely to be due to the thiol
functionalised small molecules having a greater affinity for the nanotag surface
resulting in displacement of the stabilising polymer.® In addition, some of the spectra
obtained from the SERS labels were significantly more intense than others. Therefore,
the concentrations of the reporter molecules were required to be optimised to prevent
the spectral signal of the less intense reporter molecules becoming obscured at the

chosen excitation wavelength.

The final optimised nanoprobe system (Figure 3.27) consisted of Ag citrate
nanoparticles ‘controllably’ aggregated with 0.2 mM (final concentration) 1,6-HMD,
polymer coated with 41.7 uM (final concentration) PVP and labelled with either 10 pM
(final concentration) of MBA, NBT, SERS-403 or 2-NPT or 50 pM (final concentration)
of MPY or DTNB.
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Figure 3.27: Optimised nanotag system - samples were controllably aggregated with 1,6-HMD,

then polymer wrapped with PVP before labelling with the small molecule reporters.®

As mentioned in section 3.4.3, there were some issues regarding the stability of the
nanotags. This was obvious following the nanotag purification process (nanotags were
centrifuged, the supernatant was removed and the pellet was resuspended) as on a few
occasions the nanotags were visibly aggregated. As a result of this a further
stabilisation step was incorporated via the addition of a thiol-terminated PEG
molecule.% 1 The other end was carboxylic acid terminated and this was considered to
be ideal for future bio-molecule conjugations. For this system the nanotag scaffolds
were prepared as previous which involved controlled aggregation with 0.2 mM (final
concentration) 1,6-HMD, polymer coating with 41.7 pM (final concentration) PVP
followed by the addition of 2 nM (final concentration) carboxymethyl-polyethylene
glycol-thiol (COOH-PEG-SH - ~ 5000MW). This solution was allowed to agitate for 30
min before the small molecule reporter was added at 200 uM (final concentration) and
again this solution was allowed to agitate for 30 min before a final addition of 20 pM

(final concentration) COOH-PEG-SH. The PEG molecule was added sequentially in

87



increasing concentrations since adding the molecule at an initially high concentration
completely blocked the surface and prevented the small molecule from adsorbing. With
this system the concentration of the small molecules were not optimised to compensate

for those reporters which were more efficient. However the gain in stability offset this.
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Figure 3.28: Optimised nanotag system additionally stabilised with COOH-PEG-SH - samples
were controllably aggregated with 1,6-HMD, then polymer wrapped with PVP before
stabilisation with PEG, labelling with a small molecule reporter and a final PEG stabilisation

step.

3.4.5 Stability of the Optimised Nanotag Systems

To determine the stability of the two nanotag systems, analyses were performed using
extinction spectroscopy and DLS. The extinction measurements were carried out in
distilled water (dH20) whilst the DLS measurements were additionally performed in
the cell media Dulbecco’s Modified Eagle Medium (DMEM). The results from the
extinction spectroscopy reveal varying degrees of stability between and within the two
nanotags sets (Figure 3.29). For the small molecule labelled nanotags there was a
dampening of the plasmon band for the nanotags labelled with DTNB, 2-NPT and MBA
when compared with the bare Ag colloid standard (Figure 3.29). Aggregation
associated with the dampening of the plasmon band was expected since the small

molecule reporters displace the stabilising PVP polymer layer when adsorbing on to
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the surface.? If the displacement of the PVP was extensive it was possible that further
aggregation could have occurred. When compared with the nanotag standard however
the dampening wasn’t particularly extensive and the aggregation obviously results
from a combination of both the method of nanotag synthesis and the subsequent

labelling of the nanotags with the small molecule reporters (Figure 3.29a).
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Figure 3.29: Extinction spectroscopy analysis of the small molecule labelled nanotags and the
small molecule/PEG labelled nanotags a)-b) non-normalised and normalised data for the small
molecule labelled nanotags and c)-d) non-normalised and normalised data for the small

molecule/PEG labelled nanotags.

Analysis of the normalised data set revealed a broadening of the plasmon band and a
red shift for each of the small molecule labelled nanotags (Figure 3.29b). A broad
band also began to appear between 600-800 nm and this was particularly pronounced
for the MPY and 2-NPT nanotags. This was consistent with the aggregation indicated by
the dampening of the plasmon band for the 2-NPT nanotags but no other visible signs
of aggregation were observed for the MPY nanotags. Red shifting was also expected to a

certain extent and whilst it can be indicative of aggregation, it is also associated with
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further functionalisation of the structures, such as labelling with a reporter molecule,

due to a change in the overall size of the nanostructure.

In contrast, the non-normalised extinction data for the PEG functionalised nanotags
would suggest that they were more stable than the small molecule only labelled
nanotags (Figure 3.29a and c). The plasmon band when compared directly with the Ag
citrate control decreased for the MPY labelled nanotags but this was again to a level
which was comparable with the nanotag standard suggesting that any aggregation was
the result of the synthesis method. In the normalised data set, broadening of the
plasmon band and red shifting was observed for all of the nanotags (Figure 3.29). Red
shifting was again consistent with functionalisation of the nanotag surface with both
the small molecule reporter and PEG. The observed red shifts were greatest for the
dually functionalised nanotags and this was consistent with labelling the nanotag

surface with a larger molecule such as PEG (Table 3.5).

Table 3.5: Extinction spectroscopy measurements for the small molecule labelled nanotags and

the small molecule/PEG labelled nanotags.

Nanotag sample Amax Extinction (a.u.)
Ag colloid 400 0.633
Nanotag 400 0.482
MPY nanotags 407 0.806
MPY/PEG nanotags 408 0.485
DTNB nanotags 408 0.444
DTNB/PEG nanotags 412 0.638
NBT nanotags 415 0.768
NBT/PEG nanotags 415 0.682
2-NPT nanotags 410 0.371
2-NPT/PEG nanotags 414 0.595
MBA nanotags 414 0.280
MBA/PEG nanotags 420 0.602
SERS-403 nanotags 407 0.774
SERS-403/PEG nanotags 409 0.723

The broadening of the main plasmon band and the appearance of a broad band

between 600 - 800 nm was most apparent for the MPY/PEG labelled nanotags and was
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consistent with the aggregation indicated by the dampening of the plasmon band.
Attempts were also made to measure the extinction spectra in DMEM cell media to
determine if this induced any aggregation. Unfortunately as discussed in section 3.2.2.1
it wasn’t possible to measure the extinction profiles due to the presence of phenol red

in this media and this study would need to be repeated with phenol red free cell media.

In general, the PEG functionalised nanotags were larger in size than the nanotags which
were solely functionalised with the small molecule reporters (Figure 3.30). NBT/PEG
and MBA/PEG functionalised nanotags were exceptions to this rule and the reasons for
this were unclear. It is possible that aggregation following addition of the small
molecule reporter led to an increase in size for the small molecule only functionalised
nanotags. It was however, expected that the PEG functionalised nanotags would be

larger in size due to the presence of the large PEG (~ 5000 MW) molecule on the

surface.
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Figure 3.30: DLS size measurements for the small molecule labelled nanotags and the small
molecule/PEG labelled nanotags when dispersed in distilled water and the cell media DMEM.
Measurements were made in triplicate, the average value is shown and the error bars represent

the standard deviation of the triplicate measurements.
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Common to all of the nanotags was an increase in size when dispersed in the cell media
(Figure 3.30). This was most prolific for both MPY and SERS-403 nanotag systems. In
the case of the MPY nanotags an increase in size of ~ 55 nm and ~ 86 nm was observed
for the two nanotags systems respectively. The SERS-403 nanotags exhibited an
increase in size of ~ 200 nm and ~ 82 nm for the two nanotag systems respectively
(Figure 3.30). For the remaining nanotags the increase in size ranged from ~ 9 - 43 nm
(Figure 3.30). As discussed earlier, a corona comprising of media components can
enshrine the nanotag!93.19¢ so the size increase was not necessarily representative of
aggregation. Unlike the previous example (see section 3.2.2.1), the media used in this
study was additionally supplemented with foetal bovine serum (FBS) which tends to
form the majority of the protein corona.226 The formation of this corona is important
because not only does it alter the size of the nanotags but it can additionally alter the
method of cellular uptake since it is the corona itself which is presented to the cell for
interaction.53. 198,226, Regardless of whether ‘true’ aggregation or corona formation was
taking place, the overall size of the nanotags in the cell media was again not considered
to be detrimental to cellular uptake. Particles in the same size range as the nanotags
used in the study have been shown to be taken up by both endocyticl®? and passive
diffusion mechanisms53 thus the size range exhibited was unlikely to be prohibitive to
cellular uptake. With the exception of the SERS-403 labelled nanotags, all of the
nanotags were considerably smaller than their commercial counterparts (Figure 3.3

c.f. Figure 3.30) which proved to be excellent multi-marker cell imaging agents.

The Zeta potential data of all the nanotags were considered to be relatively stable
(Figure 3.31) as a result of their large negative Zeta values. The Ag citrate standard
demonstrated the greatest negative charge but this was to be expected since some level
of change in the surface charge would undoubtedly be introduced by controllably
aggregating the nanotags. With the exception of the MPY labelled nanotags all of the
dually functionalised nanotags exhibited larger Zeta values and this was consistent
with the stabilisation provided by the addition of PEG to their surface (Figure 3.31).%.11
Attempts were made to measure the Zeta potential of the nanotags when dispersed in
the cell media but because of the electrostatic nature of the compounds within the
media itself this was not possible. Other groups have measured the Zeta potential of

nanoparticles/nanotags following exposure to cell media but as this was not
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considered to be representative of the actual incubation process between the nanotags

and the media this was not attempted.
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Figure 3.31: Zeta potential measurements for the small molecule labelled nanotags and the
small molecule/PEG labelled nanotags. All of the nanotags were dispersed in dH:O.
Measurements were made in triplicate, the average value is shown and the error bars represent

the standard deviation of the triplicate measurements.

Overall, on the basis of the extinction (Figure 3.29) and Zeta potential (Figure 3.4)
measurements performed in dH,0 and the size measurements performed in dH,0 and
cell media (Figure 3.30) the two nanotag systems were considered to be relatively
stable and of a suitable size for cellular uptake. There was some concern regarding the
small molecule labelled nanotags, in particular those labelled with DTNB, 2-NPT and
SERS-403 but analysis of the size and Zeta data did not suggest that the nanotags were
particularly large or unstable. The extinction spectra for SERS-403 did not suggest any
signs of aggregation but they exhibited the lowest Zeta potential and increased in size
dramatically when dispersed in cell media (Figure 3.29 - Figure 3.31). However, the
size of the nanotags was not considered to be a concern for cell uptake since larger
systems have successfully transversed the membrane by both endocytic197 and passive

diffusion mechanisms.53 The size of the particles may influence uptake rate, as will the
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formation of any protein corona on the nanotag surface, and this should be considered

during mapping analysis.

3.5 Development of a Multiple Component System

With a suitable alternative nanotag system in place the next step of the investigation
involved developing a suitable multiple component system. For the cell investigations it
was unclear whether the nanotags would cluster together or be found in discrete cell
locations. In the advent that they were found together and the possibility of multiple
component signals arising it was necessary to determine which of the individually
labelled nanotags could be combined but still be individually identified within a

multiple component suspension.

Although there were a total of 6 nanotag labels the initial investigations were only
carried out with 4 of those labels (MBA, MPY, DTNB and NBT) since it was believed that
a multiple component could be generated with these four labels. In order to test the
multiple component capability of the nanotags all 11 possible combinations (6 duplex,
4 triplex and 1 fourplex) were premixed and analysed. Some degree of spectral overlap
was expected since the small molecules were all reasonably similar in structure;
consisting of an aromatic or hetero ring system, terminal thiol or disulfide linkage and
carboxylic acid and/or nitro group side chains (Figure 3.22). As will be seen in later
data sets, component DCLS was used to identify each of the nanotags and deconvolve
the spectra. However, in order to increase the confidence in the final multiple
component suspension the multiple component criteria defined that there must be at

least one peak unique to each reporter.

From the 6 possible duplex combinations all were found to be suitable for multiple
component analysis (MBA+MPY, MBA+DTNB, MBA+NBT, MPY+DTNB, MPY+NBT and
DTNB+NBT - data not shown). Despite the success of the duplex combinations higher
multiple component combinations were desired and therefore the investigation

focused on achieving triplex and higher multiple component samples.

From the 4 possible triplex combinations 3 were found to be suitable for multiple
component analysis; MBA+MPY+DTNB, MBA+MPY+NBT and MPY+DTNB+NBT. For the
MBA+MPY+DTNB triplex solution unique peaks were found at ~ 1334 cm! v(NO2),223 ~
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1180 cm-! §(C-C)?5? and ~1000 cm! (ring breathing)?220.227 for DTNB, MBA and MPY
respectively (Figure 3.32). However, the MBA identification peak at ~1180 cm-1was
relatively low in intensity ~ 1000 a.u. (Figure 3.32) compared to other peaks in the
spectrum and therefore this peak may not be identifiable when the multiple component

suspension was applied to cells.
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Figure 3.32: MBA+MPY+DTNB triplex sample - the triplex solution (black line) was plotted on
the primary y-axis and the solution standards MBA (yellow line), MPY (blue line) and DTNB
(green line) were plotted on the secondary y-axis. The unique peaks were labelled with the
appropriate small molecule abbreviation. No major peaks were observed below 250 cm! or
above 1800 cmhence the spectrum was truncated accordingly (Aex = 633 nm edge, 50% (3.3
mW), 10s, extended scan, 0-3200 cm1).

From the previous study with the commercial nanotags, it was observed that in some
instances (Figure 3.13) a 100-300 fold decrease in signal intensity occurred following
cell uptake. If this occurred it may not be possible to detect the MBA component and as
a result it was decided not to progress with this triplex in further cell investigations.
Unfortunately, as with many of the multiple component samples analysed, the major

spectral peaks did not meet the multiple component criteria and thus could not be
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selected for identification because of the high degree of spectral overlap between each

of the nanotags.

Similarly for the MBA+MPY+NBT triplex solution unique peaks were found at ~ 1180
cm-! v(C-C)1%9 ring, ~1001 cm-! (ring breathing)?20 and 1331 cm! v(NO2)223 for MBA,
MPY and NBT respectively (Figure 3.33). However the unique identification peak for
MBA was again relatively low in intensity and this might not be identifiable following

cell uptake. Therefore, it was decided not to progress with this triplex for further cell

investigation.
40000 90000
1 —— MBA:MPY:NBT triplex spectrum E L
MPY 80000
35000 MBA B
]l ——nNBT L
- 70000
30000
. | - 60000 —
S 25000 | I 3
s s
> ] - 50000 &
2 20000 1 L <
£ | E
E 1 i - 40000 £
= ]
g 15000 ~ | I =
& 1 ’ L 30000 &
- 20000
- 10000
- e it )
400 600 800 1000 1200 1400 1600 1800

Raman Shift (cm™)

Figure 3.33: MBA+MPY+NBT triplex sample - the triplex solution (black line) was plotted on
the primary y-axis and the solution standards MBA (yellow line), MPY (blue line) and NBT (red
line) were plotted on the secondary y-axis. The unique peaks were labelled with the appropriate
small molecule abbreviation. No major peaks were observed below 250 cm-! or above 1800 cm-!
hence the spectrum was truncated accordingly (Aex = 633 nm edge, 50% (3.3 mW), 10s,
extended scan, 0-3200 cm1).

For the triplex solution MPY+DTNB+NBT, unique peaks were found at ~1075 cm-1 §(C-
(€)223, ~1150 cm- §(C-C)221 and ~ 1001 cm!(ring breathing mode)220 for NBT, DTNB
and MPY respectively (Figure 3.34 and Figure 3.35). Although the MPY identification
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peak at ~1001 cm-! was relatively low in intensity ~5000 a.u. it was hoped that this
peak would still be identifiable when the sample was applied to cells. Even if a 10 fold
decrease in signal intensity arose the peak should still have an intensity ~500 a.u., thus
it should be distinct from the baseline and satisfy the 3x signal-to-noise threshold for a

peak to be considered to be ‘real’.
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Figure 3.34: MPY+DTNB+NBT triplex sample - the triplex solution (black line) was plotted on
the primary y-axis and the solution standards MPY (blue line), DTNB (green line)and NBT (red
line) were plotted on the secondary y-axis. The unique peaks were labelled with the appropriate
small molecule abbreviation. No major peaks were observed below 250 cm-! or above 1800 cm-!
hence the spectrum was truncated accordingly (Aex = 633 nm edge, 50% (3.3 mW), 10s,

extended scan, 0-3200 cm-1).

The key identification peaks for the triplex (MPY+DTNB+NBT) occurred within a small
range (980-1160 cm) (Figure 3.35) and this was ideal when considering the
instrumental constraints at the initial time of analysis. The grating combination and the
CCD (400 x 576) only allowed for a very small spectral range to be analysed when
mapping ~ 400 cm-L. Thus for this particular triplex, the key identification peaks could
be observed simultaneously rather than performing multiple maps of the same area

using different spectral ranges. Based on the success of the triplex in solution (Figure
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3.34 and Figure 3.35) and the potential to rapidly observe the key identification peaks,
provided that cell uptake was successful, it was decided to progress with this triplex for

cellular investigations.
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Figure 3.35: MPY+DTNB+NBT triplex sample - distinguishing peaks. The enlarged spectral area
depicts individually unique peaks for MPY, DTNB and NBT. The unique peaks were labelled with
the appropriate small molecule abbreviation. (Aex = 633 nm edge, 50% (3.3 mW), 10s, extended
scan, 0-3200 cm1).

There was only one possible higher multiple component combination
MBA+MPY+DTNB+NBT and this was not found to be suitable for multiple component
analysis since there was considerable spectral overlap between the four reporter
molecules. There were no peaks uniquely distinct to MBA, DTNB and NBT and there
was only one unique MPY peak (~ 415 cm-1). In the hope of achieving a higher multiple
component sample two further SERS labels, 2-NPT and SERS-403, were incorporated
into the investigation. Each of the labels were individually and cumulatively added to
the three successful triplexes already discussed (MBA+MPY+DTNB, MBA+MPY+NBT
and MPY+DTNB+NBT). However, SERS-403 overlapped considerably with MPY, thus it
was not suitable for incorporation in any of the triplexes and 2-NPT overlapped

considerably with MBA thus it was only suitable for incorporation in the final triplex.
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The removal of SERS-403 labelled nanotags also eliminated any concerns about the
dramatic increase in size following exposure to the cell media. The incorporation of 2-
NPT into the final triplex MPY+DTNB+NBT did however lead to a successful fourplex.

Unique peaks were found at ~ 1621 cm-! v(C-C)ring,?5.224 ~1075 cm-1 §(C-C),223 ~ 1150
cm! §(C-C)221 and ~1001 cm? (ring breathing mode)?20 for 2-NPT, NBT, DTNB and
MPY respectively (Figure 3.36). The doublet of peaks arising ~ 1075 cm-! which has
already been identified as a unique peak and at ~1108 cm-! was further used for

identification of NBT.
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Figure 3.36: MPY+DTNB+NBT+2-NPT fourplex sample - the fourplex solution (black line) was
plotted on the primary y-axis and the solution standards MPY (blue line), DTNB (green line),
NBT (red line) and 2-NPT (magenta line) were plotted on the secondary y-axis. The unique
peaks were labelled with the appropriate small molecule abbreviation. No major peaks were
observed below 250 cm! or above 1800 cm ' hence the spectrum was truncated accordingly (Aex

=633 nm edge, 50% (3.3 mW), 10s, extended scan, 0-3200 cm1).

As with the MPY identification peak (~ 1001 cm-1) the 2-NPT identification peak was
relatively low in intensity ~ 8000 a.u. (Figure 3.36) and again if a 10-fold decrease in

signal intensity arose upon applying the nanotags to the cells the peak should still have
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an intensity ~ 800 a.u. and be distinct from the baseline whilst satisfying the signal-to-

noise criteria.

However, unlike the triplex sample, provided that cellular uptake was successful,
identification of all four unique peaks would only be possible by mapping the same area
twice because of the instrumental limitations (i.e. the CCD range). Any cell population
subject to the fourplex multiple component solution would be mapped once by centring
at 1100 cm! for identification of MPY, DTNB and NBT and again while centred at 1600
cm-1for identification of the 2-NPT peak (Figure 3.36). Although this was potentially
more time consuming, the possibility of ultimately implementing and detecting four

unique nanotags will compensate for the loss of speed.

The triplex MPY+DTNB+NBT and the fourplex MPY+DTNB+NBT+2-NPT were both
considered to be suitable multiple component samples for multi-marker cell imaging

and will be investigated further in cellular studies.

3.5.1 Principal Component Analysis (PCA) of the Fourplex

It was clear that this study would benefit from chemometric analysis since this would
aid in the differentiation between the individually labelled nanotag suspensions and in
the development of a superior multiple component sample. However, it was still
considered to be important to have at least one peak unique to each of the small
molecule reporters, to increase the confidence and to have a second method for
differentiating between the nanotags. Principal component analysis (PCA) was carried
out and it was found that it was possible to identify each of the individually labelled

nanotags when they were part of a fourplex multiple component sample (Figure 3.37).

PCA analysis was performed by Dr. Sam Mabbott.
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Figure 3.37: PCA of each of the individually labelled nanotag suspensions and fourplex multiple
component samples. The multiple component samples containing equally proportions all four of

the individually labelled nanotags are delineated by a black circle.

Spectral variations and thus the required information were identified by the
implementation of PCA which reduces the dimensionality of the data.*!.101 By doing this
the system is considerably simplified and variations are represented by principal
components (PCs). 20 replicates of each of the individually labelled nanotags were
analysed as were 20 replicates of the fourplex multiple component sample. From the
PCA plot it can be seen that the multiple component samples lie in the middle,
delineated by the black circle, whilst each of the individually labelled nanotag
suspension, which are also delineated by an appropriately coloured circle, are found in
discrete locations around the central multiple component sample. This separation
confirmed that it was possible to differentiate between each of the individual
components within a multiple component sample. For the NBT labelled samples there
was an outliner and this was probably due to spectral variation between this sample
and the others analysed, such as a cosmic ray or it may have been aggregated to a

greater extent.
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3.6 Detectability of SERS Nanotags in Cell Populations and
Single Cells
3.6.1 In vitro Analysis of the SERS Nanotags

Following on from the success of the multiple component study — where a successful
fourplex was developed - the nanotags were applied individually to cell populations
(HeLa) to evaluate their detectability and to demonstrate proof-of-concept. In addition
the triplex MPY+DTNB+NBT and the fourplex MPY+DTNB+NBT+2-NPT were also
applied since these were previously found to be the most suitable multi-markers for
cellular imaging. The cultured cells were incubated with the appropriate nanotag
solution (100 pL) for 1h. Following incubation, the cells were washed 4x with 1x PBS
(pH 7.6) to remove extracellular nanotags before fixation with paraformaldehyde. After
fixation the cells were washed with PBS, dH;0 and air dried before mounting onto

microscope slides.

Samples were interrogated by Raman mapping using a Renishaw inVia Raman
spectrometer/ Leica DMI 5000 M inverted microscope. A 633 nm HeNe excitation
source was used and cell samples were imaged using a Leica 100x LWD (0.75 N.A.)
objective. A grating of 1800 lines / mm was used with a RenCam CCD (400 x 576
pixels). The principles of StreamLine™ and StreamLineHR™ mapping in addition to the

method of false colour image generation are discussed in section 3.2.4.

3.6.2 Detectability of the Individual SERS Nanotag Suspensions in

Cell Populations

When each of the small molecule labelled nanotag suspensions were applied
individually to HeLa cells they were detectable within the population and they were
positively identified by component DCLS (Figure 3.38 - Figure 3.41). The
measurements were performed using the StreamLine mapping system as at the initial

time of measurement the instrument wasn’t optimised for high resolution mapping.
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Figure 3.38: False colour SERS map image and representative spectrum for MPY labelled
nanotags applied to a HeLa cell population. a) white light image, b) false colour SERS map image
c) LUT colour bar and d) representative SERS spectrum for MPY labelled nanotags - the cell
spectrum is plotted on the primary y-axis and the reference on the secondary y-axis.
(StreamLine - Aex = 633 nm, 100% (~ 6 mW), spectral range 914-1296 cm, step size x,y 0.5 pm
5s).

d
~——— Representative cell spectrum | 4ggo0
600 —— DTNB reference spectrum
- 16000
500
I 14000

Raman Intensity (a.u.)
g
1
T
£ 3
Raman Intensity (

o
T T T T
950 1000 1050 1100 1150 1200 1250 1300

Raman Shift (cm”)

Figure 3.39: False colour SERS map image and representative spectrum for DTNB labelled
nanotags applied to a HeLa cell population. a) white light image, b) false colour SERS map image
c) LUT colour bar and d) representative SERS spectrum for DTNB labelled nanotags - the cell

spectrum is plotted on the primary y-axis and the reference on the secondary y-axis.
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(StreamLine - Aex = 633 nm, 100% (~ 6 mW), spectral range 914-1296 cm-, step size x,y 0.5 pm
5s).
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Figure 3.40: False colour SERS map image and representative spectrum for NBT labelled
nanotags applied to a HeLa cell population. a) white light image, b) false colour SERS map image
c) LUT colour bar and d) representative SERS spectrum for NBT labelled nanotags - the cell
spectrum is plotted on the primary y-axis and the reference on the secondary y-axis.
(StreamLine - Aex = 633 nm, 100% (~ 6 mW), spectral range 914-1296 cm, step size x,y 0.5 pm
5s).
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Figure 3.41: False colour SERS map image and representative spectrum for 2-NPT labelled

nanotags applied to a HeLa cell population. a) white light image, b) false colour SERS map image
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c) LUT colour bar and d) representative SERS spectrum for 2-NPT labelled nanotags - the cell
spectrum is plotted on the primary y-axis and the reference on the secondary y-axis.
(StreamLine - Aex = 633 nm, 100% (~ 6 mW), spectral range 914-1296 cm, step size x,y 0.5 pm
5s).

In all instances there was a significant reduction in the signal measured from the cell
associated nanotags when compared with the reference spectrum but since there were
a reduced number of nanotags in the laser path when compared to the solution
samples, as well as a risk of background fluorescence interference from the biological
samples, this was to be expected to a certain extent. In addition, it was possible that the
reduction in signal intensity was a direct result of cellular uptake and the signal
measured was coming from nanotags located at depth within the cell (Figure 3.38-

Figure 3.41).

In the MPY, DTNB and NBT samples (Figure 3.38-Figure 3.40) there were areas where
signal was measured outside of the cell perimeters and again this was expected to a
certain degree since the nanotags were not functionalised with any targeting moiety
and thus were not specifically targeting a cell component or cellular membrane. A
certain amount of non-specific binding may also be attributed to the method of cell
preparation since cells were grown on glass microscope cover-slips to which the
nanotags have an affinity and can easily bind. Although washing steps may help remove

the unbound or non-endocytosed nanotags, it was not an entirely efficient process.

As with the commercial nanotag examples, and based on these images alone, it can be
argued that the nanotags were simply attached to the cell surface. However, in the
initial stages of the investigation the preliminary aim was to find suitable multi-marker
nanotags for cellular imaging. The nanotags can be detected individually when applied
to a cell population and have thus satisfied the criteria. The strength of the method will
be increased, however, if cellular uptake can be actively demonstrated. Uptake into the
cell could be confirmed by TEM or a depth profile SERS map image. With depth
profiling methods the mapping stage is lowered or raised beneath the objective such
that the depth at which the laser penetrates the cell is altered. This measures how the
signal from the cell associated nanotag changes with depth. Collection of such data

would also permit construction of 3D map images but at this stage of the investigation
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depth profiling and 3D imaging were limited by the instrumentation available. Ideally
depth profiling would be carried out using a water immersion objective and a system
immersed in water so that the refractive index of the cell and the medium are closely
matched.27 This is particularly important since when using metallurgic objectives in air
since the refractive index mismatch can hinder the correct reconstruction of the final
image.206.207 The inverted microscope system unfortunately limited ‘true’ immersion

imaging.

In the cell images the nanotags were found to lie around the cell periphery and none of
the nanotags were found within the middle of the cells (Figure 3.38-Figure 3.41). The
images provide no indication as to the exact intracellular location of the nanotags but if
the cells were imaged with an alternative laser line (532 nm and 785 nm) intrinsic
Raman cell signals could be observed and the major cellular components distinguished.
This could provide an indication as to their localisation,3 which may be directly related
to their chemical functionality,® and potentially provide evidence of endosome
inclusion since this is characterised by a high lipid content.?3 Due to instrumental
constraints and the laser wavelengths available at the time of the initial investigation
this was not possible but will be investigated in future chapters. When individually
applied to cell populations all four nanotags were identified within their respective
population. This was promising for the multiple component sample and suggested that

the nanotags could be suitable as multi-marker cell imaging agents.

3.6.3 Detectability of the Developed Triplex in a Cell Population

When the triplex sample was applied to a cell population and analysed
(MPY+DTNB+NBT) it was only possible to identify two of the three nanotags within the
triplex (Figure 3.42). Signals were measurable from the MPY (Figure 3.41c-e) and
NBT (Figure 3.42f-h) components but not from the DTNB. The reason as to why the
DTNB signal was not measurable in any of the samples was unknown but it is possible
that the DTNB nanotags aggregated resulting in clusters too large for cellular uptake. It
was also possible that the interior cell pH altered the system but this was considered to
be unlikely since DTNB was readily detectable when it was applied individually to a cell
population (Figure 3.39) and, unlike the MPY or MBA!59 160 nanotags, it did not
demonstrate any pH sensitivity. Similarly, although caution was advised regarding the

MPY identification peak, it may have been prudent to also exercise the same caution
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about the DTNB identification peak. When measured in solution, the unique
identification peak of MPY had an intensity of ~ 5000 a.u. thus if a 10-100 fold decrease
in signal intensity did occur, as had been observed with the commercial nanotags, this
may explain why no measurable DTNB signals were observed. However, this is again
unlikely since strong signals were measured from the individually labelled DTNB

nanotags (Figure 3.39).

0.8

0.9

Figure 3.42: False colour SERS map image and representative spectrum for the triplex
(MPY+DTNB+NBT) applied to a HeLa cell population. a) white light image, b) complete false

colour SERS map image. c)-e) and f)-h) false colour SERS map image, representative SERS
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spectrum and LUT colour bar for MPY and NBT labelled nanotags respectively. The cell
spectrum is plotted on the primary y-axis and the reference on the secondary y-axis.
(StreamLine - Aex = 633 nm, 100% (~ 6 mW), spectral range 914-1296 cm, step size x,y 0.5 pm
5s).

The lack of signal was also not thought to be cell line specific since the DTNB nanotags
were readily imaged when applied individually to a HeLa population. One plausible
explanation as to the lack of observable DTNB signal may be the method of mapping
analysis since the triplex sample was interrogated using the StreamLine method rather
than in combination with the StreamLineHR method. It was possible that if the slide
sample had been analysed using the high resolution method, signals from the DTNB
component would have been observable since each point on the map would have been
interrogated with a focused laser spot rather than a laser line. In addition, the
StreamLineHR method allows more detailed refined information to be obtained and is
particularly useful for samples where the signal strength has been found to be poor
when mapping using the conventional StreamLine method. This was found to be the

case when imaging the commercial nanotags in cells (Figure 3.12).

One interesting feature to note from the false colour SERS map image was the absence
of any cumulative triplex signals. It was unclear when the multiple component study
was initiated whether individual signals from the nanotags or cumulative signals from
the triplex would arise. In the previous study with the commercial nanotags, it was
possible to observe individual and cumulative signals from each of the applied
nanotags even in regions where only one nanotag had been previously thought to exist
(Figure 3.11). Therefore, if the samples were reanalysed with the high resolution
method it may have been possible to observe cumulative spectra and the spectral

profiles typical of the multiple component sample in question will prove to be useful.

As with the other cell samples, there was a significant reduction in the signals
measured from the nanotags inside the cell, there was evidence of non-specific binding
and again the nanotags were found on the periphery of the cell. These issues have been
discussed in the previous section and attempts will be made to address these. However,
the ability to detect two of the three nanotags is a step-wise progression towards the

development of suitable multi-marker system for cellular imaging.
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3.6.4 Detectability of the Developed Fourplex in a Cell Population
When the fourplex sample (MPY+DTNB+NBT+2-NPT) was applied to a HeLa cell

population and analysed it was possible to identify three out of the four nanotags

within the multiple component sample.
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Figure 3.43: False colour SERS map image and representative spectrum for the fourplex
(MPY+DTNB+NBT+2-NPT) applied to a HeLa cell population. a) white light image, b) complete
false colour SERS map image. c)-e), f)-h) and i)-k) false colour SERS map image, representative
SERS spectrum and LUT colour bar for MPY, NBT and 2-NPT labelled nanotags respectively. The

cell spectrum is plotted on the primary y-axis and the reference on the secondary y-axis.
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(StreamLine - Aex = 633 nm, 100% (~ 6 mW), spectral range 914-1296 cm, step size x,y 0.5 pm
5s).

Signals were measurable from the MPY, NBT and 2-NPT components and, as with the
triplex sample, no signal was measurable from the DTNB component (Figure 3.42 c.f.
Figure 3.43). Although DTNB labelled nanotags were not observed, a successful triplex
multiple component sample was developed for the multi marker imaging of cells. As
stated earlier, it would have been necessary to map the same cell population twice in
order to identify the unique 2-NPT identification peak because of the limitations of the
CCD. However, as no cumulative cell signals arose and component DCLS matches the
reference spectrum with the data collected during mapping, in this instance it was
possible to use the peak at ~1063 cm! for positive identification of 2-NPT. The reasons
for the absence of any measurable DTNB signals were given in section 3.6.2 and it is
most likely that this particular batch of DTNB labelled nanotags were unstable or

aggregated extensively and become too large for cell uptake.

As with the previous examples, there was a significant reduction in the signals
measured from the nanotags inside the cell when compared with their appropriate
reference. This may be indicative of cell uptake reflecting the depth at which the
nanotags are found within the cell however, this would need to be confirmed with a
secondary method. The labelled nanotags in this particular example were all found
within individual cells and this may be related to their chemical functionality. However,
it was expected that all of the small molecule reporters would be negatively charged to
a certain extent at this pH. Therefore this would not influence cell uptake and if a
protein corona formed around the nanotags then their location within distinct and

different cells may be entirely random.

Although a successful triplex had been developed and detected within a cell population
this was comparable with the maximum number of components that could be detected
within a single cell or cell population?s0.221 at the time of the investigation. However,
one of the primary aims was to increase the number of components that could be
detected within a single cell or cell population. With this in mind the fourplex was

introduced into two further cell lines to determine if it was possible to detect four
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individually labelled nanotags within a single cell and that uptake was dependant on

cell line.

3.6.5 Detectability of the Developed Fourplex in a Single Cell
3.6.5.1 Macrophage Cells

The developed fourplex was applied to a macrophage cell population since macrophage
cells are well known to engulf material within the extracellular fluid, thus this non-
discriminative method of phagocytosis is an ideal mechanism. Within a single cell it
was possible to detect all four of the individually labelled nanotags from the multiple
component sample (Figure 3.44). The DTNB and 2-NPT labelled nanotags were found
within the macrophage cell and signal from the MPY and NBT nanotags appeared to

come from the cell membrane or from the periphery of the cell (Figure 3.44).

Unfortunately the cell was imaged using the StreamLine method rather than a
combination of both the StreamLine and the StreamLineHR. This method allows more
detailed refined information to be obtained and the strength of the technique was
demonstrated when analysing the commercial nanotags. In the StreamLine map of the
cell associated commercial nanotags it was only possible to see two of the four
components within a single cell however when the sample was reanalysed using the
high resolution method it was possible to observe signal from all four components
(Figure 3.12). Although the MPY and NBT nanotags appear on the periphery of the
macrophage cell, analysis with the high resolution method may have revealed a
different pattern of distribution as with the commercial nanotags (Figure 3.12).
Despite all four nanotags not being directly located within a single cell this example
does demonstrates the potential for all four to be found within a single cell and
suggests that it would be possible to target four different cellular components (i.e. 3

organelles and 1 membrane).
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Figure 3.44: False colour SERS map image and representative spectrum for the fourplex
(MPY+DTNB+NBT+2-NPT) applied to a macrophage cell population. a) white light image, b)
complete false colour SERS map image. c)-e), f)-h), i)-k) and 1)-n) false colour SERS map image,
representative SERS spectrum and LUT colour bar for MPY, DTNB, NBT, and 2-NPT labelled
nanotags respectively. The cell spectrum is plotted on the primary y-axis and the reference on
the secondary y-axis. (StreamLine - Aex = 633 nm, 100% (~ 6 mW), spectral range 914-1296 cm-
1, step size x,y 0.3 um, 0.5 pm 5s).
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Although signals from the DTNB labelled nanotags were measured within the boundary
of the macrophage cell but not within the HeLa cell this was not thought to be the result
of a cell-line specific interaction. Signal from the DTNB labelled nanotags could be
measured within the HeLa cells when they were applied individually and it was only
when they were part of a multiple component suspension did it become problematic to
observe any signal. This could be attributed to a number of things including a possible
interaction with the other nanotags or that the particular batch of nanotags could have
simply been aggregated to an extent which negated cell uptake. Whilst it was not
thought to be cell line specific, the macrophage cells probably did have a greater
propensity to incorporate extracellular material than the HeLa cells. In this particular
sample, 2-NPT was again identified using the peak at ~1063 cm-1. This was not the
unique identification peak determined during the multiple component study but
component DCLS adequately elucidated it from the spectral profile of the other

nanotags.

The next stage of investigation would have involved looking at the macrophage cells as
a suitable cell line for investigating the uptake of the fourplex while definitively
determining cellular incorporation and localisation of the nanotags relative to the cell
organelles. Unfortunately access to the macrophage cells ceased and it was necessary to
looks at an alternative cell line to ultimately determine if the fourplex could indeed be

detected within a single cell.

3.6.6 Chinese Hamster Ovarian (CHO) Cells

In a final attempt to detect all four components within a single cell the fourplex was
applied to a CHO population. In the StreamLine image of a single cell it was possible to
confidently detect three of the components (Figure 3.45). MPY was found on the
periphery of the cell and may not be cell associated while DTNB and NBT were located
within the cell boundary (Figure 3.45). 2-NPT was also identified on the periphery of
the cell, however, it demonstrated a poor spectral fit with the reference spectrum so it
was not included(Figure 3.45). Similarly, when the cell was re-analysed using the
StreamLineHR method it was confidently concluded that two out of the three
components were present within a single cell (Figure 3.46). MPY and NBT
demonstrated a good spectral fit with their reference spectrum while DTNB and 2-NPT
did not (Figure 3.46). Common to the StreamLine NBT spectrum and StreamLineHR
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NBT and DTNB spectra were the appearance of some additional peaks (Figure 3.45

and Figure 3.46).

..........
RENEER

0.7

g) h) 0.6

0.9

k) 0.6

IR
(o . 8

.........,
; s 88 ¥ 8 8
. { <
- JE S
. — 0 = e
= ii - b
i T 0 4
2 N i - £
i| B -
i s { i
. e
I EEEERERE
b
T

m) n) 0.4

Figure 3.45: False colour SERS map image and representative spectrum for the fourplex
(MPY+DTNB+NBT+2-NPT) applied to a CHO cell population. a) white light image, b) complete
false colour SERS map image. c)-e), f)-h), i)-k) and 1)-n) false colour SERS map image,
representative SERS spectrum and LUT colour bar for MPY, DTNB, NBT and 2-NPT labelled
nanotags respectively. The cell spectrum is plotted on the primary y-axis and the reference on
the secondary y-axis. (StreamLine - Aex = 633 nm, 100% (~ 6 mW), spectral range 914-1296 cm-
1, step size x,y 0.5 um 5s).
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Figure 3.46: False colour SERS map image and representative spectrum for the fourplex
(MPY+DTNB+NBT+2-NPT) applied to a CHO cell population. a) white light image, b) complete
false colour SERS map image. c)-e), f)-h), i)-k) and 1)-n) false colour SERS map image,
representative SERS spectrum and LUT colour bar for MPY, DTNB, NBT and 2-NPT labelled
nanotags respectively. The cell spectrum is plotted on the primary y-axis and the reference on
the secondary y-axis. (StreamLineHR - Aex = 633 nm, 5% (~ 0.33 mW), spectral range 914-1296

cm, step size x,y 0.5 um 3s).
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These peaks have potentially arisen as a result of two different processes. It is probable
that these are cell enhanced vibrations as a result of certain molecules being in close
proximity to the nanotag surface. If this process occurred it would suggest that either
the nanotag surface wasn’t covered with a monolayer of molecules or some of the
molecules present on the nanotag surface have desorbed and allowed the native
cellular constituents access to the metal surface. However, when bare unlabelled
nanotags were incubated with cells and analysed no intrinsic cell signals were

observed (Figure 3.47).

The unlabelled nanotags had been prepared using the small molecule only procedure
however no reporter was added so that the surface was accessible to the cell surface
and intracellular molecules. The nanotags were then incubated according to the
standard protocol whereby they were incubated with cells grown on a coverslip for 1 h
and then washed and fixed accordingly. In an effort to minimise non-specific binding, a
second method of incubation was also performed whereby the nanotags were added
and incubated in a flask with the cells for 24h. The cells were then washed and
tryptanised and this was thought to be a superior method for the removal of any
remaining unbound and extracellular nanotags.2?® The cells were then grown on

coverslips for 24 h before being washed and fixed accordingly.

During the analysis of both the pre-incubated and non-preincubated control samples
no intrinsic Raman cell signals were observed for any of the cells analysed (Figure
3.47). 20 cells were analysed for each method of incubation and it is fair to assume that
within a group of 40 randomly selected cells that some form of nanoparticle uptake
would have taken place. Although no intrinsic cell signals were measured from the
control samples, it is reasonable to assume that there was potentially a risk of
enhancing some cells bands especially since nanoparticles and tag based systems have

been routinely used to probe the intracellular environment.52. 145, 148,149, 205
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Figure 3.47: Control cells which have been exposed to nanotags without any label to determine
the influence cell surface and intracellular molecules have on the spectra produced - a) white
light image of cell population subject to the standard nanotag incubation procedure and the cell
within the dashed red rectangle was mapped, b) representative cell spectrum from the mapped
cell, c) white light image of cell population pre-incubated with the nanotag suspensions and the
cell within the dashed red rectangle was mapped and d) representative cell spectrum from the
mapped cell. (StreamLineHR - Aex = 633 nm, 100% (~ 6.6 mW), spectral range 478-1661 cm-,
step size x,y 0.5 um 0.5s).

In the second instance the additional peaks may also be due to cumulative SERS signals,
that is a contribution to the overall SERS signal from each of the nanotags present
within a specified location. In the StreamLine and StreamLineHR image there was an
additional band present in the NBT spectrum at ~ 1000 cm-! which could be attributed
to MPY since it was in close proximity to the representative NBT cell signal on both
occasions (Figure 3.48a,b and c). Similarly, in the case of the DTNB StreamLineHR

spectrum there were additional peaks at ~1002 cm and 1081 cm, the unique
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identification peaks for MPY and NBT, which were also in close proximity to the

representative DTNB cell signal (Figure 3.48b).

Figure 3.48: Cumulative SERS signals - additional features in the SERS spectrum could be due
to the close proximity between differently labelled nanotags. NBT and MPY were in close
proximity to one another in the a) StreamLine and b) StreamLineHR false colour image and c)

DTNB was in close proximity to both MPY and NBT in the StreamLineHR image.

Although this was not the typical cumulative spectra expected from this specific
combination of nanotags (based on the multiple component study) the exact spectrum
produced will vary depending on the local environment and also the contribution from
each component present within a specified location.® Regardless of the method by
which these additional features appear in the spectrum, the LUT filters were typically
set at high levels (equivalent to ~ 70-100%) to ensure the best possible fit between the

reference spectrum and the observed cell signal. However it is important to be aware of
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such interference potential within the spectrum. Overall it is proposed that it is
possible to detect three out of the four nanotags when a multiple component

suspension was applied to a CHO cell population.

3.7 Toxicity of SERS Nanotags

The toxicity of the SERS nanotags towards CHO cells was investigated using the PEG
nanotags. All of the previous examples of cell mapping experiments were carried out
using the small molecule functionalised nanotags. Both nanotag systems were not
investigated as both methods of incubation - 1) directly on to the coverslips and 2)
direct flask incubation with the cells were trialled. In order to do this a vast amount of
consumables and cells were required therefore it was not considered to be cost
effective to investigate both. It is however noted that the PEG functionalisation might
aid in biocompatibility and does not represent the toxicity that might be induced by the

small molecule only labelled nanotags.

The toxicity of the nanotags towards the cells was investigated using an alamarBlue®
assay.228 Addition of the reagent to the nanotag/cell populations results in the active
ingredient, resazurin (blue), being reduced to a red fluorescent compound resorufin,
following cell internalisation.228 Turnover of the reagent should only continue as long
as cells are viable and therefore, the fluorescence signal should increase over time. The
overall fluorescence intensity is proportional to the number of living cells.228 In
addition to the alamarBlue® assay, cell health was monitored using a SYTOX® green
nucleic acid stain.229 This reagent will only enter cells with impaired or damaged
membranes where it subsequently binds to nucleic acids.229 If the cells are healthy the

stain will not cross the plasma membrane.?29

As mentioned above, the cells were incubated with the nanotags via two different
methods of incubation. Typically, only 100 pL of the nanotags were added however, in
order to assess the effects of the nanotags and determine whether a larger volume
could be used, 100-300 uL were investigated. For the alamarBlue® assay a large
number should be produced by the fluorimeter since the cells should be healthy and

continually producing resorufin.
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In the first example the results are somewhat variable but it was instantly clear that the
MPY labelled nanotags displayed the greatest toxicity towards the cells when added

directly onto the cells grown on coverslips (Figure 3.49).
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Figure 3.49: Toxicity tests for the PEG labelled nanotags - a) and c) the nanotags were
incubated directly with cells grown on coverslips for 1 h b) and d) or with cells in a flask for 24
h. The cell viability was evaluated using AlamarBlue® and SytoxGreen®. The error bars

represent the standard deviation of three replicate measurements.

A reduction in cell viability was demonstrated for the DTNB labelled nanotags at all
volumes and at a level below that of the control sample. In the case of NBT and 2-NPT, a
reduction in viability was observed initially but the number of viable cells increased at
the highest concentration of nanotags, but remaining at a level below that of the
control. With the exception of the MPY nanotags, the reduction in cell viability was
minimal and although the introduction of the nanotags was expected to interfere with

the cell viability it wasn'’t particularly prolific (Figure 3.49).
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When the nanotags were incubated directly with the cells in the flask the results were
somewhat more variable. With the exception of MPY, all of the remaining nanotags at
the highest concentration produced less fluorescence than the control sample. There
was however no clear relationship between increasing concentration of nanotags and
cell viability except for the nanotags labelled with 2-NPT and MPY, which decreased
and increased with increasing concentration of the nanotags respectively. With the
exception of MPY, the effects on the cell viability were more obvious with this

incubation method but again cell viability wasn’t particularly affected.

For the SytoxGreen® assay unlike the alamarBlue®, a small number should be produced
by the fluorimeter since this is a direct measure of the number of compromised cells
within a sample. Again with the exception of MPY, the other small molecules did not
seem to compromise the viability of the cells. MPY when compared with the control
sample exhibited a significant increase in the fluorescence produced and thus the

number of compromised cells.

When the MPY and NBT samples were incubated with the cells in the flask the
fluorescein counts in the Sytox Green assay were only marginally larger than the count
produced by the control sample. While the counts for the remaining nanotags
decreased with increasing concentration. This would suggest that this method of

incubation was suitable and the nanotags have little effect on the cell viability.

Overall, toxicity results suggested that either method was suitable for the incubation of
the nanotags. However the method of flask incubation may be more suitable for
nanotags functionalised with MPY. On the whole the small molecule reporters and
nanotags in general didn’t seem to be particularly toxic towards the CHO cells. There
was some variation between the nanotags and the standard, but this was to be expected

due to the introduction of a foreign based material.

3.8 Conclusions

In the initial stages a range of commercial nanotags were investigated and trialled as
potential multi marker cellular imaging agents. The commercial nanotags performed
exceptionally and it was possible to readily identify the specific combination of

nanotags present within a solution or cell population. All four of the nanotags could be
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found within a single cell. However, for commercial reasons the use of the nanotags in

further studies was prohibited.

In an effort to find suitable alternatives for the multi marker imaging of cells, a range of
silver nanoparticle suspensions labelled with small molecules reporters were
investigated. Unfortunately, this had limited success and strong SERS signals were only
measured if the suspensions were physically aggregated or self-aggregated
uncontrollably. Based on these results, and the principles behind the commercial
nanotags, it was realised that a nanotag system was required whereby some form of
‘controlled’ aggregation took place but not to the extent that the nanotags would no

longer be viable for cell uptake.

A method was found within the literature whereby silver citrate nanoparticles were
controllably aggregated with 1,6-HMD, polymer coated with PVP and labelled with a
range of small molecule reporters.? This system had been used previously to target cell
surface receptors but it had not been fully exploited for use as multi markers for cell
imaging. It was necessary to optimise the concentration of 1,6-HMD, PVP and select

appropriate small molecule reporters.

The nanotags were tested in solution to determine if a new multiple component system
could be developed whereby four components of a single cell, cell population or tissue
structure could eventually be targeted simultaneously. A successful triplex and fourplex
system were developed. The triplex and fourplex were tested in HeLa cells and this
produced varying results but when the fourplex was extended to CHO and macrophage
cells it was possible to detect three, potentially four and all four of the nanotags within
a single cell respectively. Between the different cell populations there was some
spectral variation in the signals measured from each of the individually labelled
nanotags and this was likely to be due to variations in the microenvironment of each
cell type. Variation in nanoparticle treatment by different cell lines, including
endosome enclosure has been documented.52 At the time of the study the maximum
number of nanotags which could be simultaneously detected within a single cell was
three150.230 and although approaches suggested the use of four or five different multi
markers this was only demonstrated with a cell population23! or on cell surfaces!4® or

with an in vitro duplex??! and not with single cells. Whilst this can in no way compete
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with the number of nanotags which could be simultaneously detected in vivo at the
time of the study, an increase in the ability to map single cell, cell populations and

tissues with a multi marker approach was achieved.

Common to all of the images discussed in this chapter there was a real need to confirm
cellular uptake and this will be investigated in the later chapters using combined 3D
Raman and SERS imaging. In addition to this, the intracellular location of the nanotags
could be investigated further using an alternative laser line to determine the
localisation of the nanotags relative to the major cell organelles. This would also
determine if the functional group on the small molecule reporter influences the method

of uptake or directs the nanotags to a specific intracellular location.
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Chapter 4 3D Optical Imaging of
Multiple SERS Nanotags in Cells

4.1 Introduction

The application of Raman and surface enhanced Raman spectroscopy (SERS) to
complex biological and medical samples has increased dramatically in recent years.
This is due in part to improvements in instrument sensitivity but also because both
represent a non-destructive method by which considerable information can be gained.
Raman spectroscopy also has the added advantage of being a non-invasive analysis
method. Whilst the Raman spectra of biological samples are often complex, subtle
changes between samples can be readily elucidated by the incorporation of
multivariate analysis methods. For example, Raman spectroscopy has been used to
identify cell components®2 and to discriminate between cancerous and normal cells,232
cancer cells with differing phenotype?33 and in distinguishing human embryonic stem
cells from differentiated cells.23¢ In the case of SERS, unfunctionalised nanoparticles
have been used to obtain information about cell compartments,142 endocytosis,>? as
well as cell health!44 and viability.145 Function specific SERS nanotags have also been
designed for the molecular profiling of single cells,>? intracellular pH sensing!¢® and in

vivo tumour targeting and detection.10.11

However, despite the advanced applications52 92 142, 144, 145, 232-234 of both Raman and
SERS spectroscopies there are limited examples of sophisticated 3D imaging within the
literature to accompany these applications.’00 This is surprising considering that
imaging in 3D can be relatively simple to achieve using depth profiling methods (i.e. the
same area is mapped sequentially at different z-levels) and post collection image
processing applications such as Image] and Volocity™. 3D imaging also has the potential
to provide a wealth of information which could be critical to the detection of disease
states. For example, the 3D imaging of cells and tissues can enable the resolution of cell
organelles which represents a non-invasive technique for studying cell construction,100
and this could be beneficial for interrogating changes in cellular architecture between
diseased and healthy samples. Combining 3D Raman with 3D SERS imaging offers the

possibility of tracking nanotags functionalised with organelle targeting moieties or
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drug molecules. Imaging in this manner would not only provide non-destructive
evidence of cellular uptake, but would provide evidence that the tags are being directed

to their intended targets.

One of the most notable difficulties regarding the imaging of intracellular SERS active
nanotags is undoubtedly in determining cellular inclusion. Whilst 2D7 8 imaging is
considered a straightforward approach to monitoring the uptake and localisation of
nanotags, this cannot be considered as conclusive evidence of cellular inclusion.
Internalisation has traditionally been confirmed by depth profiling in the z-direction or
transmission electron microscopy (TEM), TEM however, can require convoluted
sample preparation; image acquisition can be expensive and the technique ultimately
results in cell destruction so live cell imaging is impossible to achieve. Whilst
conventional TEM imaging can provide evidence of cellular inclusion, confocal scanning
transmission electron microscopy (STEM)235, as well as X-ray diffraction?3¢ and
topography,237 and ion-abrasion scanning electron microscopy (SEM)238 can all be used
to generate 3D cell images. Excellent resolution (nm range c.f. pm range for Raman
spectroscopy) and comparable acquisition times can be achieved. However, no
biochemical information is obtained, some of the techniques are destructive and 3D

image generation is reliant on the post processing of 2D images.

Comparisons are frequently made between fluorescence and Raman spectroscopies
and with the advent of fluorescent approaches such as stimulated emission depletion
(STED) microscopy?3® and structured illumination microscopy (SIM),240 which offer
excellent enhancements in resolution (~ 30 nm in the x, y and z directions cf. pm),239
comparisons between the two types of spectroscopy for 3D cell image generation are
likely to continue. Fluorescent microscopy can offer fast acquisition times, since the
collection of a full vibrational spectrum is not required, but there are a number of
disadvantages associated with the technique namely that biochemical imaging of the
cell contents is prohibited, staining is required to resolve the cell organelles and the
post processing of 2D image stacks is required to generate the final 3D image.
Fluorophores are also prone to bleaching which is problematic if they are to be used for
3D imaging since this is reliant on the collection of sequential z-sections and any
bleaching will prohibit complete 3D reconstruction.24! The broad absorption and

emission bands associated with fluorophores also limit the number of components
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which can be identified simultaneously. In addition, visualisation of multiple

fluorophores often requires multiple excitation sources.

Whilst Raman and SERS are currently limited by long acquisition times (hours cf.
seconds) and the spatial resolution that they can offer, many of the issues surrounding
the other techniques are circumnavigated. For example, both methods are non-
destructive whilst Raman is also non-invasive. Vast amounts of biochemically specific
information can be obtained with respect to the cell and since Raman and SERS active
labels produce sharp (nm width) molecularly specific bands, multiple components
within a single sample are readily identifiable. With these advantages in mind this
chapter will discuss the concept and development of combined 3D Raman and SERS
imaging for the simultaneous confirmation of cellular inclusion and multiple
component detection. This method removes the need for expensive TEM imaging and
avoids the required post collection processing of each individual image. Using this
technique the entire volume of the cell is collected at once, hence all the collected data
can be processed and analysed as one data set, and both uni-variate and multivariate

analyses can be applied to the entire volume simultaneously.

4.2 Proof of Concept - 3D Raman and SERS Imaging of Cells and

Nanotags

Multiple component cell samples were prepared by incubating a suspension containing
four different nanotags (4-mercaptopyridine (MPY), 5,5’-dithiobis(2-nitrobenzoic acid)
(DTNB), 4-nitrobenzenethiol (NBT) and 2-naphthanlenethiol (2-NPT) labelled
nanotags) with Chinese Hamster Ovarian (CHO) cells according to the standard
protocol (see section 8.4.1). Prior to the collection of any 3D data, samples were
mapped in 2D (StreamLine™, StreamLineHR™ - Renishaw inVia Raman spectrometer /
Leica DM 2500 M microscope) to rapidly identify cells which had incorporated the
nanoparticle suspension and in which all four or multiple components could be
identified. A 633 nm laser (HeNe) excitation source was used and cell samples were
imaged under immersion in a saline solution using an Olympus 50x (N.A. 0.75) water
immersion objective. A grating of 1800 lines/mm was used with a RenCam CCD (1046 x
256 pixels). As discussed in Chapter 3, nanotags were identified by a two-fold process

whereby each of the components was identified by a unique peak and component
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direct classical least squares (DCLS) multivariate analysis. Following the identification
of a multiple component positive cell, the sample was interrogated by depth profiling at
different z-depths to roughly determine the cell thickness and the z-slices from which

data should be collected.

Imaging of the cell in 3D was achieved using a 532 nm laser (Cobalt) excitation source
and 3D imaging of the nanotags was achieved using a 633 nm laser (HeNe) excitation
source. Cells were imaged under immersion as described above and the grating and

CCD remained the same.

Acquisition and analysis of the collected data was performed using the WiRE 3.4
software package. All PCA analysis was completed in WiRE and the conditions used are
discussed. The 3D images were created using the WiRE VolumeViewer software. The
3D Raman cell and SERS nanotag images were taken directly from the VolumeViewer
software as were the 2D sections for the Raman cell and SERS nanotag images. The
individual 2D sections were then combined into a single image using a GNU image

manipulation programme.

4.2.1 Spatial and Depth Resolution

When employing a confocal configuration it is important to define the spatial and depth
resolution especially since instrumental improvements, in some instances, have
ensured operation at or close to the diffraction limit. Theoretical values of the spatial

and depth resolution can be calculated using equation 2 and 3, respectively.206. 242

0.614

NA
Equation 2

oy
NA?

Equation 3 206,242

Where:

A =laser wavelength (nm)

127



NA = numerical aperture of the microscope objective

n = refractive index of the sample

When imaging cells in 3D, under immersion in a saline solution (n = 1.33), using a 532
nm laser and a microscope objective with a 0.75 N.A. the theoretical spatial and depth
resolution were calculated to be 0.43 um and 5.03 pm respectively. Similarly, when
imaging nanotags in cells in 3D, using the above conditions, the theoretical spatial and

depth resolution were calculated to be 0.51 um and 5.99 pm respectively.

4.2.2 3D Raman Imaging of Cells

3D Raman cell images were generated using volume mapping; a confocal configuration
that allows layers of Raman images to be rapidly collected. With the employment of this
method there is no need for post collection image processing since the entire volume is
collected at once. The step sizes in the x and y direction can also be defined
independently from the step size in the z direction and for this particular data set the
step sizes in the x, y and z directions were set at 1 pum and the z range was defined as *
5 pum from the point of focus when the cell was observed under white light illumination
(set as z=0). The cell sample was imaged under immersion in a saline solution using a
50x (N.A. 0.75) water immersion objective and a 532 nm laser (100 mW). At this
wavelength intrinsic Raman signals from cell components such as proteins, amino
acids, lipids and DNA can be readily observed. 52 142 There is little interference from the

SERS nanotags and the cell structure can be readily elucidated.

Following data collection, false colour 3D Raman images were constructed by
performing univariate data analysis based on signal to baseline maps, whereby
increases in signal intensity over a defined spectral range were monitored. False colour
Raman images were generated for the CH wagging of proteins and lipids (1426-1472
cm1), amino acids (1412-1425 cm-1), §(CH3)asymm and v(COO-), and specifically for the
ring breathing mode of the amino acid phenylalanine (998-1008 cm-1, ~1001 cm-1).52
142 These spectral regions were selected on the basis that proteins, lipids and amino
acids are found throughout the cell and in the case of proteins/lipids are integral
components of the cell membrane. Any cell peak consistently found within the Raman

spectra, provided that it is sufficiently intense, can be used to generate false colour
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images. Of the images generated, none apart from the ring breathing mode of

phenylalanine were found to delineate the cell (Figure 4.1).
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Figure 4.1: White light and false colour volume 3D Raman images of the mapped cells - a) white
light image of the mapped cells, the area within the white rectangle was analysed during
mapping, the cells are outlined in black in b) and the mapped cell areas are distinguished with a
gradient fill in yellow in c). d) False colour 3D Raman cell image generated using the
phenylalanine peak at ~1001 cm and e) LUT colour bar. (StreamLineHR Aex = 532 nm, 100%
(100 mW), spectral range 834-1681 cm-}, step size x,y,z 1.0 pm, 10s).

Phenylalanine is found ubiquitously in the cell and as a result is an excellent marker for
cell delineation (Figure 4.1). This is the first representation of a 3D Raman cell image in
which no operator post processing of the individual 2D z-slices is required for the
production of the final 3D image. The contouring reflects the variation in signal
intensity in different regions of the cell (Figure 4.1d). Although the false colour image is
based on the phenylalanine band (~ 1001 cm-1) other spectral bands representative of
general cell contents appear in the spectrum. These include the amide III protein
band,243 CH3/CH; lipid twisting or bending modes,243 CH,CHj3 lipid deformations,244 and
amide I protein bands243 at 1243, 1310, 1452 and 1655 cm-1respectively243.244 (Figure
4.2). Although these peaks appear in the representative cell spectra they were not

consistently apparent and thus could not be used to resolve the cell structure.
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Figure 4.2: Representative Raman spectrum for the imaged cell. (StreamLineHR A¢x = 532 nm,

100% (100 mW), spectral range 834-1681 cm-, step size x,y,z 1.0 um, 10s)

4.2.3 3D SERS Imaging of Nanotags

The 3D SERS nanotag image was acquired prior to any cell data and by mapping exactly
the same area as outlined for the 3D Raman cell image (Figure 4.1a and Figure 4.3a).
The step sizes in the X, y and z direction were set at 1 um and again the z range was
defined as * 5 pm from the point of focus when the cell was observed under white light
illumination (set as z=0). The only difference between the two data sets was the laser
line used to provide the excitation, a 633 nm laser excitation was used to obtain the
SERS image. At this wavelength the signals from the small molecule reporters can be
readily visualised and using the employed laser power and acquisition time intrinsic
Raman signals from the cell were minimal. It should be noted that the molecules were
non-resonant with the exciting laser line therefore there was no additional resonance
contribution from the molecule and the signal enhancement resulted solely from their

interaction with the nanoparticle surface.

Following data collection the false colour SERS nanotag image was generated by

performing multivariate data analysis in the form of component DCLS. As discussed
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previously (see Chapter 3) the DCLS method allows the measured solution spectra for
each component to be compared directly with every data point collected during
mapping analysis. If a match was found to occur between the reference and the
collected data a ‘false’ colour was assigned in that location and each of the reference
spectra were assigned to a separate false colour (Figure 4.3). MPY, DTNB, NBT and 2-

NPT are shown in blue, green, red and magenta respectively (Figure 4.3).

14.40

S
Xpum/pum

Zum / pm +5.00 38.60

Figure 4.3: White light and false colour volume 3D SERS images of the mapped cells - a) white
light image of the mapped cells, the area within the white rectangle was analysed during
mapping, the cells are outlined in black in b) and the nanotags are highlighted with shapes of
appropriate colour in c). d) False colour 3D SERS nanotag image generated using the solution
standards for each of the individually labelled nanotags - MPY, DTNB, NBT and 2-NPT are
shown in blue, green, red and magenta respectively. (StreamLineHR - Aex = 633 nm, 100% (9

mW), spectral range 936-1702 cm-}, step size x,y,z 1.00um, 0.1s).

Based on the spectral matches assigned by the component DCLS all four nanotags can
be readily identified in the 3D image (Figure 4.3). Viewing the image in 3D however
does not allow for visualisation of the spectral assignment and positive intracellular
nanotag identification can only be ascertained by analysing the data in 2D (see section
4.2.3). In the 3D image the nanotags appear quite columnar and not spherical as
envisaged. This may be due to the step sizes and the numerical aperture of the
objective used. It was thought that the resolution could be improved by using smaller

step sizes and an objective with a higher numerical aperture. There was also very little
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co-localisation between the nanotags which was surprising considering the suspension
applied to the cell population contained equal proportions of all four nanotags. Their
occurrence in distinct spatial locations may however, be correlated to their chemical
functionality and it has been demonstrated that nanoparticles/nanotags were
preferentially taken up into cells in the following order - positively, negatively,
unlabelled and neutrally charged species® (Figure 4.3). However, it was expected that
all the nanotags would be negatively or neutrally charged under the conditions used
and if a protein corona forms around the nanotags it is this surface which is presented
to the cell. With these conditions it would be expected that there would be little

difference in the uptake of the differently labelled nanotags.

4.2.4 Combined 3D Raman and SERS Imaging of SERS Nanotags in
Cells

Whilst it is possible to collect individual 3D Raman and SERS images separately they
provide no evidence of cellular uptake or allow for definitive nanotag identification. In
order to confirm uptake it was necessary to combine the two data sets (Figure 4.4) and
this was possible because they had been collected from exactly the same area and
volume. The corresponding z-slices from both data sets were extracted and combined
in both 2 (Figure 4.5) and 3 dimensions (Figure 4.6). The 2D slices were extracted
directly from the Volume Viewer software and they were combined by overlaying the
two images using a GNU image manipulation programme. The images can be directly
overlaid because they were taken from exactly the same area and were exactly the
same size. The individual 2D slices were also combined in Volocity to generate the 3D
image. The relevant intracellular z-slices were ascertained by viewing the 3D volume
cell map along the z-direction. From this angle the only z-slices which were of relevance
were z-slices +1.00 to -2.00. When viewed in this way the width of the cell can be

observed and the z-slices within the middle of the cell can instantly be determined.
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Figure 4.4: Schematic illustrating how the two data sets are combined. a) Schematic of volume
3D Raman cell map, b) schematic of volume 3D SERS nanotag map and c) combined 3D volume

Raman cell and SERS nanotag map.

On the basis of the combined z-slices alone it was apparent that MPY and 2-NPT
labelled nanotags can be observed in all of the relevant z-slices (Figure 4.5 a-d). 2-NPT
appears to be located intracellulary in all four z-slices whilst MPY appears on the
periphery of the larger cell and within the smaller cell which has been mapped. NBT
and DTNB tags were observed intracellularly in z-slice +1.00 and 0.00 and z-slice 0.00
respectively (Figure 4.5 a-b). There was also a degree of non-specific binding which
was apparent in all of the z-slices. This was to be expected to a certain degree since the
nanotags were not functionalised with any specific targeting moiety. The nanotags
which were located intracellularly can also be visualised (Figure 4.6) and non-specific

binding was also apparent in this image (Figure 4.6).
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Figure 4.5: Images from each plane of the 3D volume Raman cell and SERS nanotags maps can
be extracted and these can be combined in 2D - a) z-slice nanotags and cell +1.00, b) z-slice
nanotags and cell +0.00, c) z-slice nanotags and cell -1.00 and d) z-slice nanotags and cell -2.00.

MPY, DTNB, NBT and 2-NPT are shown in blue, green, red and magenta respectively.
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Figure 4.6: Combined 3D volume Raman cell and SERS Nanotag map generated by combining

the individual 2D slices in Volocity.

Although the component DCLS has assigned matches in the highlighted locations
(Figure 4.5) it was necessary to view the data on moveable plane slices within the
volume. When viewed in this way the corresponding spectrum for a selected position
was displayed and this can be extracted and compared alongside the reference
spectrum. This allows the operator to check the spectral assignment and make any
adjustments such as increasing the limits so that the false colours are representative of

the nanotags found within a specified location.

Analysis of z-slice +0.00 where all four nanotags were located revealed a good spectral
fit for MPY labelled nanotags (Figure 4.7a, b and d). The MPY unique identification
peak at ~1004 cm-! was visible. There was a reasonable fit for the NBT labelled
nanotags and the unique identification peak for NBT at ~1078 cm was visible.
However, some peaks were absent from the NBT spectra most notably the peak ~1333
cm-l. The reasons for this absence were unclear but it is possible that the intracellular
environment, 245 depending on the location of the nanotag, selectively enhances or

diminishes certain peaks. Such spectral changes are often apparent with pH sensitive
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molecules such as MBA or MPY, where depending on the pH, the molecules can be

protonated or unprotonated and give rise to different spectral signatures.
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Figure 4.7: z-slice 0.00 and the corresponding spectral assignments for each of the labelled
nanotags. a) False colour image for z-slice 0.00, spectral assignments for b) NBT, c) DTNB, d)
MPY and e) 2-NPT. MPY, DTNB, NBT and 2-NPT are shown in blue, green, red and magenta
respectively. The cell spectrum is plotted on the primary y-axis and the reference on the

secondary y-axis.

Similarly, spectral variations both in terms of intensity and frequency can also be
observed depending on how the molecule orientates itself on the surface of a
nanoscaffold. This can give rise to different spectral signatures and the enhancement of
certain vibrational modes?4¢ [t was also possible that these bands were enhanced cell
bands hence the poor spectral fit with the reference spectra. In order for this situation

to arise the small molecules would have had to desorb from the surface in order to
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allow the native cellular constituents access to the metal surface. As discussed in
Chapter 3 no intrinsic cell signals were observed in the control samples but there was

always a possibility that some cell bands might be enhanced.

The spectral fit for DTNB and 2-NPT nanotags was poor (Figure 4.7a, c and e).
Representative spectra assigned as a good fit for DTNB (Figure 4.7c) were similar to
that assigned to NBT (Figure 4.7a) and this may be due to the problems associated
with differentiating between the two labels. During a separate statistical study into
developing a multiple component system with a greater number of reporters
multivariate curve resolution-alternating least squares (MCR-ALS) suggested that
might it be difficult to distinguish between NBT and DTNB (data not shown). The fact
that the two labels (NBT and DTNB) always have a close proximity to each other in the
false colour image would further suggest that this was the case. However, this study
was completed at a later date than the 3D analysis and provided that their unique
peaks feature in the spectrum it should be possible to differentiate between the two.
The assignment of representative spectra for 2-NPT was based on spectral matches at
~1426 and ~1566-1582 cm! but the overall fit was very poor and would suggest that
some operator supervision was required for positive intracellular identification of the
nanotags. This involved increasing the limits on the LUT so that the assigned false
colours were representative of regions where a good spectral match occurred between

the measured and the reference spectrum.

The data was subject to further operator supervision and based on this it can be
confidently concluded that only MPY nanotags were located intracellularly (Figure
4.8). This was determined in the usual two-fold manner from their unique peak and
DCLS multivariate analysis (Figure 4.7d). MPY was identified from its unique peak at
~1004 cm'! and in addition to this there was a good spectral fit between the MPY
reference spectrum (blue trace) and the signal measured from within the cell (red

trace) (Figure 4.7d).
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Figure 4.8: Images from each plane of the 3D volume Raman cell and SERS nanotags maps after
operator supervision. Individual z-slices can be extracted and these can be combined in 2D - a)
z-slice nanotags and cell +1.00, b) z-slice nanotags and cell +0.00, c) z-slice nanotags and cell -

1.00 and d) z-slice nanotags and cell -2.00. MPY was shown in blue.

Although only one nanotag was located intracellularly this proof-of-concept data set
was invaluable for several reasons. It demonstrated that it was possible to image cells
and SERS nanotags in 3D and these images represent the first 3D images of their kind.
Whereby, no operator post processing of individual 2D z-slices was required for the

production of the final 3D image. Provided that data was collected from the same area
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and same volume, it was possible to combine the two data sets in both 2 and 3
dimensions. Combining the data in this way permitted non-destructive evidence of
cellular uptake whilst simultaneously permitting the identification of the SERS

nanotags.

4.3 Confocal 3D Raman and SERS Imaging of Cells and Nanotags

Despite the advantages demonstrated by the proof of concept data set the resolution of
the nanotags was poor as was the signal strength. This data set also provided no
indication of the localisation of the nanotags in relation to any major cell organelle. In
an effort to improve the image quality a number of steps were taken. Firstly a
microscope objective with a higher numerical aperture (60x - N.A. 1) was employed,
since this concomitantly resulted in an increase in the one half angular aperture,
allowing for the collection of light from a wider angular range and thus resulting in the
production of higher resolution images. The calculated theoretical values for the spatial
and depth resolution also increased under these conditions (see section 4.2.1). When
imaging the cells by Raman using a 532 nm laser, the spatial resolution increased from
0.43 to 0.32 pm whilst the depth resolution increased from 5.03 to 2.83 um. Similarly,
when analysing the nanotags, using a 633 nm laser, the spatial resolution increased
from 0.51 to 0.39 um whilst the depth resolution increased from 5.99 to 3.37 um. The
step sizes in the x and y directions (0.8 pm and 0.5 pm c.f 1.00 pm) were reduced for
both the cell and the nanotag map in an effort to gain more detailed information again
with higher resolution. As well as these improvements made to the data collection, the
data was also analysed by multivariate methods to determine if there were any spectral
variations which could be ascribed to specific cell organelles. 247 Multivariate data
analysis methods were also applied to the previous data set but because of the weak
cell signals and poor resolution no significant differences were found to occur. In
addition, the nanotags in this data set were pegylated according to the standard
protocol (see section 8.4.2) and this may have aided in the uptake of the nanotags into

the cell.

4.3.1 3D Raman Imaging of Cells

As with the previous data set, a multiple component positive cell was initially identified

by mapping in 2D and 3D. The sample was then analysed by depth profiling to
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determine a rough indication of the cell thickness and the z-range from which z-slices
should be collected. The 3D Raman cell image was then collected by mapping the area
highlighted within the red rectangle (Figure 4.9a-c). The sample was imaged under
immersion in a saline solution using an Olympus 60x (N.A. 1) water immersion
objective and a 532 nm (100 mW) laser excitation. For this particular data set the step
size in the x and y directions were set at 0.8 um and in the z direction it was set at 1 pm.
The z-range was defined as #3 um from the point of focus when the cell was observed
under white light illumination (set as z=0). However, when the volume 3D cell map was
collected it was found that only certain z-slices were of relevance. This was ascertained
by viewing the 3D volume cell map along the z-direction. From this angle it was
apparent that the spectra from above z-slice +2.00 and below z-slice +0.00 were not of

relevance. In light of this the 3D cell map was recollected from z-slice +2.00 to +0.00.
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Figure 4.9: White light and false colour volume 3D Raman images of the mapped cells - a) white
light image of the mapped cells, the cells are outlined in green in b) and the mapped cell areas
are distinguished with a gradient fill in blue in c). In a)-c) the red box indicates the complete 3D
Raman analysed area. d)-e) False colour 3D Raman cell image generated using PC2 displayed at
different angles. f)-g) False colour 3D Raman nuclei image generated using PC1 displayed at
different angles. h)-i) Combined false colour 3D Raman cell and nuclei images presented at
different angles. In d)-g) the false colour scale bar is shown below the images. (StreamLineHR -
Aex= 532 nm, 100% (100 mW), spectral range 743-1600 cm}, step size x,y 0.8 pm and z 1.0pm,
2s).
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Following data collection, the false colour Raman 3D images were constructed by
initially performing univariate analysis based on signal to baseline maps. As with the
previous data set a signal to baseline map was generated specifically for the ring
breathing mode of the amino acid phenylalanine (998-1008 cm-1, ~1004 cm-1)52 142
and this was found to clearly define the cell structure (data not shown). No other cell
signals were found to be sufficiently intense to delineate the cell or resolve any major
cell organelle. In an attempt to determine the localisation of the SERS nanotags in
relation to the cell organelles principal component analysis (PCA - normalised, not
mean centred) was applied to determine if there were any spectral variations, which
could be ascribed to specific cell organelles.24” The PCA conditions included spectrum
centring and normalisation. Mean centring was not applied since the band positions
were sufficiently different to distinguish the two PC’s chemically (Figure 4.10b and d).
The main advantages of the conditions are that the loadings reflect the baseline offset,

the background and the appearance of a typical spectrum.

For the analysed cells two principal components (PCs) explained 86.5% of the variance
in the data with PCs 1 and 2 representing the cell contents (Figure 4.10). Analysis of
the PC loadings (Figure 4.10d) and the band assignments (Table 4.1) revealed that PC2
was collectively characterised by Raman bands which could be attributed to protein,
lipid and nucleic acids but most notably by peaks at 1004 cm-1, 1245cm ! and 1451 cm!
assigned to phenylalanine,?43 248 the amide III (protein) band?4 and the CH.CH3
deformation of protein and lipid.24¢+ PC2 therefore represents the general cellular
regions and this was consistent with the raw Raman spectra (Figure 4.10c). As with
the signal-to-baseline map generated for the ring-breathing mode of phenylalanine PC2

clearly defines the structure of the mapped cells (Figure 4.9d, e, h and i).
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Figure 4.10: Representative Raman spectra and the corresponding PC loadings for the cells and
the nuclei. a) A representative Raman spectrum measured from the nuclei, b) PC 1 loadings
which distinguishes the nuclei, c) representative Raman spectrum measured from the cells and

d) PC 2 loadings which distinguishes the cells.
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Table 4.1: Peak position and tentative assignments of the main peaks found in the principal

component (PC) loadings for each PC shown in the volume 3D map.52 243, 244, 248-256

Peak position Assignment
(cm™)
783 DNA
785 vO-P-0 stretch DNA
829 0-P-O stretch DNA/RNA
ring breathing tyrosine
832 tyrosine, VasymOPO
852 proline/tyrosine
897 -
938/939 vC-C, peptide
959 -
1004 phenylalanine
1032 CH2CH3 collagen and phospholipids, phenylalanine
1094/1095 DNA, vC-N lipid
1128 C-N (proteins), C-O (carbohydrates)
1174 phenylalanine, tyrosine
1177 tyrosine, cytosine, guanine
1207/1208 phenylalanine
1245/1246 amide 111
1304 CH deformation (lipid) adenine/cytosine
1318 guanine (DNA/RNA)
1340 -
1421 adenine, guanine ring breathing modes of DNA/RNA
1451 CH:CH3 deformation
1586/1587 phenylalanine

In contrast to PC2, the PC1 domain contains negative scores and is thus characterised

by negative peaks in the loadings. PC1 is characterised by a combination of peaks which

can be ascribed to nucleic acids, nucleotides, amino acids and protein. These peaks

include phenylalanine peaks at 1004cm-t 52 243, 248 agnd the CH,CH3; deformation of

protein at 1451 cm-! (Figure 4.10b and Table 4.1).24* The PC loadings therefore suggest

that PC1 represents domains which were biochemically distinct from the main cell

structure and based on the loadings it was proposed that PC1 represents the cell nuclei
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(Figure 4.9f-i). This assignment was consistent with the raw Raman spectra from the
nuclei, specifically the DNA peaks at 751 cm-! and 788 cm-! (Figure 4.10a and Table
4.1).250.251 When PC1 and PC2 were combined they were found to delineate the general
cell contents and the nuclei (Figure 4.9h, i). This data set highlights how PCA can be

used to delineate cell organelles from the main cell structure.

4.3.2 3D SERS Imaging of Nanotags

The 3D SERS nanotag image was collected prior to the collection of any cell data and by
mapping exactly the same area as previously outlined (Figure 4.9 a-c). The step sizes
in the x and y direction were set at 0.5 pm and 1 pm in the z direction. The z range was
defined as + 3 pm from the point of focus when the area was viewed under white light
illumination. The false colour SERS 3D images were constructed by performing
multivariate data analysis in the form of component DCLS. In contrast to the previous
data set, where the nanotags appeared quite columnar and large (Figure 4.3), the

nanotags in this image were well resolved and spherical (Figure 4.11).
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Figure 4.11: False colour 3D SERS nanotag image generated using the solution standards for
each of the individually labelled nanotags. The rear rectangle is the complete false colour SERS

nanotag image, the consecutive rectangles show each of the individual false colour images and
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are shown for NBT (red), DTNB (green) and MPY(blue) respectively. (StreamLineHR - Aex= 633
nm, 1% (0.09 mW), spectral range 934-1720 cm'}, step size x,y 0.5 pm and z 1.0pm, 0.5s)

In this data set the nanotags were not found in discrete locations but instead were
found to co-localise together. A degree of co-localisation was to be expected since equal
proportions of the nanotags were in the suspension applied and it was speculated that
they would be taken up together. This co-localisation was attributed to the
improvement in objective and the smaller step size used, since both allow for more
highly resolved images to be obtained. This co-localisation may also be due to the
pegylation of the nanotags. The PEG molecule is quite large (MW=5000) and it may
surround the reporter molecule such that it is the PEG molecule which is presented to
the cell surface rather than the reporter functionality.!! This would explain why all

three nanotags are co-localised within a single location.

In accordance with the co-localisation observed it was necessary to show the data in
‘exploded’ form so that each of the individually labelled nanotags could be visualised
(Figure 4.11). In the back rectangle the complete false colour SERS map image is
shown for all nanotags visually present within a specified location. The successive false
colour SERS map images then show the localisation of the NBT, DTNB and MPY labelled
nanotags respectively. In both of the collected data sets 2-NPT was not found
intracellulary. The reasons for this are unclear but if 2-NPT has a propensity to remain
extracellulary the possibility of using this nanotag as an external standard exists. 2-NPT
labelled nanotags tend to be larger in size than the other labelled nanotags (Figure
3.30) which might explain why it was not located intracellularly however, this

increased size was not thought to prohibit cell uptake.

4.3.3 Confocal Combined 3D Raman and SERS Imaging of SERS

Nanotags in Cells

The two independently collected 3D data sets were then combined in 2 dimensions for
the determination of cellular uptake and multiple component detection (Figure 4.12).
As stated previously the z-range was defined as * 3 um from the point of focus for the
nanotag map but the data was recollected from +2.00-0.00 for the cell map. Despite this
it was still possible to combine the relevant z-slices in 2D to ascertain cellular uptake

and the combined cell and nanotag z-slices are presented in Figure 4.13. The x,y step
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size in the cell map was set at 0.8 um and in the nanotag map it was set at 0.5 pm. As a
result of the smaller step size used (0.5 pm cf. 0.8 um) the SERS image was collected at
0.5 pum higher in the y direction than the Raman cell image. In order to account for this
0.5 pm discrepancy the SERS image was offset from the Raman image by 0.5 pm and

this was accurately determined by pixel count.

a)
+2.00
--------------- o ___-]-.{ +1.00
- 2 C)
+0.00 +2.00
3D Raman cell map _ ﬁ## __________ g+ 1.0
= S S * """" +0.00
+3.00
% ________________ +0.00 Combined 3D Raman and SERS map
e
-------------------- PR - 3.00

3D SERS nanotag map

Figure 4.12: Schematic illustrating how the two data sets are combined. a) Schematic of volume
3D Raman cell map, b) schematic of volume 3D SERS nanotag map and c) combined 3D volume

Raman cell and SERS nanotag map.

On close inspection of the combined z-slices we can instantly determine that three out
of the four nanotags - MPY, DTNB and NBT labelled nanotags, which are shown in blue,
green and red respectively, within the multiple component suspension are located
within cells (Figure 4.13). In z-slice +2.00 only NBT labelled nanotags were observed
(Figure 4.13a) whilst in z-slice +1.00 only NBT and DTNB labelled nanotags were
found (Figure 4.13b) and in z-slice +0.00 three out of the four nanotags, MPY, DTNB
and NBT, were observed. (Figure 4.13c).

On the basis of these images (Figure 4.13a-c) it is quite difficult to observe the three
nanotags located within the cells because of the co-localisation observed and because
the false colours have been set to reflect the spectral intensity measured. In theory, co-
localisation may be expected since the suspension applied to the cell population
contained equal proportions of the four individually labelled tags which were well
mixed. Thus there was an equal probability of each nanotag within the suspension

being internalised simultaneously. In terms of the false colours these could have been
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enhanced to facilitate discrimination between the three nanotags but this would not

have been representative of the measured SERS response.
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Figure 4.13: Images from each plane of the 3D volume Raman cell and SERS nanotag maps can be extracted and these can be combined in 2D - a) z-slice

nanotags and cell +2.00, in this z-slice the signal is considerable weaker than those obtained from the other z-slices and as such the corresponding false

colour is considerably smaller hence it is highlighted with an appropriately coloured circle, b) z-slice nanotags and cell +1.00 and c) z-slice nanotags and cell

+0.00. MPY, DTNB, NBT labelled nanotags are shown in blue, green and red respectively.
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In order to observe the three individually labelled nanotags, z-slice +0.00 has been
enlarged (Figure 4.14a-c). The three nanotags were found in both the top and bottom
spot of z-slice +0.00 but again because of the co-localisation and the false colour
settings it remains quite difficult to see all three within the top spot. However, in the

bottom spot all three can be clearly visualised.
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Figure 4.14: Enlarged image of z-slice +0.00 - a) 2D z-slice nanotags and cell +0.00, b) and c)
enlarged areas from the top and bottom clusters respectively, z-slice +0.00 which shows three of

the four nanotags within a single area and a single cell.

Each of the components was identified by their unique peak and component DCLS
analysis. Unique peaks were found at ~1004 cm-1, 1150 cm1, 1084cm ! and 1450 cm-!
or ~ 1620cm-! for MPY, DTNB, NBT and 2-NPT respectively. As discussed earlier the
component DCLS assigns a false colour if a match was found to occur between the
reference spectra and the collected data. This requires a degree of operator supervision
and in order to further confirm the spatial positioning of the components, the data was
viewed on moveable plane slices within the volume. When viewed in this way the
corresponding spectra for a selected position were also displayed and these can be

extracted and visually compared with standard spectra from the nanotag suspensions.
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For z-slice +0.00 representative SERS spectra were extracted for each of the three
locations where the nanotags were found (Figure 4.15b-d). In accordance with the co-
localisation observed cumulative SERS signals concomitantly arise from the nanotags.
That is, we observe SERS signals from all of the nanotags which are found within a
specified location (Figure 4.15b-d). In all instances the unique peak for the
appropriate nanotag has been labelled with the corresponding abbreviation and peak
position and the minor peaks have also been tentatively assigned to a small molecule
reporter and labelled with an asterisk of corresponding colour (Figure 4.15b-d). For
the top spot in z-slice +0.00 MPY, NBT and DTNB were identified at ~1006 cm,
1081cm?! and ~1158 cm-! respectively. In the top cluster DTNB makes more of a
contribution to the shoulder ~ 1150 cm-! but it has been identified at ~ 1158 cm-! since
it is reasonable to assume that some peak shifting occurred. For the middle spot, NBT
was identified at ~1079 cm-L. Contributions from MPY and DTNB labelled nanotags
were also identified in the middle spot however these were masked by the red NBT
false colour and the NBT labelled nanotags gave rise to the predominant signals in this
region. MPY, NBT and DTNB were identified at ~1009 cm't, ~1079 cm'! and ~1147 cm-
1 in the bottom cluster. 2-NPT was also identified at ~1445 cm-! in the bottom spot
although no false colour has been assigned to 2-NPT at that particular location. As this
failed to meet the two fold identification criteria this assignment to 2-NPT was very

tentative.
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Figure 4.15: a) Enlarged image of z-slice +0.00 and representative SERS spectra obtained for

the b) top, c) middle and d) bottom false colour clusters.

The contribution, each of the individually labelled nanotags made to the cumulative cell
signals in the top and the bottom spot is also shown (Figure 4.16). The signals from the
two locations vary but this was to be expected and will be dependent on the

contribution each of the individually labelled nanotags make in the specified location.?
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Figure 4.16: The contribution each of the individually labelled nanotags make to the cumulative

SERS signal - a) cumulative signal from the top spot and b) cumulative signal from the bottom

spot.

Some peak shifting was observed when the cell spectra were compared with the
solution standards. For example, the unique identification peak for NBT was found at

~1084 cm! in solution but it was found to occur intracellularly at ~ 1079 and 1081 cm-
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1, This was to be expected and probably resulted from the local intracellular
environment. Peaks can also be selectively enhanced or can diminish demonstrating
variations in both signal intensity or frequency depending on where the nanotag is

located and the intracellular environment to which it is exposed.245

In the specific case of the representative spectrum for the bottom spot (Figure 4.15d)
this demonstrated a good spectral fit with a representative multiple component
solution standard for the ‘triplex’ - MPY, DTNB and NBT. The DCLS was performed
using the individual solution standards rather than the multiple component standard,
as it was deemed to be the most appropriate method of determining the combination of
nanotags present. Nonetheless this has been included as further confirmatory evidence

that all three nanotags were present within that specified location.
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Figure 4.17: Spectral profiles for the representative cell spectrum in the bottom spot and the
triplex solution standard spectrum for MPY, NBT and DTNB labelled nanotags. The
representative cell spectrum was plotted on the primary y-axis and the triplex spectrum on the

secondary y-axis.

Similarly, analysis of a further representative multiple component solution standards

for the ‘triplex’ - MPY, DTNB and NBT over the range 950-1200 cm-! reveals the
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individual peaks of the small molecule reporters which would typically be responsible
for the representative/cumulative SERS spectra that were observed. The sole
contribution from MPY was the peak ~1004 cm-1, NBT was responsible for the doublet
of peaks at ~1084 cm! and 1110 cm-! whilst DTNB was responsible for the shoulder on
the peak ~1084cm! and the main peak at ~1150cm-l. Again, this is further

confirmatory evidence that all three nanotags were present within the specified

locations.
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Figure 4.18: Spectral profiles for a representative ‘triplex’ solution - MPY, DTNB and NBT and
the individually labelled nanotag solutions - MPY, DTNB and NBT respectively. This highlights
the contribution each small molecule reporter makes to the representative/cumulative cell

spectrum. The triplex solution spectrum was plotted on the primary y-axis and the individual

solution spectra were plotted on the secondary y-axis.

Finally, it should be noted that none of the nanotags penetrated the nuclei (Figure 4.13
- Figure 4.15) and they presumably resided in the cytoplasm or endosome
compartments. This was to be expected since the nanotags were not functionalised
with targeting moieties specific for this or any other cell organelle. Based on this
information, these unfunctionalised nanotags could be used as controls to distinguish

between targeting and non-targeting nanotags when organelle targeting is attempted.
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4.4 Conclusions

Studies have reported the production of 3D cell images!® but these have relied on
depth profiling methods and the post processing of 2D image stacks. In this study the
entire volume was collected, no operator processing of individual 2D stacks was
required and the entire volume was analysed as a single data set. The advantage of
applying statistical evaluation to the entire volume is that the trends in the data are
explained in the X, y and z directions simultaneously, as opposed to applying
multivariate analysis to each plane and reassembling plane images as a block which

only takes trends in the x and y directions into account.100

The study also demonstrated how it was possible to combine the 3D Raman and SERS
images, provided that they had been collected from the same area and volume, and this
represents a non-destructive alternative to TEM imaging for the simultaneous
confirmation of cellular inclusion and multiple component detection. Three out of the
four components of the suspension were detected, and by extracting and combining 2D
slices from the 3D images it was possible to determine the intracellular location of the

nanotags.

It was also possible to define a subcellular compartment in 3D without the need for any
special sample preparation (i.e. staining). The resolution of further cell organellest0 is
expected and the ability to detect such structures whilst maintaining the integrity of the
cell will undoubtedly be of benefit to the detection of disease processes in which the
architecture of the cell changes considerably. The adoption of a multi-marker approach
is also critical if disease states are to be fully characterised or multiple cell organelles
are to be targeted. Hence, the ability to detect these multi-markers in 3 dimensions is of
huge importance for a whole host of applications including cellular disease or tumour
detection and the delivery of drugs and their subsequent fate within the cells. This
work also has implications for the application of combined 3D Raman and SERS

imaging to living cells.
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Chapter 5 The Development of

Organelle Targeting Nanotags

5.1 Introduction

The development of multi-marker nanotags for imaging purposes and their subsequent
demonstration of cellular uptake are undoubtedly important precedents in the
advancement of a system designed for disease detection. However, the ultimate success
of the system will only be realised when specific intracellular targeting is achieved.
Nanotags can be readily functionalised with a whole host of targeting moieties
including oligonucleotides,!5¢ antibodies!! and cell penetrating peptides (CPPs).70.71
However, widespread antibody use in targeting applications may be hindered by their
large size which will influence their transport across cell membranes and mobility
within the cell.l1. 257 [n addition, there is always a danger that they may elicit an
immune response.!1.257 In contrast, CPPs are considerably smaller, uptake has been
demonstrated with several different cell lines and their risk of eliciting an immune
response is minimal.257 This flexibility may explain the increased use of CPPs in

intracellular targeting experiments.?.70. 71, 258,259

Nuclear targeting has been widely demonstrated in a host of cell lines using the HIV
transactivator of transcription (TAT) sequence, 7.47.258 the SV-40 nuclear localisation
sequence (NLS)70.71 and a combination of adenoviral receptor mediated endocytosis
(RME) and NLS sequences.”! Attention is usually focused on nuclear targeting due to
the localisation of genetic material within its structure and especially since accessing
this information is thought to be important for the phenotypic determination of
disease, the discovery of novel therapeutic agents and in the development of antisense
therapy.#” In addition to nuclear targeting the endoplasmic reticulum,’* Golgi
apparatus’4 and mitochondria26? have also been successful reached using CPPs. In the
case of mitochondrial targeting, the anticancer drug doxorubicin was targeted to the
mitochondria using a CPP where it inhibited DNA topoisomerase and damaged
mitochondrial DNA.260 Unlike the nuclear targeting equivalents a reduced efficacy and a
susceptibility to cellular expulsion was not exhibited when the conjugates were

exposed to drug resistant cells.26? The authors reported that this potentially represents
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a more viable route for targeting cancerous cells. In addition to this cancer treatment,
Copolovici et al. have reported, in a recent review, CPP conjugation to treatment agents
including drug molecules, oligonucleotides and larger, more complex proteins for the
possible treatment of muscular dystrophy, strokes, antiprion treatment for diseases of

the nervous system as well as antiviral and antibacterial applications.261

The elegant and sophisticated applications described above demonstrate how the
native cell logistics for protein cataloguing can be manipulated by CPPs to actively
target cell organelles. This manipulation will be investigated in an attempt to target the
endoplasmic reticulum (ER), the trans-Golgi network (TGN) and the cell nucleus. Whilst
the final applications may lack the finesse of those mentioned above, the ability to
reach these cell organelles will potentially facilitate the comprehensive detection of

diseases, organelle specific drug delivery and pH sensing.

5.2 Organelle Specificity of the Peptide Sequences

Peptide sequences were obtained from the literature with a demonstrated targeting
ability to the ER,”* TGN74 and the nucleus.”! However, the peptide sequences were
originally tested in rat-1 fibroblasts and HepG2 cell lines. In order to determine
organelle specificity for the Chinese hamster ovarian (CHO) cell line, used in this study,

a preliminary fluorescence investigation was carried out.

5.2.1 Peptide Sequences

The ER was demonstrated to be targetable’¢ provided that the amino acid sequence
lysine-aspartic acid-glutamic acid-leucine (KDEL) was part of the peptide sequence.
KDEL is a retention signal associated with proteins of the ER and incorporation of this
sequence ensures interaction with ER receptors.’4 Similarly the TGN was demonstrated
to be targetable’* provided that the amino acid sequence serine-aspartic acid-tyrosine-
glutamine-arginine-leucine (SDYQRL) was part of the peptide sequence. SDYQRL is a
retention signal of proteins found within the TGN and again it can interact with
receptors in this location.”* With regards to the nuclear targeting, there were several
sequences to choose from including the TAT and NLS sequences.258 7.70.71 Both have
been investigated in relation to nuclear targeting in SERS based studies,’>.72 and the

final sequences selected were the adenoviral NLS and the adenoviral RME sequences.
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Although the nanotags used in the study are capable of cellular uptake, for nuclear
targeting it has been demonstrated that using a combination of both sequences leads to
elevated levels of nuclear uptake.”? When functionalised solely with NLS sequences,
nanoparticles have difficulty entering the cell’? and in initial experiments NLS
functionalised nanoparticles had to be introduced using microinjection to guarantee

cellular entry.262

Common to all of the final complete peptide sequences was the incorporation of the
pentapeptide cysteine-alanine-leucine-asparagine-asparagine (CALNN)259 on the N-
terminus. This was primarily incorporated because of the presence of the thiol on the
side chain of the terminal cysteine residue, which was crucial for binding to the nanotag
surface. However, the CALNN offered other advantages including the potential to aid in

nanotag binding via the amine group on the N-terminus.259

The full peptide sequences are shown (Figure 5.1 and Figure 5.2) and in addition to
the CALNN commonality, glycine residues were added between the targeting amino
acid sequences and the CALNN tether to act as spacer groups (Figure 5.1 and Figure
5.2). The ER targeting sequence has a net negative charge of -1 at pH 7, due to the
presence of the positively charged lysine residue and the two negatively charged
aspartic and glutamic acid residues. The TGN targeting sequence has a net neutral
charge due to the presence of negatively and positively charged residues; aspartic acid
and arginine. In contrast both of the peptide sequences required for targeting the
nucleus have a net positive charge of 3. The NLS was comprised of three positively
charged residues; two arginine and one lysine whilst the RME sequence was comprised
of six positively charged lysine and three negatively charged residues; two glutamic
and one aspartic acid. CPPs which are rich in positively charged residues (arginine and
lysine) can rapidly translocate across cell membranes, presumably because of the
differences in charge, but functionalisation of citrate reduced nanoparticles can prove

difficult due to the unfavourable electrostatic interactions.
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Figure 5.1: Targeting peptide sequences - upper: structure of the peptide sequence for targeting the ER and lower: structure of the peptide sequence for
targeting the TGN. The single letter code for each amino acid is shown below each sequence.”4 259
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Figure 5.2: Targeting peptide sequences - upper: structure of the peptide sequence for the NLS and lower: structure of the peptide sequence for the RME.

The single letter code for each amino acid is shown below each sequence.?1 259
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5.2.2 Fluorophore Conjugation

To test the organelle specificity of the peptide sequences in the CHO cell line each of the
sequences were conjugated to a fluorophore. The peptide sequences should translocate
the fluorophore to the correct organelle compartment and when counterstained with
an organelle specific dye, co-localisation should be observed. This method of testing
organelle specificity had already been demonstrated using the ER and the TGN
sequences,’* however the method was reduced to a single step reaction with the
fluorophore. A Texas Red® C; maleimide was selected since its reacts selectively with
thiols in the presence of amine groups to form a thioether. Therefore, each of the

peptide sequences bearing a thiol on the cysteine side chain could be readily

conjugated to the maleimide (Figure 5.3).

[+]

4 [ [
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Figure 5.3: Reaction between Texas Red® C; maleimide and the thiol group on the peptide

sequence to form a thioether.

Conjugation was achieved by adding the maleimide (20x molar excess) drop wise to
the peptide and leaving the reaction to agitate overnight. In order to retrieve the dye
peptide conjugate from any unreacted dye or peptide it was necessary to perform a
simple extraction using a mixture of chloroform, water and acetic acid. The unreacted
dye partitioned into the chloroform extract while the dye-peptide conjugate and any
unreacted peptide partitioned into the water phase.”* Conjugation was initially
determined using thin layer chromatography (TLC) (chloroform:methanol:acetic
acid:water - 25:15:3:2 v/v)7* and after the water extract was dried, matrix-assisted
laser desorption ionisation (MALDI) mass spectrometry was performed for the pure

dye, each of the peptide sequences and the dye-peptide conjugates. There were two
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peptide sequences for nuclear targeting and both were required for successful cell
entry. However, since simultaneous, dual functionalisation, of the fluorophore could
not be achieved, neither of the nuclear peptide sequences were conjugated to the

fluorophore.

The initial TLC results suggested that conjugation had been successful since all of the
dye peptide conjugates had a lower retardation factor (Rf) when compared with the

pure dye and extracts 1 and 6 (Table 5.1).

Table 5.1: TLC analysis for each of the dye-peptide conjugates compared with the pure dye and

extracts 1 and 6.

Peptide Dye (Rf) Extract 1 (Rf) Extract 6 (Rf) Dye/Peptide (Rf)
ER 0.97 0.97 0.97 0.61
TGN 0.96 0.96 0.96 0.61

Similarly, MALDI analysis confirmed that conjugation had been successful based on the
masses measured. Singly charged masses of 728.89, 1247.40 and 1538.55 m/z were
identified in the MALDI-MS analysis of the pure dye, the ER and the TGN peptide
sequences respectively. [ons with 1972.33 and 2265.25 m/z corresponding to the dye-
ER and dye-TGN conjugates were evident in the MALDI-MS spectrum obtained for each
of the respective conjugates. The MALDI spectra are shown (Appendix VI - Appendix
X).

5.2.3 Detection of the Organelle Specific Peptide Sequences in Cells

Following on from the successful conjugation of each peptide sequence to the
fluorophore, the dye-peptide conjugates were incubated with the CHO cells for varying
periods of time (0-30 min). The time increments were based on a previous study where
it was determined that sufficient uptake occurred within 16 min.’* After incubation
with the dye-peptide conjugates the cells were washed twice with PBS (1x) and then
stained with the appropriate organelle specific counterstain. The cells were then

washed, fixed and analysed using a fluorescent microscope with the appropriate filters.
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5.2.3.1 ER Specific Peptide Sequences and Cell Experiments

The ER was counterstained with ER tracker green which consisted of a green-
fluorescent BODIPY® FL dye and glibenclamide. Key to the function of this fluorophore
was the glibenclamide which functions by binding to the abundant potassium channels
in the ER in particular the sulphonylurea receptors.263 In order to analyse the ER
samples the fluorescent filter cubes FITC 3540B-NTE(organelle specific stain) and
TEXAS RED 4040B-NTE (dye/peptide conjugate) were used alongside a Nikon Eclipse
LV100 microscope and a Photometrics CoolSNAP HQ camera. The images were

collected using Metamorph® Microscopy Automation and Image Analysis Software.

The collected images revealed co-localisation of the stains between 15-25 min (Figure

5.4).

Dark field Bright field Organelle specific stain  Dye/peptide conjugate Composite

0 min

5 min

10 min

15 min

20 min

25 min

30 min

Figure 5.4: Images representative of the dye/ER peptide conjugate - the dark field, the bright
field, the organelle specific stain, the dye/peptide conjugate and the composite images are

shown.
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This was apparent from the orange colour in the composite images (Figure 5.4). Co-
localisation was still visible at 30 min but the intensity of the dye/peptide conjugate
was lower and because of the contrast between the two stains it was more difficult to
observe. The observed co-localisation would suggest that the peptide sequence for the
ER does indeed target the correct cell organelle and that this peptide sequence was

appropriate for targeting in the CHO cell line.

5.2.3.2 TGN Specific Peptide Sequences and Cell Experiments

The TGN was counterstained with BODIPY® FL Cs-ceramide which consisted of a green-
fluorescent dye. Key to the function of the fluorophore was the ceramide which is
typically synthesised in the ER before it is transported to the TGN where it is converted
into sphingomyelin.264¢ Ceramide is useful for staining the TGN since it will accumulate
in the structure in preparation for bioconversion. In order to analyse the TGN samples

the same equipment and procedures as in section 5.3.2.1 were used.

Unfortunately when the samples were analysed using the appropriate filter for the
dye/peptide conjugate no selective staining of the TGN was observed. This would
suggest that the peptide had in this instance not successfully transported the dye to the
specified cell organelle. As a result of this the staining procedure was repeated on a
separate occasion and the same outcome was achieved. The only staining pattern that
was visible was that of the organelle specific stain (Figure 5.5). While this would
suggest a lack of organelle specificity by the peptide sequence the reasons for the
absence of any dye/peptide staining may not be as obvious. In the first instance it is
possible that conjugation to the fluorophore had hindered the targeting capability of
the peptide sequence. However, conjugation of a similar sequence to a fluorophore did
not influence its targeting capability in any way and the sequence still directed the
fluorophore to the TGN.74 In the same study the fluorophore conjugated peptide was
incubated with the cell line at 37 °C and since successful targeting of the organelle was
demonstrated the same procedure was followed in this study. However, the standard
procedure for counterstaining with the organelle specific stain used a distinctly
different procedure and initially involved incubating the stain with the cells at 4 °C for
30 min before further incubation at 37 °C. It was possible that incubation at this initial
lower temperature was critical to the successful staining of the organelle and it is an

aspect of the study which would need to be investigated further. It is also possible that
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this peptide takes longer to diffuse to its target. Despite the demonstrated lack of
organelle specificity the peptide sequence will be investigated further in the

subsequent nanotag studies.

Dark field Organelle specific stain

0 min

5 min

10 min

15 min

20 min

25 min

30 min

Figure 5.5: Images representative of the dye/TGN peptide conjugate - the dark field, the bright
field and the organelle specific stain are shown. No fluorescence was observed for the dye/TGN

peptide conjugate hence it is not shown.
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5.3 Synthesis of Peptide Functionalised SERS Nanotags for
Organelle Targeting

It was not anticipated that there would be any difficulty functionalising the existing
nanotag system with either the ER or TGN specific peptide sequences since they were
negatively and neutrally charged respectively. However, both of the nuclear targeting
sequences were positively charged and there was concern that this would aggregate
the negatively charged nanotag system because of unfavourable electrostatic

attractions.

5.3.1 Synthesis and Characterisation of Endoplasmic Reticulum (ER)

and trans-Golgi Network (TGN) Targeting Nanotags
5.3.1.1 Synthesis of the Nanotags - Standard Protocol

The nanotag synthesis method (see section 8.4.2 and 8.4.3) was followed whereby the
nanotags were sequentially functionalised with 2 nM PEG, 200 pM of reporter and
finally with 20 uM PEG. However, the PEG was replaced with appropriate peptide
sequence. The peptide adsorbs onto the nanotag via the thiol on the terminal cysteine
side chain. In order to compare the stability, small molecule, PEG and a combination of
small molecule/PEG functionalised nanotags were synthesised alongside the peptide
analogues. The stability of the nanotags was then determined by UV-vis spectroscopy

and DLS.

Analysis of the non-normalised data for the ER functionalised nanotags revealed that
when this synthesis method was used the ER only functionalised nanotags were the
most unstable as exhibited by a dampening and broadening of the plasmon band
(Figure 5.6). In contrast the TGN only functionalised nanotags were more stable and
there were no obvious signs of aggregation (Figure 5.6). This difference in stability
between the two peptide functionalised nanotags may be due to the differences in
charge between the two peptide sequences. The ER peptide has a net negative charge
and it was likely that some level of repulsion was experienced between the peptide and
the negatively charged nanotag surface. This may limit the amount of peptide that
covers the surface and stabilises the nanotag aggregate. The TGN peptide however has
a net neutral charge and therefore experiences no repulsion. There was no inhibition of

this peptide from approaching the surface and stabilising the nanoaggregates.
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Figure 5.6: Extinction spectroscopy analysis of the peptide labelled nanotags compared with
small molecule/PEG labelled nanotags. The data for both the a)-b)ER and the c)-d)Golgi peptide

functionalised nanotags are shown. Both the non-normalised and the normalised data are

shown.

Analysis of the size data for the ER labelled nanotags also confirmed that the tags solely
functionalised with the ER peptide increased the most in size (Figure 5.7). This
suggested that peptide conjugation had not stabilised the nanotag surface. However for
all of the nanotags within the ER and TGN peptide data sets none of the nanotags
increased above a size, which would cause concern regarding cellular uptake (Figure
5.7). Similarly, analysis of the Zeta data suggested that none of the nanotags were

particularly unstable or unsuitable for further cell experiments (Figure 5.7).

168



a) 1404 Bl Size (nm) b) Bl sizs (nm)
B Zcta (mV) 60 4 I Zeta (mV)

40 -|

20 o

-20 < -

-40 <

T T T T T T T T T T T T T T
Ag colloid Nanotags MPY PEG MPY/PEG ER ER/MPY Ag colloid Nanotags MBA PEG MBA/PEG Golgi Golgi/MBA

Figure 5.7: DLS size and Zeta measurements for the peptide labelled nanotags and the small
molecule/PEG labelled nanotags when dispersed in distilled water - a) ER peptide and b) TGN
peptide. The measurements were made in triplicate, the average is shown and the error bars are

represented by the standard deviation of the triplicate measurements.

5.3.1.2 Simplification of the Nanotag Synthesis

Although the size and stability of the nanotags described in section 5.3.1.1 were not of
concern, the synthesis method required sequential addition of the components and it
was thought that this method could be simplified by the single addition of both the
peptide and the small molecule simultaneously. In order to limit competitive binding
between the peptide and the small molecule reporter, they were both added
simultaneously to achieve a final concentration of 1 uM. By adding the peptide at an
initially higher concentration (1 uM c.f 2 nM) it was postulated that the nanotag surface
would be stabilised rapidly and to a greater extent. Analysis of the results, in particular
the nanotags functionalised solely with the ER peptide, showed a marked improvement
in stability. There was some dampening of the plasmon band but there was no red
shifting and minimal band broadening (Figure 5.8). The same was true for the

nanotags functionalised with the TGN peptide.

It should be noted that a different batch of citrate reduced silver nanoparticles was
used for the preparation of these conjugates and it was found to be more monodisperse
(Figure 5.7 c.f. Figure 5.9). Although this undoubtedly contributed to the additional

stability observed it was unlikely that this was the sole reason.
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Figure 5.8: Extinction spectroscopy analysis of the peptide labelled nanotags compared with
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shown.
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peptide. The measurements were made in triplicate, the average is shown and the error bars are

represented by the standard deviation of the triplicate measurements.

The size and Zeta potential measurements also showed a marked improvement for
both the ER and TGN labelled nanotags (Figure 5.9). A reduction in size was observed
for all of the synthesised conjugates but this may have been the result of using a
nanoparticle suspension with a smaller size distribution (17 nm c.f. 38 nm). Similarly,
an increase in the Zeta potential was observed for all of the conjugates (Figure 5.9) and
this again may have been due to the more monodisperse colloid. However, it was also
attributed to the initial elevated level of peptide stabilising the nanotag aggregates

more rapidly and to a greater extent.

To confirm functionalisation of the nanotag surfaces with the peptide sequences gel
electrophoresis was used. This technique separates proteins based on their size and
charge and it has been previously used for the detection of nanoparticle protein
binding.26526¢6 The peptide only functionalised nanotags should exhibit a difference in
electrophoretic mobility in comparison to the small molecule only and the
unfunctionalised nanotags and nanoparticles. The same should also be true for
nanotags dually functionalised with the appropriate small molecule reporter and
peptide and small molecule/PEG conjugates. The analysed solutions were prepared by
centrifuging at 5000 rpm for 10 min followed by resuspension in 50 pL of 10 mM
phosphate buffer (pH 7.6). 10 pL of these resuspended solutions were removed and
mixed with 1 pL of 6x loading buffer. The solutions were added to a 1 % agarose gel
and a voltage (160 mV) was applied. The peptide only functionalised nanotags travelled
in the gel (Figure 5.10 - lane 9 and 10) as did the dually functionalised peptide small
molecule nanotags (Figure 5.10 - lane 11 and 12). The peptide only nanotags
travelled a greater distance than the non-modified nanotags and nanoparticles but to a
lesser extent than the dually functionalised nanotags (Figure 5.10). In conjunction
with the other characterisation data it can be concluded that peptide functionalisation

of the nanotags had been successful.
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Figure 5.10: Gel electrophoresis analysis of the peptide functionalised conjugates. (1 % agarose

gel ran in 1x TBE buffer for 30 min at 160 V).

5.3.1.3 Final Optimised Synthesis of ER and TGN Nanotags

In a final modification to the nanotag synthesis the concentration of small molecule
reporter added to the nanotag surface was increased. In the initial cell experiments the
concentration of small molecule added to the nanotags was either 10, 50 or 200 pM
(see section 3.4.4) depending on the method of synthesis. With the previous synthesis
method the small molecule was added at a concentration of 1 uM, but to ensure that the
nanotags were detectable within cell populations, the concentration was increased to
10 pM. To prevent the small molecule from competitively occupying the nanotag
surface the peptide was added 30 min before the reporter to ensure stabilisation and

adequate coverage of the nanotag surface.
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The ER and TGN functionalised nanotags exhibited a red shift (Amax = 400 c.f. Amax = 411)

when compared to the colloid and nanotag standard but this may have been due to

functionalisation of the nanotag surface resulting in an increase in size (Figure 5.11).

There were no obvious signs of aggregation such as significant dampening of the

plasmon and band broadening (Figure 5.11).
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Figure 5.11: Extinction spectroscopy analysis of the peptide/small molecule labelled nanotags -

The peptide (1 uM) and small molecule reporter (10 pM) were added sequentially. The ER

peptide nanotags were labelled with NBT and the TGN peptide nanotags were labelled with

MBA. Both the a)non-normalised and the b) normalised data are shown.
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Similarly, when the nanotags were functionalised with the peptide sequences and the
small molecule reporters an increase in size was observed but this was consistent with
functionalising the surface and the Zeta potential indicated that they were of
reasonable stability (Figure 5.12). The final optimised peptide nanotag system
involved labelling the nanotags with the appropriate peptide (1 pM) then this solution

was left to agitate for 30 min before the small molecule reporter was added (10 pM).

It should be noted that a further batch of nanoparticles was used in this study as the

monodisperse colloid used in section 5.3.1.2 did not exhibit good long term stability.
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Figure 5.12: DLS size and Zeta measurements for the peptide/small molecule labelled nanotags.
The peptide (1 pM) and small molecule reporter (10 uM) were added sequentially. Samples
were dispersed in distilled water. The measurements were made in triplicate, the average is
shown and the error bars are represented by the standard deviation of the triplicate

measurements.

5.3.2 Synthesis and Characterisation of Nuclear Targeting Nanotags
5.3.2.1 Synthesis of the Nanotags - Standard Protocol

As with the ER and TGN targeting nanotags, the original synthesis method (see section
3.4.4) - whereby the nanotags were sequentially functionalised with 2 nM PEG, 200 uM
of reporter and finally with 20 uM PEG was employed. However, the PEG was removed
from the system and replaced with the nuclear targeting peptide sequences. The
stability of the peptide functionalised nanotags was compared with the small

molecule/PEG system.
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As expected all of the nanotags which were to be functionalised with the positively
charged peptide sequences either aggregated to the extent that they were completely
colourless (NLS nanotags), or to a level where it was obvious that significant
aggregation had occurred (i.e. dampening of the plasmon and band broadening)
(Figure 5.13). For the nuclear ‘functionalised’ nanotags, significant band broadening
and red shifting was apparent (Figure 5.13). The samples to which the small molecule
had been added displayed a greater level of stability however, it wasn’t sufficient to
prevent the unfavourable electrostatic interactions occurring between the largely

cationic peptides and the anionic nanotags (Figure 5.13).
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Figure 5.13: Extinction spectroscopy analysis of the nuclear peptide labelled nanotags
compared with small molecule/PEG labelled nanotags. Both the a) non-normalised and the b)

normalised data are shown.
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5.3.2.2 Increased Peptide Concentration

The unfavourable electrostatic interactions between the peptide sequences and the
nanotags were undoubtedly the source of the observed aggregation. However, it was
necessary to demonstrate this unequivocally and to determine that the aggregation
wasn’t simply due to an insufficient concentration of peptide to stabilise the nanotag
surface. In addition the concentrations of peptide used for nanoparticle
functionalisation varied widely in the literature ranging from 0.2 uM - 0.17 mM.11,257.259
When the concentrations of the peptides were increased electrostatic induced
aggregation occurred as expected. As the aggregation was so extensive no empirical

data was collected.

Nanotag Control 1uM 5uM 10 uMm 50 uM 100 pM

-
-~

"0 Sl TN g

Figure 5.14: Nanotags were dually functionalised with the NLS and RME nuclear targeting

peptide sequences. The displayed concentrations indicate the final concentrations of both

peptide sequences.

5.3.2.3 Decreased Peptide Concentration

As the unfavourable electrostatic interactions were unavoidable, adding the peptide at
lower concentrations seemed a viable route for successful functionalisation. The
original synthesis procedure was followed but when it came to the final peptide
addition the concentrations were reduced from 20 pM - 2 nM. The levels of aggregation
were also investigated for nanotags solely and dually functionalised with each of the
peptide sequences. In all instances aggregation was evident before centrifugation, the
suspensions changed colour and visible aggregates were obvious, when the peptide

was added at concentrations of 20 pM, 2uM and 0.2 pM (Figure 5.15).
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Figure 5.15: Concentration study for the functionalisation of the nanotags with nuclear
targeting peptides. The final peptide addition was reduced from 20 uM to 2 pM, 0.2 pM, 20 nM
and 2 nM - a) NLS peptide, b) RME peptide and c) combined NLS/RME sequence.

After centrifugation and resuspension aggregation was evident in all of the samples but
to a lesser extent in those to which the peptide had been added at 20 nM and 2 nM
during the final addition (Figure 5.15). This was based on observations made by eye
and the resulting colour of the solution. Only the 20 pM, 20 nM and 2 nM dually
functionalised samples were analysed further. As expected the sample to which the
highest concentration of peptide was added displayed the greatest amount of
aggregation as indicated by the colourless solution (Figure 5.16 NLS/RME sample 20
uM). However, even in the samples where the lowest concentrations of peptide had
been added the plasmon dampened significantly and there was further evidence of
aggregation in the form of band broadening and a blue shift (Figure 5.16 NLS/RME
samples 20 and 2 nM). In the samples which were dually functionalised with the
peptide sequences and the small molecule reporter, an additional level of stability
appeared to be conferred by the addition of the small molecule (Figure 5.16). There
was some red shifting and band broadening but not to the same extent as those

nanotags only functionalised with the peptide.
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Figure 5.16: Extinction spectroscopy analysis of the nuclear peptide labelled nanotags when the

concentration of the nuclear peptides was lowered. Both the a) non-normalised and the b)

normalised data are shown.

The influence of the electrostatic interactions was clearly visible when the size of the

nanotags was measured and this was greatest for the sample to which the highest

concentration of peptide had been added (Figure 5.17).
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Figure 5.17: DLS size measurements for the nuclear peptide and peptide/small molecule
labelled nanotag concentration study. The measurements were made in triplicate and the
average is shown. The error bars are represented by the standard deviation of the triplicate

measurements.

When this sample was removed from the data set the size of the remaining nanotags

were within a range which would be considered suitable for cell uptake (Figure 5.18).
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Figure 5.18: DLS size measurements for the nuclear peptide and peptide/small molecule
labelled nanotag concentration study - the outlier from the previous data set was removed. The
measurements were made in triplicate and the average is shown. The error bars are

represented by the standard deviation of the triplicate measurements.

Similarly, when the Zeta potential measurements were analysed the stability of the
nanotags were also within a range which would be considered suitable for further cell
studies (Figure 5.19). Labelling the nanotags with much lower concentrations of the
peptides represents a viable route for generating nuclear targeting nanotags. However,
there were concerns regarding the longer term stability of nanotags functionalised in
this manner especially since following centrifugation a notable colour change was

observed.

180



NBT and NBTand NBTand NBTand

NBT PEG PEG NLSand NLSand NLSand NLSand NLSand NLSand
Ag colloid Nanotags nanotags nanotags nanotags RME 20uM RME 20nM RME 2nM RME 20pM RME 20nM RME 2nM
20.00

10.00

0.00 ~ T T T T T i T T T T T
-10.00 - I
-20.00 +
-30.00 -

Zeta potential (mV)

-40.00 ~

-50.00

Figure 5.19: DLS Zeta measurements for the nuclear peptide and peptide/small molecule
labelled nanotag concentration study. The measurements were made in triplicate and the
average is shown. The error bars are represented by the standard deviation of the triplicate

measurements.

5.3.2.4 Positively Charged Nanoparticles

In an effort to circumvent the electrostatic interactions between the nanotags and the
peptides, polyethylenimine (PEI) was added to the surface of citrate capped
nanoparticles and to the pre-formed nanotags to create positively charged surfaces.
This should eliminate any unfavourable electrostatic interactions upon addition of the
peptide sequences however, unfavourable electrostatic attractions between the colloid
and the PEI shall also exist. These attractions can be minimised by adding the PEI at
low concentrations. However, even when PEI was added at very low concentrations
aggregation was observed (Figure 5.20). When PEI was added at 2 x10-6 % no visible
aggregation occurred but the particles retained their negative surface charge when the
Zeta potential was measured. Altering the surface charge was not considered to be a

viable route for the generation of nuclear targeting nanotags.
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Figure 5.20: Concentration study for the functionalisation of nanoparticles and nanotags with

PEL

5.3.2.5 Bioconjugation of Peptide to Ligand Functionalised Nanotags

In a further attempt to generate nuclear targeting nanotags, the nanotags were
functionalised with two PEG molecules of varying length (PEGess an PEGsooo). The PEG
molecules were thiol terminated at one end, for nanotag attachment and carboxylic
acid terminated at the other, for bioconjugation. It has been demonstrated that
positively charged nuclear targeting sequences can be conjugated to the carboxylic acid
of the PEG molecule via amino groups on the peptide by aqueous carbodiimide
chemistry.”0 However, upon addition of the peptide sequences aggregation of the

nanotag suspensions occurred (Figure 5.21).

Nanotag control PEG 635 PEG 5000

=P o8 0

Figure 5.21: Bioconjugation of the nuclear targeting peptides via a PEG linker molecule.

5.3.2.6 Pre-stabilisation of the Nanotags Prior to Peptide Addition
The final method investigated for the generation of nuclear targeting nanotags involved

pre-stabilisation of the nanotag surface with a PEG (PEGsoo0) molecule prior to the
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addition of the peptides. The order of molecule addition was also investigated since the
PEG can rapidly occupy the surface and it has been observed that some additional
stability can also be conferred by the addition of the small molecule reporter. For both
methods the molecules were added sequentially at 10 min intervals to a final
concentration of 1 pM. For method 1, addition was in the following order; PEG, NBT,
peptide and for method 2 PEG, peptide, NBT. Simultaneous addition was also
investigated but these nanotags were found to aggregate with time indicating that the

nanotag surface must be pre-stabilised before peptide addition.

For both methods of addition a dampening of the plasmon band was observed as was a
red shift (Figure 5.22). However, with the exception of the dampening of the plasmon

band there were no other signs of significant aggregation.
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Figure 5.22: Extinction spectroscopy analysis of the nuclear peptide labelled nanotags when

pre-stabilised with PEG. Both the a)non-normalised and the b) normalised data are shown.

The size and Zeta measurements were also within the limits considered acceptable for
cell uptake and exposure to the cell environment. The nanotags increased in size as a
result of surface functionalisation and did not show any signs of significant instability
(Figure 5.23). The concern regarding this method of synthesis was that the large PEG
molecule had potentially blocked the surface of the nanotag and prohibited the peptide

from adsorbing. In addition, if adsorption had occurred there was concern that the PEG
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molecule would enshrine the considerably smaller peptide resulting in a reduction of

its biological activity.
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Figure 5.23: DLS size and Zeta measurements for the nuclear targeting nanotags prestabilised
with PEG. Samples were dispersed in distilled water. The measurements were made in
triplicate, the average is shown and the error bars are represented by the standard deviation of

the triplicate measurements.

5.3.2.7 Conclusions

To date a satisfactory nuclear targeting nanotag system has not been developed. A
potential candidate which could be investigated further includes the system where
lower concentrations of peptides were used to functionalise the surface. By minimising
the peptide available the level of unfavourable electrostatic interactions were
minimised. However, there were concerns regarding the long term stability of these
nanotags and this system is only viable for short periods of time since the low
concentrations of peptide were not sufficient to stabilise the nanotag aggregates in the
long term. Pre-stabilising the nanotag surface with a PEG molecule presents another
viable option. However, subsequent functionalisation of the nanotag surface by the
peptide must be demonstrated and the biological activity of the peptide must not be
hindered by the bulky PEG molecule. Other options which could be considered include
conversion of the amine groups on the lysine residues to succinyl amides, since this
would remove the issue of unfavourable electrostatic interactions and permit

conjugation to the nanotag surface.’> Once inside the cell and presented to an acidic
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environment the targeting functionality of the peptide could be restored.”> However, at

this stage there is always the risk that aggregation could occur.

5.4 In vitro Analysis of the Targeting Nanotag Systems

A stable nuclear targeting nanotag system was not developed and as a result only the
ER and TGN targeting nanotags (5.3.1.3) were carried forward to the in vitro studies.
The ER targeting nanotags were labelled with (4-nitrobenzenethiol) NBT and the TGN
targeting nanotags were labelled with (4-mercaptobenzoic acid) MBA. The targeting
samples were made up individually and added to cell populations. An equal proportion
of both the ER and TGN nanotags were also pre-mixed and added to cells to form the

multiple component sample.

5.4.1 2D Raman and SERS Imaging

Samples were interrogated by Raman mapping using a Renishaw inVia Raman
spectrometer/Leica DM 2500 M microscope. For the Raman measurements a 532 nm
laser (Cobalt) excitation source was used and the cell samples were imaged under
immersion in a saline solution using an Olympus 60x (N.A. 1) water immersion
objective. A grating of 1800 lines / mm was used with a RenCam CCD (1046 x 256
pixels). For the SERS measurements a 633 nm (HeNe) excitation source was used and

cells were also imaged under immersion.

Acquisition and analysis of the collected data was performed using the WiRE 4 software
package. All PCA analysis was performed in WiRE and a number of pre-processing
steps can be incorporated including mean centring, spectrum centring and
normalisation. False colour Raman maps were generated using PCA2%4 and false colour

SERS maps were generated using component DCLS.204

5.5 Targeted 2D Optical Imaging of ER Targeting SERS Nanotags

in Cells
Individual cell samples were prepared with ER and TGN nanotags and a multiple
component sample with a combination of ER and TGN targeting nanotags were also

prepared. As an initial starting point the ER targeting nanotag samples were analysed.
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5.5.1 2D Raman Imaging of Cells

Once a nanotag positive cell had been identified from the NBT reporter on the surface
of the nanotag, the cell can be imaged using the 532 nm laser. At this excitation intrinsic
Raman signals of the cell can be collected. Following data collection and as discussed in
Chapter 4 false colour Raman maps can be constructed using univariate or multivariate
analysis. As it was important to determine the localisation of the SERS nanotags in
relation to the cell organelles, particularly the ER, PCA was applied to the data to
determine if there were any spectral variations which could be ascribed to specific cell
organelles.247 PCA conditions included mean centring and no scaling. Mean centring
was employed so that the main differences between the spectra could be observed
especially since the majority of the spectra in the sample were similar and had a large

offset from zero in the y-axis (Figure 5.24).
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Figure 5.24: Representative Raman Spectra and the corresponding PC loadings for the cell, lipid
rich regions and the nuclei. a) A representative Raman spectrum measured from the general cell
contents, b) PC 1 loadings which distinguish the general cell contents, c) representative Raman
spectrum measured from the lipid rich cell regions, d) PC 6 loadings positive peak labelling
which distinguish the lipid rich regions, e) representative Raman spectrum measured from the

nuclei and f) PC 6 loadings negative peak labelling which distinguish the nuclei.

Scaling was not applied since it was desired that the processed data reflected the
differences between the spectra. For the analysed sample, eight principal components

(PCs) explained 93.7% of the variance in the data set, with PC 1 representing the
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general cell contents and both the positive and negative loadings of PC 6 representing

lipid rich cell regions and the nuclei of the cell respectively.

When comparing the PC loadings and the band assignments (Table 5.2), PC 1
explained 91.4% of the variance in the data. PC 1 was collectively characterised by
Raman bands attributed to protein, lipid and nucleic acids but most notably by peaks
ascribed to the ring breathing mode of phenylalanine (1007 cm-1)243.248 and the CH,CH3
deformation of protein and lipid bands.244 PC 1 represents the general cellular regions
and this is consistent with the raw Raman spectrum. The PC 1 false colour image clearly

defines the structure of the mapped cells (Figure 5.25d).

Table 5.2: Peak positions and tentative assignments of the main peaks found in the principal

component (PC) loadings for each PC shown in the 2D and 3D volume cell maps.92 243, 244, 248,249,

251-256,267-271

Peak position (cm-1) Assignment
549 cholesterol
704 cholesterol /fatty acids
720 DNA, C-N phospholipid head phosphatidyl choline
732
752-753 DNA
786 DNA
787 nucleic acids
791-792 v0-P-O DNA
833-834 v0-P-0 DNA, tyrosine
856 hydroxyproline
876 v(C-C), hydroxyproline
1006,1007 phenylalanine
1066 fatty acids
1096, 1097 phosphodioxy groups (PO2")
1099 v(C-N)
1130 vC-C, phospholipid
1134 phenylalanine
1211 phenylalanine, tyrosine
1249
1250 guanine, cytosine
1254 C-Nin plane
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1301 lipids CH vibration, fatty acids

1336 DNA polynucleotide chain

1342 guanine (DNA/RNA)

1343 CH3CH:

1375 adenine, guanine, thymine

1377

1441 CH: scissoring/CHz bending in lipids and protein

1442 fatty acids

1452 CH2CH3
1489,1490 DNA

1493 DNA

1573 guanine, adenine

1578 guanine, adenine

1606 phenylalanine

1608 cytosine

1656 C=0, C=C lipids

1658 amide |

1660 amide |

1671 cholesterol

1688 amide |

PC 6 explained 4.44% of the variance in the data. Its characteristics were explained by
the positive peaks in the PC loadings which have been ascribed to lipids and fatty acids
but most notably by the phosphatidyl choline peak at 720 cm-! lipid peak at 1301 cm-!
and the fatty acid peak at 1442 cm-1(Table 5.2).251.267 The ER is typically associated
with a high lipid content% and the close proximity to the nucleus and the size of this
region suggested that it may represent the ER. In addition, the presence of phosphatidyl
choline is particularly diagnostic of membrane bound organelles. However, it is
possible that this region may also represent other lipid rich organelles including the
Golgi, mitochondria, lysosomes and other intracellular vesicles.9%.272 All of these have
membranes which predominantly consist of phospholipids, therefore they are
spectrally similar, and difficult to differentiate between.%® Nonetheless PC 6 positive

domains represented lipid rich regions of the cell (Figure 5.25e).
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Figure 5.25: White light and false colour Raman map images - a) white light image of the mapped cells, the cells are outlined in black in b) and are
distinguished with a gradient fill in blue in c). In a)-c) the white box indicates the imaged area. d)-g) False colour Raman map images generated using PC1 and

PC6 loadings and the complete false colour Raman map image. In d)-f) the false colour scale bar is shown below the images. (StreamLineHR - Aex = 532 nm,

50% (50 mW), spectral range 478-1880 cm}, step size x,y 0.5 um, 0.8s)
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The PC 6 negative domains were described by negative peaks in the loadings which
have been ascribed to DNA, phosphodioxy groups and nucleotides at 791, 1096 and
1336 cm! respectively (Table 5.2 and Figure 5.24f).253.268 The negative PC loadings
suggest that the PC 6 negative domains represented regions which were biochemically
distinct from the main cell structure and based on the loadings it was proposed that
these domains represent the cell nuclei (Figure 5.25f). This was consistent with the

raw Raman spectra specifically the DNA band at 786 cm! (Figure 5.24e).

The final combined PC image which represents the general cell contents, lipid rich

regions and the cell nuclei is shown (Figure 5.25g).

5.5.2 2D SERS Imaging of Nanotags
The 2D SERS image was obtained prior to the collection of any cell data and involved
mapping the area highlighted within the white rectangle with a 633 nm excitation

source (Figure 5.26).
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Figure 5.26: False colour SERS nanotag map - a) false colour SERS NBT ER peptide nanotag
image, b) combined false colour Raman and SERS map image and c) representative NBT
spectrum measured from within the cell. (StreamLineHR - Aex = 633 nm, 5% (~ 0.45 mW),

spectral range 493-1648 cm-}, step size x,y 0.5 pm, 0.3s).

The false colour SERS map was generated by performing component DCLS using the
reference standard for the nanotags dually labelled with the ER targeting peptide and
the small molecule NBT. From the false colour SERS map NBT signals were found in

two locations within the cell and a representative spectrum was also observed (Figure
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5.26a and c). The false colour SERS nanotag map can be overlaid with the false colour
Raman cell map because both images were collected from exactly the same region

(Figure 5.26c¢).

When the two images were overlaid the ER labelled nanotags were found within the
lipid rich regions of the cell which potentially could be the ER (Figure 5.26c). However,
it was possible that these lipid rich regions could be indicative of any lipid rich
organelle or vesicle. Similarly, it has been demonstrated that NBT labelled nanotags can
transverse the cell membrane (Figure 4.12 - Figure 4.14) and when they did so they
were located within the general contents of the cell. [t was possible that in this previous
data (section 4.3) set the nanotags were located within lipid rich regions but they were
simply not resolved by the PCA. In addition, in this particular data it was not possible to
determine whether the cell associated nanotags were located within the cell or were
bound to the cell surface. It was demonstrated in the fluorescence analysis that the
peptide sequence did translocate the fluorophore to the correct organelle. Provided
that the bioactivity of the peptide was retained, there was no reason to assume that the

same targeting effect could not be achieved with the peptide labelled nanotags.

In order to definitively determine the intracellular location of the nanotags and for the
resolution of further cell organelles, particularly those of similar composition, it might
be necessary to look at other methods of multivariate analysis including cluster
analysis.?? This has permitted the cellular resolution of the nucleus, cytoplasm, ER, cell
vesicles and the membrane.®3 In another elegant example, Raman spectra were
correlated with immunofluorescent stains to build up a database of organelle specific
spectra. This allowed for the identification of the nucleus, ER, Golgi and mitochondria.?*
Determining organelle specific spectra is probably one of the few ways of definitively

determining and demonstrating organelle specific targeting.

5.6 3D In Vitro Analysis of the Targeting Nanotag Systems
5.6.1 3D Raman and SERS Imaging

Samples were interrogated by Raman mapping using a Renishaw inVia Raman
spectrometer/Leica DM 2500 M microscope. For the Raman measurements, a 532 nm

laser (Cobalt) excitation source was used and cell samples were imaged under
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immersion in a saline solution using an Olympus 60x (N.A. 1) water immersion
objective. A grating of 1800 lines / mm was used with a RenCam CCD (1046 x 256
pixels). For the SERS measurements a 633 nm (HeNe) excitation source was used and
cells were imaged under immersion as described above. The z range was collected from
+6.00 to -1.00 from the point of focus when the cell was observed under white light

illumination (set as z=0).

Acquisition and analysis of the collected data was performed using the WiRE 4 software
package. All PCA analysis was performed in WiRE and a number of pre-processing
steps can be incorporated including mean centring, spectrum centring and
normalisation. False colour Raman maps were generated using PCA analysis and false
colour SERS maps were generated using component DCLS.204¢ The volume 3D Raman
cell and 3D SERS nanotag images were taken directly from the WiRE Volume Viewer
Software. The 2D slices for the Raman images of the cell and the 2D slices for the SERS
images of the nanotags were also taken directly from the Volume Viewer Software. The
individual 2D slices were then combined into a single image using a GNU image

manipulation programme.

5.7 Targeted 3D Optical Imaging of Multiple Targeting SERS

Nanotags in Cells

In order to maximise the information gained it was decided to analyse the multiple
component sample to which both the TGN and ER functionalised nanotags had been

applied.

5.7.1 3D Raman Imaging of Cells

As with previous samples a multiple component positive cell was identified from the
signals of the small molecule reporters on the surface of the nanotags. In this instance
the TGN targeting nanotags were functionalised with MBA and the ER targeting
nanotags were functionalised with NBT. Following identification of the multiple
component positive cell, the sample was interrogated by depth profiling at different z-
depths to roughly determine the cell thickness and the z-slices from which data should

be collected.
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The 3D Raman cell image was then collected by mapping the area highlighted within
the white rectangle (Figure 5.28a-b). As mentioned in 5.6.1 the sample was imaged
under immersion and for this particular data set the step size in the x and y directions
were set at 0.5 pm and in the z direction at 1.0 pm. The z -range was defined as +6.00- -
1.00 pm from the point of focus when the cell was observed under white light
illumination (set as z = 0). Following data collection, the false colour 3D Raman images
were constructed using PCA since it was necessary to determine the localisation of the
nanotags relative to the cell organelles and especially since the resolution of the ER and
the Golgi was required. The PCA conditions included spectrum centring, normalisation
and mean centring. Mean centring was applied because the primary interest was in the
differences between the spectra and also because the raw spectra appeared similar and

had an offset from zero in the y-axis (Figure 5.27).

For the analysed cells ten PCs explained 16.4 % of the variance in the data with PC 1
and both the positive and negative loadings of PC 4 representing the general cell
contents, the lipid rich cell regions and the cell nuclei respectively. PC1 explained
11.5% of the variance in the data and analysis of the PC loadings (Figure 5.27b) and
the band assignments (Table 5.2) revealed that PC 1 was collectively characterised by
Raman bands which could be ascribed to proteins, lipids and DNA. Most notably by the
ring breathing mode of phenylalanine at 1007 cm-1,243.248 the CH,CH3 deformation of
protein and lipid at 1452 cm-1244 and the lipid band of cholesterol at 1671 cm-L. PC 1
represents the general cellular regions and this is consistent with the raw Raman
spectra (Figure 5.27a). When PC 1 was used in the generation of the 3D cell image it

was found to clearly define the structure of the mapped cells (Figure 5.28c and d).

PC 4 explained 0.24 % of the variance in the data. Its characteristics were explained by
the positive peaks in the PC loadings which have been ascribed to lipids most notably
by the cholesterol and fatty acid peaks at 549 and 704 cm-1,268 the lipid peak at 1301
cml, the CH; scissoring/CHz bending lipid peak at 1441 cm-! and the C=0, C=C stretch at
1656 cm! (Figure 5.27c and d).244248,269 As discussed in section 5.5.1., this lipid rich
region could represent either the ER or the Golgi but considering the size and location
it could potentially represent any/or all of the organelles or vesicles of high lipid
content (Figure 5.28e and f). Nonetheless PC 4 positive loadings represent the lipid

rich regions of the cell.
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positive peak labelling which distinguish the lipid rich regions, e) representative Raman

spectrum measured from the nuclei and f) PC 4 loadings negative peak labelling which
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Figure 5.28: White light and false colour volume 3D Raman images of the mapped cells - a)
white light image of the mapped cells, the cells are outlined in red. In a) and b) the white box
indicates the complete 3D Raman analysed area. c) and d) False colour 3D Raman cell image
generated using PC 1 displayed at different angles. e) and f) False colour 3D Raman lipid rich
image generated using PC 4 positive loadings displayed at different angles. g) and h) False
colour 3D Raman nuclei image generated using PC 4 negative loadings displayed at different

angles. In c)-h) the false colour scale bars are shown below the images. (Volume StreamLineHR
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- Aex = 532 nm, 50% (~ 50 mW), spectral range 478-1880 cm, step size X,y - 0.5 pm, z - 1 pm,
1s).

The PC 4 negative domains were described by negative peaks in the loadings and have
been ascribed to DNA, phosphodioxy groups and nucleotides. The DNA peaks occurred
at 752 and 1489 cm'!, while the stretching mode of the phosphodiester backbone was
found at 791 cm-1.248,.270 The band for the phosphodioxy groups occurred at 1096 cm-!
and nucleotide bands were found at 1342 and 1578 cm! (Figure 5.27e and f).251,268
Based on these band assignments it was proposed that the negative PC loadings
represented the cell nuclei and when these loadings were used in the 3D Raman false

colour image they were found to delineate the cell nuclei (Figure 5.28g and h).

5.7.2 3D SERS Imaging of the Targeting Nanotags

The 3D SERS nanotag image of the targeting nanotags was generated prior to the
collection of any cell data by mapping exactly the same area as highlighted (Figure
5.28a and b), but using a 633 nm laser excitation instead. The false colour SERS
nanotag map was generated by performing component DCLS on the collected volume
and although the multiple component sample was analysed signals from only one of the
peptide functionalised nanotag was found within this particular cell (Figure 5.29).
These signals were measured from the MBA/TGN peptide functionalised nanotags

(Figure 5.29).
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Figure 5.29: False colour 3D SERS nanotag image displayed at different angles - the magenta
colour corresponds to the MBA/TGN targeting functionalised nanotags. (Volume StreamLineHR
- Aex = 633 nm, 5% (~ 0.45 mW), spectral range 493-1648 cm, step size x,y - 0.5 pm, z - 1 pm,
0.3s).
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5.7.3 Combined 3D Raman and SERS Targeted Imaging

The two independently collected 3D data sets were then combined in 2 dimensions for
the determination of cellular uptake and localisation of the nanotags relative to the cell
organelles which had been resolved. On close inspection of the z-slices it was possible
to determine that the MBA/TGN functionalised nanotags were found within the cell
since signals were found within all of the z-slices except z-slice +6.00 (Figure 5.30b-g).
The nanotags were predominantly located in lower z-slices and within the lipid rich
regions of the cell. There were some nanotags which were found out with this location
and it was possible that these had just entered the cell, but had not had time to actively
target the TGN (Figure 5.30). None of the nanotags were found within the nucleus but
this was to be expected since they were not actively targeting this organelle. The cell on
the lower left hand side of the image also appeared to be undergoing mitosis as

indicated by the double nucleus (Figure 5.30e-g).
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Z-slice +1.00 has been enlarged since this was considered to be a z-slice from within the
middle of the cell and in which the nanotags can be found within several locations.
Representative spectra for the MBA/TGN functionalised nanotags were extracted from

two of these locations (Figure 5.31).
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Figure 5.31: Enlarged image of z-slice +1.00 and representative SERS spectra from the areas
encircled - a) 2D z-slice nanotag and cells +1.00, b) representative SERS spectrum from the top

spot and c) representative SERS spectrum from the bottom spot.

In both the upper and lower locations from where the representative cell spectra have
been extracted, there was a reasonable fit with the solution standard (Figure 5.31b
and c). In both instances there appeared to be enhancement of the two bands at ~1000
cm! and more obviously the absence of the broad peak at ~ 1372 cm-L. It is proposed
that the absence of this peak may be due to intracellular pH changes. The presence and
absence of this peak has been measured at different pH values when MBA has been
adsorbed on Ag nanoaggregates using surface enhanced hyper Raman scattering
(SEHRS).159 Although this technique is different from the method employed here it
offers one plausible suggestion as to the absence of this peak. In addition, pH changes

were consistent with the shifting of the peak at ~1074 cm! to ~1080 cm-l. The
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technique was also extended to pH measurements in cells and it was found that based
on these measurements, most of the particles had accumulated inside lysosomes.159
The variation in the techniques mean that no conclusive results can be drawn, but it can
be suggested that based on the spectra measured, the targeting nanotags were actually
found within lipid rich vesicles rather than a lipid rich organelle such as the Golgi. The
TGN in CHO cells has a reported pH of ~6273 and if the nanotags were found within this
organelle the peak at 1372 cm'! would be apparent in the SERS spectra.15® With the
absence of any corroborating fluorescence data it is also difficult to suggest that the
nanotags would be expected to target or reside in the TGN and based on the current
data, it is very difficult to demonstrate targeting of the nanotags to specific cell

organelles.

As discussed in section 5.5.2, it was difficult to differentiate between lipid rich
organelles such as the ER, the Golgi, the mitochondria and lipid rich vesicles. In order to
definitively determine the intracellular location of the nanotags, without employing
other techniques, the use of cluster analysis3 or the creation of an organelle specific
spectral databases will undoubtedly become essential. Until then it will be very difficult

to demonstrate organelle specific targeting.

5.8 Conclusions

The demonstrated intracellular detectability of the developed nanotag system in 3D
was an important precedent. However, if the nanotags are to be suitable multi-markers
for the detection of disease processes or drug delivery vehicles then a targeting ability
has to be actively proven. In an attempt to demonstrate a targeting ability, it was
decided to take advantage of the cell logistics for protein cataloguing and peptide
sequences suitable for the targeting of the ER, TGN and the nucleus found within the

literature.”t. 72,74

The peptide sequences had been tested in cell lines different to those used in this study
and in an effort to determine the organelle specificity of the sequences for the specific
cell line used each peptide was conjugated to a fluorophore. If the peptide sequence had
a targeting ability to the organelle then it was expected that it would translocate the
fluorophore to the appropriate cell compartment and when counterstained with an

organelle specific stain, co-localisation of the fluorophores would be observed.
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Organelle specificity was only demonstrated for the ER peptide sequence, the TGN
sequence didn’t exhibit any organelle specificity. This may have been due to the method
of incubation, however despite the lack of demonstrated organelle specificity it was

decided to use the peptide sequence to generate targeting nanotags.

The nanotags were easily functionalised with the ER and the TGN peptide sequences
but with the positively charged nuclear targeting sequences it was difficult to create
stable nuclear targeting nanotags. As a result of this, only the ER and TGN targeting
nanotags were taken forward for cellular studies. This was disappointing since a
nuclear targeting nanotag system would have provided the ‘gold standard’ since, in

both 2 and 3D, the nucleus can be readily resolved by Raman spectroscopy.

Due to instrumental time constraints it was only possible to analyse one sample in 2D
and a further sample in 3D. In an effort to maximise the information gathered an ER
targeting nanotag sample was analysed in 2D and the nanotags were found within the
lipid rich regions of the cell. Similarly when a multiple component sample which had
been exposed to nanotags functionalised with the ER and the TGN peptide sequences
was analysed in 3D, only the TGN labelled nanotags were found within the particular
cell analysed but again these were located within the lipid rich regions. Differentiating
between organelles and vesicles which are both rich in lipids is a notoriously difficult
problem. Whilst the fluorescence data corroborated that the ER peptide sequence was
capable of targeting the ER no such data was available for the TGN peptide sequence. In
both instances it was difficult to definitively determine whether the nanotags had
reached their intended destinations or whether they were located within a lipid rich

vesicle like an endosome or lysosome.

To resolve organelles and vesicles of similar composition, such as the ER, the Golgi, the
mitochondria, endosomes and lysosomes it may be necessary to employ multivariate
methods such as hierarchical cluster analysis or develop a database of organelle
specific spectra using the boundaries from immunofluorescent stains as a guidance to

the organelle location.?3. 94
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Chapter 6 Conclusions

In the initial stages of investigation a range of commercial nanotags were investigated
as suitable multi marker imaging agents for in vitro experiments. These nanotags
performed excellently both in suspension and in cell experiments. In each instance it
was possible to identify the specific combination of nanotags that were present. The
nanotags were identified from the unique combination of peaks produced by each of
the reporter molecules and using the multivariate analysis method, component DCLS, it
was possible to positively identify each of the nanotags present within a multiple
component sample. The maximum number of components which could be detected in a
single cell was four nanotags. However, this was the maximum which was applied to
the cell populations and it is likely that further components could be detected within a
single cell if the number of individually labelled nanotags was increased. The next stage
of investigation would have involved imaging the cells and nanotags in 3D but,
unfortunately for commercial reasons, further work with the nanotags could not be

continued.

Additional investigations were required to find suitable imaging alternatives. A range of
colloidal materials were labelled with small molecule reporters but variable results
were obtained. With the Ag nanoparticle suspensions measurable signals were only
observed when the suspensions were forcibly aggregated with a salt agent, whilst the
Au suspensions aggregated uncontrollably with addition of the small molecule
reporters. Uncontrolled aggregation is undesirable for cell investigations since
excessively large aggregates are incapable of crossing cell membranes. However, it was
clear than some form of aggregation would need to be implemented if optically strong
imaging agents were to be developed. Within the literature a method for ‘controllably’
aggregating the nanotags was found. The nanoparticles were cross-linked with 1,6-
HMD and the aggregation reaction was subsequently dampened by the addition of the
polymer, PVP.9 At this stage the nanotags could be labelled with virtual any reporter
molecule but a range of small molecules were implemented. It was necessary to
optimise several conditions and the final nanotag system consisted of Ag citrate
controllably aggregated with 0.2 mM 1,6-HMD, polymer coated with 41.7 uM PVP and
labelled with either 10 uM MBA, NBT, SERS-403 and 2-NPT or 50 uM MPY or DTNB.
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Additional stability was added to the system by the introduction of PEG. The nanotag
stock solution was prepared as previously described and PEG was then added at 2 nM.
This solution was agitated for 30 min before the small molecule reporters were added
at 200 uM and again the solution was allowed to agitate for 30 min before the final
addition of PEG at 20 pM. Purification of both nanotag systems was achieved by
centrifuging at 5000 rpm for 10 min, supernatant removal and pellet resuspension with

dH:0.

A multiple component sample consisting of MPY, DTNB, NBT and 2-NPT labelled
nanotags was developed for cell investigations. Each of the individually labelled
nanotags was identified by their unique peak and component DCLS analysis. In the final
cell studies it was possible to identify 3 components (MPY, DTNB and NBT) of the
multiple component sample within a cell. At the time this marked an increase in the

number of nanotags which could be detected simultaneously within a single cell.

Nanotag uptake and intracellular localisation can be difficult to determine without
using conventional techniques such as TEM. The concept of combined 3D Raman and
SERS imaging was proposed as an alternative for the simultaneous identification of
multiple components and confirmation of cellular uptake. A proof of concept
experiment was devised and it was determined that it was possible to combine the 3D
Raman cell map with the 3D SERS nanotag map for nanotag identification and
confirmation of cell uptake. However, it was only possible to identify one nanotag
confidently within a single cell and the resolution of the nanotags was poor. In an effort
to improve the resolution and the number of nanotags identifiable numerous
improvements were made. The nanotags were PEGylated to improve stability and the
images were collected with a microscope objective with a higher N.A. This can allow for
the collection of higher resolution images since it is possible to collect the light from a
wider angular range. With these improvements it was possible to detect three nanotags
(MPY, DTNB and NBT) within a single cell in 3D, thus confirming identification and
uptake. The nanotags were found to co-localise with one another and in accordance
with this co-localisation cumulative cell signals arose. That is SERS signals from each of
the nanotags within a specified location were observed. The application of PCA also
resulted in the resolution of a major cell organelle without the need for any cell staining

or any other specialised sample preparation. The ability to detect multiple imaging
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agents within a single cell in 3D will be invaluable for range of applications where

disease states or processes are to be detected and characterised fully.

The development of multi-marker nanotags and their subsequent detection in 3D were
key steps in the progression of a system which could potentially be used for in vivo
disease detection. However, until sensitive and selective targeting can be demonstrated
the system is limited in the applications to which it can be applied. In order to
specifically target cell organelles the nanotags were functionalised with peptides, each
of which had a reported specificity towards a particular cell organelle (ER, TGN and
nucleus). The nanotags were successfully functionalised with the ER and TGN
sequences but unfortunately they could not be functionalised with the nuclear
sequences. This was due to unfavourable electrostatic attractions between the
positively charged peptide sequences and the negatively charged nanotags. The ER
functionalised nanotags were applied to a cell population and when they were analysed
in 2D they were located within lipid rich regions of the cell. Similarly, when cells
exposed to ER and TGN functionalised nanotags were analysed in 3D, the TGN nanotags
were also located within lipid rich regions of the cell. However, it was impossible to
definitively determine if these lipid rich regions were the ER and TGN since a range of
organelles including the ER, TGN, mitochondria and other vesicles are known to be
lipid rich. In order to determine specific organelle targeting the implementation of
further chemometric methods will be required to resolve organelles of similar

composition.
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Chapter 7 Future Work

In the 2D cell experiments it was clear that the uptake of the nanotags wasn’t uniform
across the cell population and the investigation could benefit from an uptake study.
This is important for many reasons especially as it could potentially provide the
optimum concentration at which the nanotags should be applied to the cell population
so that their uptake is more uniform across individual cells and the entire population.
The uptake study could be performed for each of the individually labelled nanotags and
for the multiple component samples, to determine if the uptake within the mixed
sample is competitive, co-operative or independent. With some careful manipulation
the method of uptake (i.e. clathrin or caveolae endocytosis) could also be determined
and this could benefit the targeting experiment. Depending on the method of uptake
the nanotags may become trapped within the endolysosomal network. Knowledge of
this could allow for the design of more sophisticated nanotags capable of escaping this

pathway and directly reaching their targets.

For the 3D cell experiments further data could be collected for the nanotags in cells to
determine how representative the current data sets are. Further comparisons should
be made between the PEG and normal nanotags to determine if pegylation is
responsible for the improved uptake and co-localisation. 3D Raman imaging is a useful
technique for studying cellular architecture and this could be expanded to study several
processes where the cell architecture is known to change considerably such as mitosis
and apoptosis or between undifferentiated and differentiated stem cells. In addition,
since the cellular architecture can change considerably between diseased and healthy
cells, 3D Raman imaging could be used to provide an understanding of these changes.
Drug delivery and the subsequent effect on the cell architecture could also be studied in
this way. Similarly, the process of drug delivery and distribution throughout a cell could

be monitored using the 3D methods.

For the targeting experiments there is a real need to develop a nuclear targeting
system. This represents the ‘gold standard’ since selective targeting of this organelle
can be readily confirmed by resolution of the nucleus by Raman spectroscopy. One

possible option is to coat gold nanoparticles with PEI since in a previous study they did
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not aggregate excessively. This would provide a positive surface for the peptide to bind
to and the unfavourable electrostatic attractions would be eliminated. The resolution of
further cell organelles is required and additional chemometric methods should be
investigated for this purpose, in particular cluster analysis. The development of an
organelle specific Raman database is another possible option for the resolution of the
organelles. Until organelle specific data has been obtained and in the absence of any
corroborating fluorescence data, specific organelle localisation of the targeting
nanotags will be difficult to confirm. If organelle targeting can be demonstrated this
method could be adapted to measure organelle or vesicle pH. MBA and MPY are both
pH sensitive molecules and the ratiometric change indicated by their spectral profiles
can be used as a measure of pH. Knowledge of both could be helpful in the design of
more suitable nanotags, especially if they are presented with extremes of pH. For
example, the nanotags could be coated with a protective layer which facilitates passage
across the cell membrane whilst protecting the targeting entity. This protective layer
could be tuned so that it degrades at a specific point exposing the targeting moiety and

allowing the nanotag to continue on its targeting journey.
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Chapter 8 Experimental

8.1 Instrumentation

UV-Visible Absorption Spectroscopy

e Varian Cary® 300 Bio UV-visible spectrophotometer

Dynamic light scattering and Zeta potential measurements

e Malvern Zetasizer Nano Zs

SEM Imaging

e Sirion 200 Schottky field emission electron microscope

Raman and SERS Imaging
e Strathclyde - Renishaw inVia Raman spectrometer/Leica DMI 5000 M inverted
microscope
e Renishaw plc - Renishaw inVia Raman spectrometer/Leica DM 2500 M

microscope

Lasers
e 532 nm excitation - Argon ion laser
e 633 nm excitation - HeNe laser

e 785 nm excitation - Laser diode

Fluorescence Microscopy
e Nikon Eclipse LV100 microscope and Photometrics CoolSNAP HQ camera
e Semrock FITC 350B-NTE filter cube
e Semrock TEXAS RED 4040B-NTE filter cube

e Metamorph® Microscopy Automation and Image Analysis Software
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8.2 Buffer Preparation

8.2.1 Phosphate Buffer (60 mM)
0.02880 g of NaH,PO4 and 0.3407 g of Na;HPO4 were individually dissolved in 40 mL

dH>0. The desired pH solution was prepared by mixing various ratios of the two salt
solutions. Working concentrations of the buffer were prepared by diluting the stock

with dH:0.

8.2.2 HEPES Buffer (1M)

23.8 g of 4-(2-hydroxyethyl)-1-piperazineethancesulfonic acid (HEPES) powder was
dissolved in 70 mL dH;0. NaOH (1 M) was used to pH adjust the solution to pH 7.5. The
volume was increased to 100 mL with dH»0. Working concentrations of the buffer were

prepared by diluting the stock with dH-O.

8.2.3 MES Buffer (0.5 M)

9.76 g of 2-(N-morpholino)ethanesulfonic acid (MES) powder was dissolved in 80 mL
dH»0. NaOH (1 M) was used to pH adjust the solution to pH 6.0. The volume was
increased to 100 mL with dH»,0. Working concentrations of the buffer were prepared

by diluting the stock with dH-O0.

8.3 Colloidal Suspensions

8.3.1 Commercial SERS Nanotags
SERS nanotags (Nanoplex Biotags - Cabot Corporation) were used as supplied (20x).

For the cell experiments the nanotags were diluted to a working concentration (0.5x)

using dH,0, 125 pL (20x) in 5 mL dH-0.

8.3.2 Preparative Steps for Colloid Synthesis

Prior to any colloid preparation the appropriate glassware; 3 parallel necked round
bottom flask (1 L), 500 mL glass beaker, glass link stirrer, thermometer, 500 mL and 10
mL measuring cylinders were soaked in aqua regia (HCI:HNOs3, 3:1 v/v) for 1-2 h. The
glassware was then rinsed with dH,0 into a large beaker. The rinsing’'s were
neutralised with sodium carbonate before being washed down the sink with excess

water.
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8.3.3 Preparation of Citrate Reduced Silver Colloid

Citrate reduced Ag colloid was prepared according to the Lee and Meisel method32
whereby 90 mg of silver nitrate was added to 500 mL dH»0 and heated until boiling.
Upon boiling a 1% aqueous solution of sodium citrate (100 mg in 10 mL dH,0) was
added and boiling was maintained for 1 h. The solution was allowed to cool and

continuous stirring was maintained throughout.

8.3.4 Preparation of Hydroxlamine Reduced Silver Colloid
Sodium hydroxide (0.01199 g) and hydroxylamine hydrochloride (0.0104 g) were
added to 90 mL dH;0 and stirred vigorously. Silver nitrate (0.0169 g in 10 mL dH:0)

was added to the mixture and the solution was left to stir for 15 min. 274

8.3.5 Preparation of Borohydride Reduced, Citrate Stabilised Silver

Colloid

A solution of sodium citrate (0.00306 g in 396 mL dH;0, 0.3 mM) and sodium
borohydride (0.01497 g in 396 mL dH:0, 1 mM) were vigorously stirred on an ice bath
for 1 h prior to the rapid addition of silver perchlorate monohydrate (0.009012 g in 4
mL dH;0, 0.01 M).275 The solution was continuously stirred for 1 h to ensure the
preparation of monodisperse colloids. A colour change is observed on addition of the

silver salt, from colourless to a vivid yellow colour.

8.3.6 Preparation of Citrate Reduced Gold Colloid

Citrate reduced Au colloid was prepared according to the method described by
Turkevich, Stevenson and Hillier3s whereby 50 mg of sodium tetrachloroaurate was
added to 500 mL dH;0 and heated until boiling. Upon boiling a 1% aqueous solution of
sodium citrate (75 mg in 7.5 mL dH,0) was added and boiling was maintained for 15
min. After this the solution was allowed to cool and continuous stirring was maintained

throughout.

8.4 Nanotag Preparation

8.4.1 Nanotag System

The nanotag stock solution was prepared by reacting 10 mL Ag citrate colloid with 10

uL 1,6 -HMD (0.0232 g in 1 mL dH;0, 0.2 M) for 3 min. 2 mL PVP (50 mg in 5 mL dH:0,
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10 mg/ mL or 250 uM) was added to slow down the aggregation. 999 or 995 pL
aliquots were removed and labelled with the appropriate small molecule reporter at
the appropriate concentration (see below). The individual nanotag suspensions were
left to agitate overnight and the samples were purified by centrifuging at 5000 rpm for
10 min. The supernatant was removed and the pellet was re-suspended by the addition

of 1 mL dH-O0.

8.4.1.1 Small Molecule Reporter Concentrations
10 pM final concentration

MBA (1 pL (10 mM), 0.0077 g in 5 mL MeOH)

NBT (1 pL (10 mM), 0.0077 g in 5 mL MeOH)
SERS-403 (1 pL (10 mM), 0.0089 gin 5 mL in MeOH)
2-NPT (1 pL (10 mM), 0.0080 g in 5 mL in MeOH)

50 puM final concentration
MPY (5 pL (10 mM), 0.0055 gin 5 mL in MeOH)
DTNB (5 pL (10 mM), 0.0198 g in 5 mL in MeOH)

The final optimised nanotag system consisted of Ag citrate colloid aggregated with 0.2
mM (final concentration) 1,6-HMD, polymer coated with 41.7 pM (final concentration)
PVP and labelled with either 10 uM (final concentration) of MBA, NBT, SERS-403 or 2-
NPT or 50 pM (final concentration) of MPY or DTNB.

8.4.2 Stabilised Nanotag System

The nanotag stock solution was prepared as described in section 8.4.1 940 pL aliquots
were removed and labelled with 20 pL carboxymethyl-polyethylene glycol-thiol
(COOH-PEG-SH - ~ 5000 MW, 0.0025 g in 500 pL dH0, 2 nM final concentration). This
solution was allowed to agitate for 30 min before 20 pL of the appropriate small
molecule reporter (10 mM stock solutions see above, 200 pM final concentration) was
added and this solution was allowed to agitate for 30 min before a final 20 uL addition
of COOH-PEG-SH (20 uM final concentration). The individual nanotag suspensions were
left to agitate overnight and the samples were purified by centrifuging at 5000 rpm for
10 min. The supernatant was removed and the pellet was re-suspended by the addition

of 1 mL or 500 pL dH:O0.
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8.4.3 ER and TGN Peptide Stabilised Nanotag Systems

The nanotag stock solution was as described in section 8.4.1. 970.2 uL aliquots were
removed and labelled with 9.8 uL of either the ER (0.1 mM solution diluted from 1 mM
stock solution - 0.00125 g in 1 mL dH20) or the TGN (0.1 mM solution diluted from 1
mM stock solution - 0.00154 g in 1 mL dH»0) peptide. The final peptide concentration
was 1 pM. The solution was allowed to agitate for 30 min before 20 pL of the
appropriate small molecule reporter (1 mM solution diluted from the 10 mM stock
solution) was added. The stock solutions for the small molecule reporters are listed in
section 8.3.1.1 and the final reporter concentrations was 10 pM. The individual nanotag
suspensions were left to agitate overnight and the samples were purified by
centrifuging at 5000 rpm for 10 min. The supernatant was removed and the pellet was

re-suspended by the addition of 1 mL or 500 pL dH-O0.

8.4.4 Nuclear Peptide Stabilised Nanotag System
8.4.4.1Nucleur Peptide Stabilised Nanotags - refer to section 5.3.2.1 - 5.3.2.3

Nanotags were initially stabilised with nuclear peptide sequences according to the
standard protocol described in section 8.3.2 with the exception that PEG was replaced
with pre-mixed solutions of both nuclear peptides at the specified concentrations
(section 5.3.2.1). Increased and decreased peptide concentrations of the nuclear
peptides were investigated. For the experiments using elevated concentrations of the
nuclear peptides (section 5.3.2.2) the nanotags were only labelled with the peptide
sequences to give final peptide concentrations ranging from 1 - 100 uM on the nanotag
surface. For the decreased peptide concentration experiments (section 5.3.2.3) the
nanotags were prepared according to the procedure described in section 8.3.2 but the
PEG was replaced with pre-mixed solutions of both nuclear peptides and for the final

peptide addition the concentrations ranged from 20 pM - 2 nM.

8.4.4.2 Positively Charged Nanoparticles/Nanotags - refer to 5.3.2.4

Nanotags were prepared according to the procedure described in section 8.3.2 but the
PEG was replaced with pre-mixed solutions of both nuclear peptides at the specified
concentrations. Polyethylamine (PEI) was added to the surface of unfunctionalised
nanoparticles and the prepared nanotags to give final concentrations ranging from 2 x
10-4 - 2 x 10-6 %. PEI solutions were prepared by diluting the 2 % stock solution (0.1 g
in 1 mL) with dH;0.
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8.4.4.3 Bioconjugation of the Peptide - refer to 5.3.2.5

Nanotags were prepared according to the protocol described in section 8.3.2. 950.4 pL
aliquots were removed and were labelled with 9.6 uL small molecule reporter (1 mM
diluted from 10 mM stock to give 10 pM final concentration). Samples were left to
agitate for 10 min before 40 pL PEG (PEGesss or PEGsooo 1 mM to give 40 uM final
concentration) was added and samples were left overnight. Nanotags were purified by
centrifuging at 5000 rpm for 10 min, the supernatant was removed and the pellet was
re-suspended with 40 pL NHS (1 mg/mL in 10 mM MES buffer) and 20 pL EDC (1
mg/mL in 10 mM MES buffer). The sample volume was increased to 1 mL with 10 mM
MES buffer. The samples were allowed to agitate for 30 min at room temperature
before the sample was centrifuged at 5000 rpm for 10 min. The supernatant was
removed and the pellet was re-suspended with 10 pL. NLS/RME combined peptide
sequences (1 mM - 10 uM final concentration) and the sample volume was increased to
1 mL with 10 mM HEPES buffer. Samples aggregated upon peptide addition and full re-

suspension.

8.4.4.4 Prestabilisation of the Nanotag Surface - refer to 5.3.2.6

Nanotags were prepared according to the protocol described in sections 8.3.2. 940 pL
aliquots were removed and were labelled with either 20 pL PEGsooo or the nuclear
peptide sequences (1 uM). Samples were left agitating for 10 min before 20 pL of the
appropriate small molecule reporter was added (1 pM). Samples were again left to
agitate for a further 10 min. In the final addition step 20 puL PEGsooo or the nuclear
peptide sequences whichever had not been added in the first addition were added to
the nanotag suspension. The individual nanotag suspensions were left to agitate
overnight and the samples were purified by centrifuging at 5000 rpm for 10 min. The
supernatant was removed and the pellet was re-suspended by the addition of 1 mL

dH:0.

8.5 Cell Preparation

8.5.1 Preparation of Materials for Cell Culture

Phosphate buffered saline (PBS) for cell culture was prepared by dissolving a PBS
Dulbecco A tablet in 100 mL dH>O which had been sterilised by autoclaving. The PBS

solution was also autoclaved prior to use.
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8.5.2 Macrophage and Dendritic Cell Preparation

Macrophage and dendritic cells obtained from Balb/C mice were routinely grown in
Rosewell Park Memorial Institute (RPMI) medium supplemented with L-glutamine (1
%) and penicillin/streptomycin (1 %) at 37 °C in a humidified 5 % CO2atmosphere.
After reaching confluence, cells were harvested and seeded at 2 x 105 cells per well in a
24-well sterile tissue culture plate to which 13 mm round glass coverslips had been
previously applied. The cells were incubated overnight at 37 °C, 5 % CO: in order to
allow the cells to adhere to the coverslips. The appropriate nanotag solutions were
added to the cells and incubated for 90 min. Following incubation and in order to
remove any extracellular material the cells were washed four times with PBS before
fixation with methanol. After 15 min the coverslips were washed consecutively with
PBS and dH:0. After fixation the coverslips were air dried for ~ 2 h before being

mounted on labelled slides using distyrene-plasticiser-xylene (DPX) mountant.

8.5.3 HeLa and CHO Cell Preparation
HeLa and CHO cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) with

heat-inactivated foetal bovine serum (10 %), L-glutamine (1 %) and
penicillin/streptomycin (1 %) at 37 °C in a humidified 5% CO; atmosphere. After
reaching confluence, cells were harvested and seeded at 2 x 105 cells per well in a 24-
well sterile tissue culture plate to which 13 mm round glass coverslips had been
previously applied. The cells were incubated overnight at 37 °C, 5 % CO: in order to
allow the cells to adhere to the coverslips. The appropriate nanotag solutions were
added to the cells and incubated for 1 h. Following incubation and in order to remove
any extracellular material the cells were washed four times with PBS before fixation
with paraformaldehyde (4 %). After 15 min the coverslips were washed consecutively
with PBS and dH-0. After fixation the coverslips were air dried for ~ 2 h before being

mounted on labelled slides using DPX mountant.

Glass microscope slides and coverslips can interfere with spectral measurements and
for the 3D data sets cells were grown on CaF; windows. The same procedure as used
for the preparation of the coverslip samples was adhered too including the fixation

protocol but there was no need for sample mounting.
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In a further modification and for the minimisation of non-specific binding the cells were
cultured as above but upon reaching confluence the cells (0.5 mL, 4 x 10¢ cells per mL)
were transferred to a T25 tissue culture flask with 5 mL of the appropriate media and
100 pL of the appropriate nanotag suspension. The flask was left for 24 h and after this
the cells were washed with the remaining cell media by gently agitating the flask for 5
min. The cell media was discarded and the cells were washed with PBS (1 mL) for a
further 5 min, the PBS was discarded and the wash procedure repeated. The cells were
removed from the flask with trypsin (2 mL) and this reaction was quenched by the
addition of cell media (3 mL). 2 mL aliquots were removed and incubated with CaF»
windows for 24 h. Following incubation the cells were washed four times with PBS
before fixation with paraformaldehyde (4 %). After 15 min the coverslips were washed
consecutively with PBS and dH;0. After fixation the coverslips were air dried for ~ 2 h

before being mounted on labelled slides using DPX mountant.

8.5.4 Cell preparation for Toxicity Testing

8.5.4.1 Replicating Direct Nanotag Incubation on Coverslips

CHO cell samples were prepared according to the procedure described above whereby
cells were seeded at 2 x 105 cells per well in a 24-well sterile tissue culture plate. 300,
200 or 100 pL of the appropriate nanotag suspension was added for 1 h and a portion
of this cell/nanotag mixture was removed and added to a 96-well plate for analysis on
the fluorimeter. Samples were prepared in triplicate for each of the nanotag
concentrations and for each of the nanotag labels including a multiple component
sample. AlamarBlue® reagent was added to each well and samples were incubated at
37 °C for 4 h. After 4 h the produced fluorescence was measured. To the same wells
Sytox® Green was added and samples were incubated for 10 min at 37 °C and the

fluorescence signal was also measured.

8.5.4.2 Replicating Nanotag Incubation in Culture Flasks

Nanotag samples prepared by directly incubating the nanotags in tissue culture flasks
with the cells were prepared according to the procedure described in section 8.5.3.
Upon reaching confluence the cells (0.5 mL, 4 x 10¢ cells per mL) were transferred to a
T25 tissue culture flask with 5 mL of the appropriate media and 300, 200 or 100 pL of
the appropriate nanotag suspension. The flask was left for 24 h and after this the

procedure as described in section 8.5.3 was replicated. Aliquots were removed and

216



added to a 96-well plate for analysis on the fluorimeter. Samples were prepared in
triplicate for each of the nanotag concentrations and for each of the nanotag labels
including a multiple component sample. AlamarBlue® reagent was added to each well
and samples were incubated at 37 °C for 4 h. After 4 h the produced fluorescence was
measured. To the same wells Sytox® Green was added and samples were incubated for

10 min at 37 °C and the fluorescence signal was measured.

8.6 Stability and Characterisation Measurements

8.6.1 UV-Visible Absorption Spectroscopy

UV-visible absorption spectra were measured on the instrument listed in section 8.1
using 1 cm path length cells. A dH,0 blank was run prior to any sample analysis to
establish a baseline. Sample analysis was carried out with an appropriate volume of the
colloidal suspension diluted to 2 mL with dH;0. UV-visible spectra were normalised to

the absorption maxima.

8.6.2 Dynamic Light Scattering (DLS) and Zeta potential

DLS measurements were recorded using the instrument listed in section 8.1 using 1 cm
path length cell. DLS was used to determine the size of the nanoparticles within the
suspension and to observe the size effects of functionalising the nanoparticle surface.

Sample analysis was carried out with 1 mL of the appropriate suspension diluted to 2

mL with dH;0.

Zeta potential measurements were carried out in an identical manner to the DLS except

a 1 cm path length dip cell was used with 600 pL of the appropriate sample.

8.6.3 SEM Imaging

Silicon wafers were cleaned using water and ethanol before being dried under nitrogen
flow. Wafers were placed in an oxygen plasma cleaner for 60 s before treatment with
poly(diallyldimethylammonium) chloride (PDDA) (50 uL) - (30 uL PDDA in 1 mL 1
mM NaCl). The PDDA provides a positive surface to which the negatively charged
nanoparticles can adhere. Wafers were left for 30 min before being washed with
distilled water and dried under nitrogen flow. 50 pL of sample was deposited on to a

wafer and allowed to rest for 30 min. The solution was then removed and the wafers
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were again washed with distilled water and dried under nitrogen flow. The samples

were analysed using the instrumentation outlined in section 8.1.

8.6.4 Gel Electrophoresis

1 g agarose was dissolved in 100 mL Tris Borate EDTA (TBE) buffer (1x diluted from
10 x stock) by heating. The gel solution was cooled, poured and allowed to set. The gel
was added to the electrophoresis tank, the tank was filled and the gel was completely
covered with 1x TBE buffer. The samples were prepared according to the particular
method of nanotag preparation and were purified by centrifuging at 5000 rpm for 10
min. The supernatant was removed and the pellet was re-suspended with 50 pL
phosphate buffer (10 mM, pH 7.6). A 10 pL aliquot was removed and mixed with 1 pL
6x loading buffer, the sample was then loaded into a well in the gel. A 160 mV voltage

was applied to the gel and the gel was run for ~ 30 min.

8.7 Spectroscopic Measurements and Imaging

8.7.1 Solution Measurements of the SERS Nanotags
Solution measurements of the commercial SERS nanotags were made using a 785 nm
probe system and 1 cm path length cells. The exact experimental conditions are

specified in figure captions. Both static and extended scans were performed.

Synthesised nanoparticle suspensions were analysed using a Renishaw inVia Raman
spectrometer / Leica DMI 5000 M microscope and a 633 nm laser excitation source.
Aliquots of the appropriate solution were added to glass vials and analysed with the
inverted laser system. The exact experimental conditions are specified in figure

captions and both static and extended scans were performed.

8.7.2 2D SERS Imaging of Nanotags and Cells

Fixed cell samples were imaged in 2D according to the experimental conditions
specified in the figure captions. Line mapping and high resolution imaging were
performed according to the standard protocols described in TM10 - StreamLine
imaging*3 and TM9 - StreamLineHR imaging technical notes.** The instrumental setup

used (see section 8.1) is specified in the main body of the text.
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8.7.3 Volume 3D Raman Imaging of Cells

Multiple component positive cells were imaged in 3D according to the standard
protocol described in TM11 - 3D Imaging,276 using the conditions and setup specified in
the figure captions and the main body of the text. For the observation of intrinsic

Raman cell signals a 532 nm laser excitation source was used.

8.7.4 Volume 3D SERS Imaging of Nanotags

Multiple component positive cells were imaged in 3D according to the standard
protocol described in TM11 - 3D Imaging,276 using the conditions and setup specified in
the figure captions and the main body of the text. For the observation of SERS specific

nanotag signals a 633 nm laser excitation source was used.

8.7.5 Production of 3D Volume Images and 2D z-slice Images

Volume 3D Raman cell and SERS nanotag images were extracted directly from the
WIRE (version 3.4 or 4.0) Volume Viewer Software. Images were cropped with
Microsoft Office Picture Manager and the original labels on the x, y and z axes were

replaced with textboxes in Microsoft Office PowerPoint to increase clarity.

The 2D slices for the Raman images of the cell and the 2D slices for the SERS images of
the nanotags were taken directly from the Volume Viewer software. Images were
cropped with Microsoft Office Picture Manager and the original labels on the x, y and z
axes were replaced using textboxes in Microsoft Office PowerPoint to increase the
clarity. The individual 2D slices were then combined into a single image using a GNU

image manipulation programme.

8.7.6 Data Analysis

False colour Raman and SERS map images were derived using a number of uni-variate
and multivariate analysis methods according to the standard protocols described in
TM14 - Multi-file data analysis (uni-variate)203 and TM15 - Multi-file data analysis
(multivariate).20* The data analysis methods were in-built to the WiRE software and
were accessed using the same interface as that employed for data collection. Signal to
baseline maps as the name suggests is a method by which to monitor signal intensity

within a specified range, the limits of which are set by the operator.
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Component DCLS SERS map images were derived and are typically used ‘when
reference spectra are available for all of the components in the multiple component
sample (i.e. the solution standards). The DCLS method involves fitting the unknown data
(collected during mapping) to a linear combination of the specified component spectra
(the reference spectra for each of the nanotag suspensions). If there is a good spectral fit
between the reference and the collected spectra a false colour is assigned and each
reference spectrum is used to create separate false colour images. Associated with each
false colour image is a look up table (LUT) and the minimum and maximum values of the

LUT can give an indication towards the degree of spectral fit’.20¢

PCA derived Raman cell images were created using the in-built WiRE chemometrics
package. With this function there are a number of pre-processing steps which can be
applied and include scaling and mean centring. The other PCA parameters such as the
number of PCs are selected by the operator. The employed conditions are dependent on

the data set and will vary from scenario to scenario.204

8.8 Preparation of Fluorescent Peptide Sequences and
Fluorescence Microscopy Measurements

8.8.1 Fluorophore Conjugation

4.5 pL of the appropriate peptide (100 uM) was added to 495.5 puL. HEPES buffer (100
mM). To this 100 pL Texas Red® C2 maleimide fluorophore was added dropwise whilst
the solution was stirred. This mixture was left to react at 4 °C overnight. The sample
was purified by solvent extraction whereby the peptide/dye mixture was added to the
solvent mixture (2 mL chloroform, 1 mL dH,0 and 50 pL acetic acid) in a 25 mL
separating flask. The mixture was vigorously agitated in order to separate the free dye
from the peptide/dye conjugate and in order to separate the individual components
into their respective phases. The unreacted dye partitioned into the chloroform phase
whilst the peptide partitioned into the water phase. The chloroform extract was run-

off, collected and the extraction was repeated 6x. The remaining extract was removed.

The purity of the conjugates was verified by TLC on silica 60 plates using a suitable

solvent system (chloroform:methanol:acetic acid:water - 25:15:3:2 v/v). The water
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extract was dried and conjugation was confirmed by MALDI mass spectrometry which

was performed by technical staff (Appendix VI - Appendix X).

8.8.2 ER Specific Peptide Sequences and Cell Experiments

The ER peptide/dye extract was diluted to 5 mg/mL (594 pL peptide/dye extract in 8
mL 406 pL. 100 mM HEPES) and 1 mL aliquots were incubated with CHO cells grown on
CaF; windows (see section 8.4.3) for specified periods of time (0 - 30 min) at 37 °C, 5 %
CO2. The cells were washed 2x with PBS and the cells were counter stained with 1 mL
aliquots of ER tracker™ Green (1 uM final concentration - 10 pL (1 mM) in 9 mL 990 uL
Hank’s balanced salt solution (HBSS)) at 37 °C, 5 % CO: for 30 min. After this the cell
stain was removed and the cells were washed twice with 1x PBS for 5 min. The cells
were fixed with paraformaldehyde (4 %) at 37 °C for 2 min. After fixation the cells were
consecutively washed with 1x PBS and dH:0 for 5 min intervals. The samples were left
to air dry and were then analysed using the instrumentation and filter sets specified in

section 8.1.

8.8.3 TGN Specific Peptide Sequences and Cell Experiments

The TGN peptide/dye extract was diluted to 5 mg/mL (594 pL peptide/dye extract in 8
mL 406 pL. 100 mM HEPES) and 1 mL aliquots were incubated with CHO cells grown on
CaF; windows (see section 8.4.3) for specified periods of time (0 - 30 min) at 37 °C, 5 %
CO;. The cells were washed with HBSS and the cells were counter stained with 1 mL
aliquots of Golgi BODIPY® FL Cs-ceramide (5 pM - 10 pL in 1 mL HBSS diluted from 0.5
mM stock solution) at 4 °C for 30 min. After this the cell stain was removed and the cells
were washed 2x with ice cold media (DMEM) before fresh media was added and the
samples were incubated for a further 30 min at 37 °C. The media was removed and the
cells were fixed with paraformaldehyde (4 %) at 37 °C for 2 min. After fixation the cells
were consecutively washed with 1x PBS and dH;0 for 5 min intervals. The samples
were left to air dry and were then analysed using the instrumentation and filter sets

specified in section 8.1.
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Appendix I: Representative SERS spectra for each of the small molecule labelled nanotags. Spectra were offset for illustrative purposes and as no major
peaks used for identification were observed below 800 cm or above 1800 cm™ the spectra were truncated accordingly. The left spectra represent the

nanotags in water and the right in cell media (Aex = 532 nm edge, 1 % (0.159 mW), extended scan, 800-1800 cm-, 10 s).
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Appendix II: Representative SERS spectra for each of the small molecule/PEG labelled nanotags. Spectra were offset for illustrative purposes and as no major
peaks used for identification were observed below 800 cm or above 1800 cm™ the spectra were truncated accordingly. The left spectra represent the

nanotags in water and the right in cell media (Aex = 532 nm edge, 1 % (0.159 mW), extended scan, 800-1800 cm-, 10 s).
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Appendix III: Representative SERS spectra for each of the small molecule labelled nanotags. Spectra were offset for illustrative purposes and as no major

peaks used for identification were observed below 800 cm or above 1800 cm™ the spectra were truncated accordingly. The left spectra represent the

nanotags in water and the right in cell media (Aex = 785 nm edge, 10 % (45 mW), extended scan, 800-1800 cm-, 10 s).
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Appendix IV: Representative SERS spectra for each of the small molecule/PEG labelled nanotags. Spectra were offset for illustrative purposes and as no
major peaks used for identification were observed below 800 cm-! or above 1800 cm-! the spectra were truncated accordingly. The left spectra represent the

nanotags in water and the right in cell media (Aex = 785 nm edge, 10 % (45 mW), extended scan, 800-1800 cm-, 10 s).
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Appendix V: Representative SERS spectra for each of the components used in the synthesis of the nanotags and in the culture of cells. Spectra were offset for
illustrative purposes and as no major peaks used for identification were observed below 500 cm! or above 1700 cm! the spectra were truncated accordingly.
The left spectra represent the nanotag components and the right the components used in cell culture (Aex = 633 nm edge, 100 % (6.6 mW), static scan, 492-

1728 cm1, 1s).
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Appendix VI: MALDI-MS of the unconjugated dye Texas-Red.
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Appendix VII: MALDI-MS of the unconjugated ER peptide.

246




Y%Int.

100]
90

801
701
60
501
40
301
201

104

0]

36 mV[sum= 2275 mV] Profiles 1-64 Unsmoothed

Data: 14january\pk_TGNpeptide_cyano_ref pos0002.3D1[c] 31 Jan 2014 17:38 Cal: 3 PEP MIX 31 Jan 2014 17:30
Shimadzu Biotech Axima CFR 2.8.3.20080616: Mode reflectron, Power; 96, P.Ext. @ 1500 (bin 121)

1538.55
Dat: 14januanipk T GNpeptide_oyano_ref_posD002.3D1[c] 31 Jan 2014 17:38 Cal: 3PEP MIX 31 Jan 24
Shimadzu Biotech Axima CFR 2 8.3 2008061 Mode efledron, Power: 36, P Ext. @ 1500 (bin 121)
%int. 38 mV[im=2275m¥] Profles 164 Unsmoothed
79.01 »
1539.55 » 530,55
211.99 N
17201 154056 " 154156
o 153184 1535.00 133801 i 154430 154883
379.05 1530 1535 1540 1545 550
20699 1541.56 2292 33
| : : 3462.15
935.29 ‘ : 2845.77 , 398337
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
m'z

Appendix VIII: MALDI-MS of the unconjugated TGN peptide.
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Appendix IX: MALDI-MS of the ER peptide and Texas-Red dye conjugate.
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Appendix X: MALDI-MS of the TGN peptide and Texas-Red dye conjugate.

249



Publications

Open Access Artticle. Published on 10 July 2013, Downloaded on 30/07/2013 10:07:27.

Chemical Science

EDGE ARTICLE

RSCPublishing

View Article Online
View Journal |View Issue

3D optical imaging of multiple SERS nanotags in cellst

Cite this: Chem. 5ci, 2013, 4, 3566

Sarah McAughtrie,;* Katherine Lau,ib Karen Faulds® and Duncan Graham™®

Recent studies have clearly demonstrated that Raman and surface enhanced Raman scattering (SERS)
spectroscopies are information rich, non-destructive technigues for the monitoring of subtle intracellular
changes. However, despite the demonstrated and sophisticated applications of these techniques in cell
studies there still remains a lack of accompanying 3D images. Herein we demonstrate for the first time
combined 3D Raman and SERS imaging for the simultaneous confirmation of the cellular inclusion and
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by multivariate analysis methods Imaging in 3D will be critical to understanding architectural changes
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Introduction

The application of Raman and surface enhanced Raman scat-
tering (SERS) spectroscopies to complex biological and medical
samples has increased dramatically in recent years. This isdue in
part to improvements in instrument sensitivity but also because
both represent a non-destructive method by which considerable
information can be gained. Raman spectroscopy also has the
added advantage of being a non-invasive analysis method. Whilst
the Raman spectra of biological samples are often complex,
subtle changes between samples can be readily elucidated by the
incorporation of multivariate analysis methods. For example,
Raman spectroscopy has been used to identify cell components*
and to discriminate between cancerous and normal cells,” cancer
cells with differing phenotype’ and distinguishing human
embryonic stem cells from differentiated cells.* In the case of
SERS, unfunctionalised nanoparticles have been used to obtain
information about cell compartments endocytosis,” as well as
cell health” and viability.® Function specific SERS nanotags have
also been designed for the molecular profiling of single cells,®
intracellular pH sensing® and @ vive tumour targeting and
detection.***

Despite the advanced applications of both Raman and
SERS spectroscopies there are limited examples of sophisticated
3D imaging within the literature to accompany these

“Centre for Molecular Nanometrology, WestCHEM, Department of Pure and Applied
Chemistry, University of Strathchade, Glasgow, G1 1XL, UK E-mail: duncan graham
(@strath.ac.uk: Fax: +44 (0]141 5520876; Tel: +44 (0]141 5484701

*Renishaw pls, Spectroscopy Products Division, Old Town, Wortton-Under-Edge, GL12
TOW, UK

t El ic suppl i ion (ESI) awilable: Full preg details
for the nanoparticles, nanotags and cells are included. The procedures for
analysing the cell samples and ch isation data for the
included. See DOE: 10,1039/ c3sc51437d

1 Both authors contributed equally.

are also

3566 | Chem. Sci, 2013, 4, 3566-3572

between diseased and healthy cells, and tissues. It will also provide non-destructive definitive proof of
cellular uptake whilst simultaneously confirming targeting of SERS nanotags to their intended destinations.

applications.” Imaging in 3D by Raman spectroscopy can be
relatively simple to achieve using depth profiling in the z
direction and software packages such as Image] (National
Institutes of Health (NIH)) and Volocity™ (Perkin Elmer®). 3D
imaging has the potential to provide a wealth of information
which could be critical to the detection of disease states. For
example, 3D Raman imaging of cells and tissues which results
in the resolution of cell organelles represents a non-invasive
technique for studying cell eonstruction® and this could be
extremely beneficial when investigating changes in cellular
architecture between diseased and healthy cells. If 3D Raman
were combined with 3D SERS imaging it may be possible to
track nanotags functionalised with specific organelle targeting
moieties or drug molecules. Imaging in this manner would not
only demonstrate non-destructive evidence of cellular uptake
but it would provide evidence that the tags are being directed to
their intended targets.

Indeed one of the most notable difficulties when using SERS
nanotags for intracellular imaging is in determining cellular
inclusion. Whilst it is straightforward to track the ‘uptake’ and
localisation of the nanotags by SERS mapping in two dimen-
sions,** it provides no real evidence of uptake and thus
cellular inclusion. Traditionally, internalisation has been
confirmed by transmission electron microscopy (TEM) or
depth-profiling in the z-direction. However, TEM imaging
requires convoluted sample preparation, the images are often
expensive to obtain and therefore the approach is not open to
all. In addition, obtaining a SERS map of the same cell exam-
ined by TEM is very challenging and results in the destruction of
the cell rendering it unsuitable for live cell analysis. Whilst
conventional TEM imaging can provide evidence of cellular
inclusion econfoeal scanning transmission electron microscopy
(STEM)*® as well as X-ray diffraction” and topography,'” and
ion-abrasion scanning electron microscopy (SEM)** can be used
to generate 3D cell images. Although these techniques provide

This journal is @ The Royal Society of Chemistry 2013
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excellent resolution (nm range ¢f. pm range for Raman spec-
troscopy), comparable acquisition times (hours) and thc
deduction of cell organelles in 3 di ions no biochemi
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shown). The nanotags were selected on the basis that aggre-
gated systems formed following the addition of 1,6-hexame-

thylenediamine (HMD) to the silver citrate nanoparticles.**

information is gained and some of these techniques can result
in cellular destruction. The generation of the 3D images also
relies on the posl collection pmccssmg of stacked 2D unagcs

Small clusters such as this are ideal scaffolds for the formation
of hotspots**** and thus enhanced SERS.** Previous investiga-
tions (data not shown) have also shown that signals can

With regards to fl opy for the g ion of
3D cell images resolution has been greatly cnhanccd (~30 nm
in the x, y and z directions ¢f pm)*™ with the advent of
app hes such as stimulated ission depletion (STED)
microscopy™ and structured illumination microscopy (SIM).*
Acquisition times are considerable faster since the collection of
a full vibrational spectrum is not requu'cd however, as with the
other techniques fl py is | d in that it
prohibits biochemical imaging of the cell contents and the 3D
images are again generated from 2D stacks. In addition fluo-
rophores, unlike Raman active labels, can be prone to photo-
bleaching which is problematic if they are to be used for 3D
imaging where the acquisition of successive z-sections is
necessary and where any bleaching could compromise the
correct reconstruction of 3D structures.* As fl ph

d 10-100 fold following cell uptake so an aggregated
system is necessary if the nanotags are to be detected intracel-
lularly. However, in order to ensure that aggregation is slowed
and to retard the formation of excessively large clusters
which would not be suitable for cellular uptake®**” poly-
vinylpyrrolidone (PVP) was added to quench the aggregation**
The polymer layer stabilises the hot spots* whilst still allowing
the small molecule reporters to infiltrate these zones.® The
small molecule reporters (MPY, DTNB, NBT and 2-NPT) were
selected on the basis that no synthesis was required, they like
the other nanotag materials, are inexpensive, are readily avail-
able, give strong SERS signal. particle conjugation - via
terminal thiol groups or disulfide linkages - is extremely
stmnghtforward and mcu chemical structures are such that

functi ion with bi lecules for the target-

exhibit broad absorption and emission bands the detection of
multiple ¢ ts within a can be compromised.
This is not an issue when employing Raman or SERS active
labels since sharp (nm width)** molecularly specific bands are
produced. Furthermore, the use of SERS active labels can confer
picomolar sensitivity in vivo as opposed to nanomolar sensi-

ing of specific cell components is relatively straightforward. In
addition to this the small molecule mponcrs' 314343 have been
widely used in int llular i gations d rating the
suitability of the gs for cellular uptake. N g identi-
fication was a two-fold process whereby each of the components
was identified from their unique peaks (Fig. S2t) and direct

tivity when quantum dots and conventional fl

! | least sq (DCLS) multivariate analysis. This

microscopy are employed.® Here, we demonstrate for the first
time the concept of 3D Raman and SERS |magmg for the
simultaneous confirmation of cellular i and multipl

method is typically employed when reference spectra are avail-
able for all of the components and involves fitting the unknown

component detection, thus avoiding the need for o(pcnsnvc
TEM images. Novelty therefore arises from the fact that specific
molecular information can be gamered and from the fact,
unlike many of the techniques mentioned, the entire volume is

data (collected during mapping) to a linear combination of the
specified component spectra (standard suspension spectra). Ifa
match was found to occur between the standard and the
collected spectra a false colour was assigned and separate false
colour images were created for each component. The contri-

collected at once, all the collected data can be prc d and
analysed as one data set, and both uni-variate and multivariate
analyses can be applied to the vol The ad of
applying statistical evaluation to the entire volume is lhav. the
trends in the data are explained in the x, y and z directions
pposed to applying multivariate analysis ©
each plane and reassembling plane images as a block which
takes only trends in the x and y directions into account.”

simult ll‘ as

Results and discussion

A multiple comp P of four gs* (nanotag
characterisation data - Fig. S1 and 2 and Table S1 and 21)
(4-mercaptopyridine (MPY), 5'5-dithiobis(2-nitrobenzoic acid)
(DTNB), 4-nitrobenzenethiol (NBT) and 2 naphthalenethiol (2-
NPT) labelled nanotags - ESIt) was applied to Chinese Hamster
Ovarian (CHO) cells according to the standard protocol (ESIF).
Cell samples were then mapped in 2D (StreamLine™, Stream-
LineHR™ - Renishaw inVia Raman spectrometer/Leica DM
2500 microscope, Renishaw ple, Gloucestershire, UK.) to rapidly
identify cells which had taken up the suspension and in which
all four or multiple components could be identified (data not

This journal is © The Royal Society of Chemistry 2013

b were normalised to a value of between 0 and 1 where
values close to 1 indicate areas within the image with high
similarities in shape to that of the reference spectrum. Once a
cell containing all four or multiple components had been
identified, it was imaged in 3D.

To successfully image a multiple component positive cell in
3D and therefore verify the uptake of the nanotags, the cell was
mapped usingvolume mapping, a confocal configuration which
allows layers of Raman and SERS images to be rapidly collected.
When this method is employed the step sizes in the x and y
directions can be defined independently from the step size in
the z direction. Here the step sizes in the xand y directions were
set at 0.8 pm and 0.5 pm for the cell and nanotag maps
respectively, and in the z direction it was set at 1 um. The
z-range was defined as +3 pm from the point of focus when the
cell was observed under white light illumination (set as z = 0).
The cell sample was imaged under immersion in a saline
solution using an Olympus 60x (N.A. 1) water immersion
objective. In order to volume map both the cells and the SERS
nanotags two different laser excitations were required - one
where the intrinsic Raman signals of the cell dominate and
there is minimal interference from the SERS nanotags, and one

Chem. Sci,, 2013, 4, 3566-3572 | 3567
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where the SERS signals from the nanotags are most prevalent. with other Raman studies'* and unlike the depth profiling
The total acquisition times for the cell (0.8 pm step size, 2 s methods there is no need for the post collection processing of
acquisition) and the nanotag (0.5 um step size, 0.5 s acquisition) 2D stacks to generate 3D images.*” Additionally, in comparison
maps were 3.24 h and 4.7 h respectively. This is comparable to other methods although the overall collection time is

d) e
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-14.00 467 ¥ [ um 467 14,00
-6.23 0.07 6.37 12.66 18.96
f ]
+-22.00
> e 2200
Y/ um o’ . ~7.87
* 627 ¥/ um
.
4 - 627
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h) i)
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Z/um S '
-14.00 467y fum 167 14.00 ' X/ pm a0l 20me

Fig.1 White light and false colour volume 3D Raman images of the mapped cells - (a) white light image of the mapped celks, the cells are outlined ingreenin (b) and
the mapped cell areas are distinguished with a gradient fill in blue in (c). In (a)-(d the red box indicates the complete 3D Raman analysed area. (d and e) Afalse colour
3D Raman cell image generated using PC 2 displayed at different angles. (f and g) A false colour 3D Raman nuclei image generated using PC 1 displayed at different
angles. (h and i) Combined false colour 3D Raman cell and nudei images presented at different angles. In (d)-(g) the false colour scale bar isshown below the images.
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somewhat greater this is offset by the biochemically specific
information obtained. The 3D volume Raman cell map was
generated (Fig. 1d-i) by mapping the highlighted cells
(Fig. 1a-¢) using 532 nm excitation.

At this wavelength intrinsic Raman signals from cell
components such as proteins, amino acids, lipids and DNA can
be readily visualised.>® Following data collection, the false
colour Raman 3D images were constructed by performing uni-
variate analysis based on signal to baseline maps (the integrated
intensities of selected bands), and multivariate analysis based
on principal component analysis (PCA). A signal to baseline
map was generated specifically from the ring breathing mode of
the amino acid phenylalanine (998-1008 em™', ~1004 em™ ')
(data not shown) and this was found to clearly define the cell
structure.

Phenylalanine is found ubiquitously in the cell henceit is an
excellent marker for its delineation. However, as we also wished
to determine the location of the SERS nanotags in relation to the
cell organelles, PCA was applied to the data (normalised, not
mean centred) to determine if there were any spectral varia-
tions, which could be ascribed to specific cell organelles.” The
main principles of PCA have been previously described®~° but
for this particular data set the PCA conditions included spec-
trum centring and normalisation. Mean centring was not
applied since the band positions were sufficiently different to
distinguish the two PCs chemically (Fig. 2). The main advan-
tages of these conditions are that the loadings reflect the
baseline offset, the background and the appearance of a typical

View Article Online

Chemical Science

spectrum. For the mapped cells two principal components (PCs)
explained 86.5% of the variance in the data set with PCs 1 and 2
representing the cell contents (Fig. 2a-d). When comparing the
PC loadings (Fig. 2d) and the band assignments (Table 1) PC 2 is
characterised collectively by Raman bands attributed to protein,
lipid and nucleic acids but most notably by peaks at 1004 em™,
1245 em™ " and 1451 em ™ assigned to phenylalanine,**? amide
111 (protein) band® and the CH,CH; deformation of protein and
lipid.* PC2 therefore represents the general cellular regions.
This is consistent with the raw Raman spectra (Fig. 2¢) and the
PC2 image clearly defines the structure of the mapped cells
(Fig. 1d, ¢, h and i).

The PC1 domain contains negative scores and is thus char-
acterised by the negative peaks in the loadings. PC1 is charac-
terised by a combination of peaks ascribed to nucleic acids,
nucleotides, amino acids and protein. These include phenylal-
anine peaks®>® at 1004 em™" and the CH,CH; deformation of
protein at 1451 em ™' (Fig. 2b).* The PC loadings suggest that
PC1 represents domains which are biochemically distinct from
the main cell structure and based on these loadings we propose
that PC1 represents the cell nuclei (Fig. 1f-i). This is consistent
with the raw Raman spectra from the nuclei, specifically DNA
peaks at 751 em ™" and 788 em ™" (Fig. 2a).3%%

The 3D volume SERS nanotag map was generated by
mapping the same volume as highlighted (Fig. 1b and ¢) but
with 633 nm excitation instead. However, because of the smaller
step size used (0.5 pm ¢f. 0.8 pm) the SERS image was collected
at 0.5 um higher in the y direction than the Raman cell image.
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Fig.2 Representative Raman spectra and the corresponding PC loadings for the cells and the nuclei. (a) A representative Raman spectrum measured from the nuclei,
(b) PC 1 loadings which distinguish the nuclei, (c) representative Raman spectrum measured from the cells and (d) PC 2 loadings which distinguish the cells.
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Table1 Peak position and tentative assignments of the main peaks found in the
principal component (PC) loadings for each PC shown in the volume 3D cell
mapi**

Peak position (em ') Assignment

783 DNA

785 »O-P-O stretch DNA

829 O-P-O stretch DNA/RNA ring
breathing tyrosine

832 Tyrosine, VaqomO-P-0

852 Proline/tyrosine

897 —_

938/939 ¥C-C, peptide

959 =

1004 Phenylalanine

1032 CH,CH; collagen and phospholipids,
phenylalanine

1094/1095 DNA, »C-N lipid

1128 C-N (proteins), C-O (carbohydrates)

1174 Phenylalanine, tyrosine

1177 Tyrosine, cytosine, guanine

1207/1208 Phenylalanine

1245/1246 Amide 111

1304 CH, deformation (lipid) adenine/cytosine

1318 Guanine (DNA/RNA)

1340 —

1421 Ady g ring breathing
modes of DNA/RNA

1451 CH,CH; deformation

1586/1587 Phenylalanine

This has been corrected for in the final 2D images (ESIT). At this
wavelength the signals from the small molecule reporters can
be readily visualised and using the employed laser power
intrinsic Raman signals from the cells is minimal. Following
data collection the false colour SERS 3D images were con-
structed by performing multivariate data analysis in the form of
component DCLS.

The two independently collected 3D data sets (cells and
nanotags) were then combined in 2 dimensions for the deter-
mination of cellular uptake and multiple component detection
(Fig. 3). The z range was defined as +3 pm from the point of focus

View Article Online
Edge Article

for both the cell and the nanotag maps. However, when the
volume 3D cell map was collected (data not shown) it was found
that only certain z-slices were of relevance. This was ascertained
by viewing the 3D volume cell map along the z-direction. From
this angle it was apparent that the spectra from above z-slice
+2.00and below z-slice +0.00 were not of relevance. In light of this
the 3D cell map was recollected fromz-slice +2.00 to +0.00 but the
3D nanotag map was collected from the entire z-range previously
mentioned. Despite this it was still possible to combine the
relevant z-slices in 2D to ascertain cellular uptake, and the
combined cell and nanotag z-slices are presented in Fig. 3d-f.

On close inspection of the combined z-slices we can instantly
determine that three out of the four nanotags, MPY, DTNB and
NBT labelled nanotags, which are shown in blue, green and red
respectively, within the multiple component suspension are
located within the cells (Fig. 3d-f). In z-slice +2.00 only NBT
labelled nanotags were observed (Fig. 3d), whilst in z-slice +1.00
only NBT and DTNB labelled nanotags were found (Fig. 3¢) and
in z-slice +0.00 three out of the four nanotags, MPY, DTNB and
NBT, were observed (Fig. 3f). The reasons as to why 2-NPT
labelled nanotags were not observed intracellularly are unclear
but if 2-NPT remains extracellularly the possibility of using this
nanotag as an external standard exists. On the basis of these
images (Fig. 3d-f) it is quite difficult to observe the three
nanotags located within the cells because there is a degree of co-
localisation. In theory, co-localisation may be expected since the
suspension applied to the cell population contained equal
proportions of the four individually labelled tags which were
well mixed. Thus there was an equal probability of each nanotag
within the suspension being internalised simultaneously. As
such z-slice +0.00 has been enlarged (Fig. 4a-c) for ease of
observation and the combined SERS z-slice image for the three
nanotags and for each of the individually labelled nanotags
located intracellularly are also shown (Fig. 4d).

Each of the components was identified by their unique peak
and component DCLS analysis. Unique peaks were found at
~1004 em™*, 1150 em ™', 1084 cm ™' and 1450 cm™* for MPY,
DTNB, NBT and 2-NPT respectively (Fig. S2). With the compo-
nent DCLS a ‘false’ colour was assigned if a match was found to
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Fig.3 Schematic of how the two volume 3D data sets are combined. (a) Schematic of volume 3D Raman cell map, (b) schematic of volume 3D SERS nanotag map, (c)
combined 3D volume Raman celland SERS nanotag map. Images from each plane of the 3D volume Raman cell and SERS nanotag maps an be extracted and these an
be combined in 2D - (d) z-slice nanotags and cell +2.00, in this z-slice the signal is considerably weaker than those obtained from the other z-slices and as such the

cormesponding false colour is considerably smaller hence it has been highlighted withan app

coloured cirde, (e) z-slice nanotags and cell +1.00 and (f) zsslice

nanotags and cell +0.00. MPY, DTNB and NET labelled nanotags are shown in blue, green and red respectively.
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Fig. 4 Enlarged image of zslice +0.00 and the corresponding SERS spedtra for each of the three fake wlour dusters. (a) 2D z-slice nanotags and el +0.00, (b) and (c)
enlarged areas from the top and bottom clusters respectively, z-slice +0.00 which shows three of the four nanctagswithin asinglearea and a singlecell and (d) exploded 3D
SERS z-slice image for the three nanotags combined and for each of the individual nanotags. In the enlanged image it is difficult to identify the three fake colours because
they overlap but in the exploded image each can be clearly visialised. (e-g) Representative SERS spedtra obtained for the top, middle and bottom falkse colour dusters.

occur between the reference and the collected data. In order to
further confirm the spatial positioning of the components, the
data was viewed on moveable plane slices within the volume.
When viewed in this way the corresponding spectra for a selected
position are also displayed and these can be extracted and visually
compared with standard spectra from the nanotag suspensions.

For z-slice +0.00 representative SERS spectra have been
extracted for each of the three locations where the nanotags
were found (Fig. 4e-g). In accordance with the eco-localisation
observed, cumulative SERS signals concomitantly arise from the
nanotags. That is, we observe SERS signals from all of the
nanotags which are found within a specified location (Fig. 4e-
g). The unique peak for the appropriate nanotag has been
labelled with the corresponding abbreviation and peak posi-
tion. The minor peaks have also been tentatively assigned to a
small molecule reporter and labelled with an asterisk of corre-
sponding colour (Fig. 4e—g). For the top spot in z-slice +0.00
MPY, NET and DTNBE were identified at ~1006 em ',
~1081cem™ " and ~1158 em™ " respectively. For the middle spot,
NBT was identified at ~1079 cm™ ", MPY, NBT and DTNB were
identified at ~1008 ¢m™, ~1079 em ™', ~1147 cm™" in the
bottom cluster. 2-NPT was also identified at ~1445 cm™ " in the
bottom spot although no false colour has been assigned to
2-NPT at that particular location.

Itshould also be noted that none of the nanotags penetrated
the nuclei (Fig. 3 and 4) and they presumably resided in the

This journal is @ The Royal Sodety of Chemistry 2013

cytoplasm or endosome compartments. This is to be expected
since the nanotags were not functionalised with targeting
moieties specific for this or any other cell organelle. Based on
this information these unfunctionalised nanotags could be
used as controls to distinguish between targeting and non-tar-
geting nanotags when targeting of the nucleus is attempted.
This will be investigated further in later studies.

Conclusions

In conclusion, volume 3D Raman and SERS imaging represents
a non-destructive technigue for the simultaneous confirmation
of eellular inclusion and multiple component detection. Three
of the four components of the suspension were detected, and by
extracting and combining 2D z-slices from the 3D images it was
possible to determine the intracellular location of the nanotags
without the need for expensive and destructive TEM imaging.
This study is also the first to report on the generation of true 3D
Raman and 3D SERS images. Although, other studies have
reported the production of 3D images' these have been con-
structed using depth profiling methods. In the current study the
entire volume was analysed at once reflecting the novelty of
the technique. It was also possible to define a subcellular
compartment without the need for any special sample prepa-
ration (Le. staining). The resolution of further cellorganelles*® is
expected and the ability to detect such structures whilst

Chem. 5ci, 2013, 8 3566-3572 | 3571
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maintaining the integrity of the cell will undoubtedly be of
benefit to the detection of disease process in which the archi-
tecture of the cell changes considerably. The adoption of a
multi-marker approach is also critical if disease states are to be
fully characterised or multiple cell organelles are to be targeted.
Hence, the ability to detect these multi-markers in 3 dimen-
sions is of huge importance for a whole host of applications
including cellular disease or tumour detection and the delivery
of drugs and their subsequent fate within the cells. This work
also has implications for the application of combined 3D
Raman and SERS imaging to living cells.
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Dysfunctional intracellular enzymatic activity is believed to be an underlying cause of a myriad of diseases.
‘We present the first use of surface enhanced Raman scattering (SERS) as a detection technique capable of
reporting intracellular activity of a specific enzyme. Careful choice of reagents allowed the preparation of
high resolution cellular activity maps highlighting the specific conversion of the commonly used ELISA
reagent 5-bromo-4-chloro-3-indolyl Bo-galactopyranoside (X-Gal), by wild type p-galactosidase enzymes.
Further, through co-addition of X-Gal substrate and inhibitors we were able to demonstrate that
intracellular substrate conversion occurred predominantly through an enzymatically specific pathway.
The data presented therefore supports the application of SERS probes as sensitive, spedfic sensors of
biochemical activity and demonstrates the use of SERS probes for the first time as beacons capable of
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Introduction

The functional integrity of individual cells and organisms is
crucially dependent upon the activity of cohorts of intracellular
enzymes. Dysfunctional activity, localisation or the absence of
specific enzymes is invariably associated with significant
diseases including cystic fibrosis.' As a result the ability to
measure the activity and localisation of specific enzymes within
a cellular environment is eritical to life science research. A
variety of methods exist for this purpose however, most are
based on fluorescence or colorimetric detection which are
limited in terms of either sensitivity or multiplexing capability.®
In addition, the reagents used for such analyses tend to provide
uniform coverage across the cell which is acceptable when
looking at populations but inad when trying to observe
the sub-cellular compartir ion of enzymatic activities.
Herein, we provide the first description of the use of surface
enhanced Raman scattering (SERS) to detect galactosidase
enzymes within cells in a non-destructive manner. SERS was
facilitated by nanoparticle enhancement of the coloured
hydrolysis product generated from the colorimetric substrate, 5-

“Centre for Molecular Nanometrology, WestCHEM, Pure and Applied Chemistry,
University of Strathclyde, 205 Cathedral Street, Glasgow, 61 IXL, UK E-mail:
h ac.uk; Fax: +44 (0141 Tel: +4d (0)1415484701
*strathelyde Institute of Pharmacy and Biomedi cal Sciences, University of Strathclyde,
161 Cathedral Street, Glasgow, G4 ORE, UK

Institute of Infection, ity and Infl ion, University of Glasgow Sir Graeme
Davies Building, 120 University Place, Glasgow, G12 §TA, UK

t Electronic  supplementary  information  (ESI)  available
10.1039/c3an007 20d

duncan.

See  DOI:

This journal is @ The Royal Society of Chemistry 2013

high resolution subcellular localisation of native enzymes.

bromo-4-chloro-3-indolyl  f-ogalactopyranoside
commonly used marker for galactosidase enzymes.

SERS requires the detection of light inelastically scattered
from an analyte adsorbed onto a metal surface.® Raman scat-
tering is an inherently weak process prone to interference from
fluorescence however, the development of SERS has led to a
range of superior probes that show improved sensitivity and
which can quench fluoreseence.** The main condition required
to obtain SERS is the adsorption of the analyte onto a suitable
enhancing surface, typically electrodes or specifically designed
metal surfaces or nanoparticles.” Gold or silver nanoparticles,
as used in the study, can be coupled with different excitation
sources to match the plasmon frequency of either unaggregated
or aggregated nanoparticles.” A further enhancement can also
be obtained by using an analyte which has an electronic tran-
sition coincident with the Raman excitation frequency.®

In our approach, f-galactosidase was studied as an intra-
cellular target to test the enzymatic generation of a SERS signal.
We have previously shown that conversion of typical ELISA dye
substrates, bromochloroindolylphosphate (BCIP) and 2,2-azino-
bis(3-ethylbenzothiazoline-6-sulfonic  acid) (ABTS), can be
monitored by SERS in a sensitive and quantitative manner,
however, this was never extended into a biological environ-
ment.”'* Bgalactosidase enzymes are stable and have the ability
to hydrolyse dye substrates making them ideal for use in ELISAs
and for testing cell senescence.’ In vitro f-galactosidase levels
can currently be measured using the Miller technique"
however, this approach requires the destructive permeabilisa-
tion of the cell membrane. Herein, we report the first use of
SERS to detect the activity of galactosidase enzymes from

(%Gal), a
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specific locations within cells by monitoring the conversion of
X-Gal.

Materials and methods
Materials
All materials purchased were from Sigma-Aldrich except B-

galactosidase (Calbiochem, UK) and gold nanoparticles, 40 nm
(British Biocell International, UK).

Measurements

Plate based spectroscopy was carried out using Renishaw inVia
Raman spectrometers using different excitation wavelengths.
An Ar-ion laser was used for work using a 514.5 nm (7.30 mW)
incident wavelength, 632.8 nm (2 .43 mW) was provided by a He—
Ne laser and 785 nm utilised a laser diode (5.41 mW). An
Olympus 20x LWD objective (N.A. 0.4) was used and the spec-
trometer grating was centred at 600 em™ " and 10 s acquisitions
were used. The specific experiment being carried out dictated
what volumes of reagents were present in the sample wells.

SERS mapping was performed using Renishaw inVia Raman
spectrometers fitted with inverted and upright microscope
systems equipped with a 100x LWD objective (N.A. 0.75) (~6
mW power at the sample). Line mapping was performed using a
StreamLine™ Raman mapping system (Renishaw ple, UK).
SERS maps were coloured by integrating the area under the
characteristic peak at 598 cm™". A grating of 1200 | mm ™" was
used with a RenCam CCD. Mapping was also performed with a
WiTec alpha 300R (100 objective, N.A. 0.95) confocal Raman
spectrometer (WiTee, Germany) (~5 mW power at the sample).
Both utilised a He-Ne 632.8 nm laser. The Renishaw spec-
trometer grating was centred at 600 em ' and used 10 s
acquisitions. The WiTec system recorded spectra in the range 0—
3000 em™ " with 0.1 s acquisitions.

Sample preparation

Colloid. 50 mg of sodium tetrachloroaurate and 500 mL of
distilled water were added to a round-bottomed flask (which
had previously been cleaned using aqua regia) and heated until
boiling. A solution of 75 mg of sodium citrate in 7.5 mLdistilled
water was added and the mixture was then allowed to boil for 15
min with continuous stirring. After cooling, the quality of the
colloid was confirmed using UV-Vis spectroscopy (Amax = 521
nm) and transmission electron microscopy (TEM). The nano-
particle diameter was recorded for over one hundred of the gold
nanoparticles and the average value recorded was 19.66 + 2,65
nm.

X-Gal/inhibitor solutions. 5 mg of X-Gal was dissolved in 100
pL of dimethylformamide (DMF) before being added gradually
to phosphate buffered saline (PBS) to reach the required
concentrations. 5 mg of each inhibitor was also dissolved in
DMF before dilution to the desired concentrations in PBS. For in
vitro studies the solutions were diluted in Roswell Park
Memorial Institute (RPMI) media instead of PBS.

Cell preparation. Bone marrow macrophages were obtained
from Balb/C mice. Femurs were flushed with 5 mL of Dulbecco's

6332 | Analyst, 2013, 138, 6331-6336
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Modified Eagle Media (DMEM) and the cells were cultured ina 9
cm Petri dish with 20% heat inactivated fetal calf serum (FCS),
30% cell culture supernatant from L929 cell line, 1% r-gluta-
mine (2 mM) and 1% penicillin/streptomycin solution (100 pg
mL™"). On day 4 and & fresh media was added before harvesting
the cells on day 10. Cells were counted and plated out onto 13
mm cover slips in a 24 well tissue culture plate at 5 x 10° cells
per well in RPMI with 10% FCS, 1% t-glutamine and 1% peni-
cillin/streptomycein solution. To ensure the cells were fixed to
the cover slips they were left overnight at 37 °C, 5% CO,. Solu-
tions were prepared in RPMI (serum free) and were sterilized
before use in an appropriate tissue culture hood under UV light
for 30 min. The appropriate volumes and concentrations of
nanoparticles, X-Gal and inhibitor were made up to an overall
volume of 300 uL and were added to the cells to incubate for 24
h at 37 °C, 5% C0,. Upon completion the media was removed
and the cells were washed twice with serum free RPMI. The cells
were fixed with 1% glutaraldehyde for 15 min before washing
with PBS then rinsing with ddH,0. Cover slips were removed
from the plate and allowed to air dry for 2 h before mounting
onto a slide using DPX mountant.

Transmission electron microscopy (TEM). Cells were grown
to confluence on Thermanox® (Agar Scientifie, UK) coverslips
and incubated overnight with ¥-Gal (10 mM) and gold nano-
particles (0.1 nM). The cells were then washed (x3) with PBS
before being fixed for 2 h with 3% (v/v) glutaraldehyde in 0.1 M
sodium cacodylate buffer. Cells were washed a further 3 times
with sodium cacodylate buffer before a post-fixation with 1% (v/
v) osmium tetroxide in 0.1 M sodium cacodylate buffer. After a
further wash the cells were dehydrated with acetone before
being infiltrated and embedded in epoxy resin, allowing ultra-
thin sections to be taken by a diamond knife. Sections were
positioned on TEM grids and stained with 2% aqueous uranyl
acetate and the grids were examined and photographed at an
accelerating voltage of 80 keV in a CM120 Biotwin (Philips) TEM
with a digital camera.

Results and discussion

Prior to in vitro analysis the idealised SERS response was
investigated using nanoparticles and different excitation
frequencies (514.5 nm, 632.8 nm and 785 nm) under buffer
conditions (10 mM phosphate buffer, pH 7.4). X-Gal itself yields
a minimal SERS signal however, the dimerised hydrolysis
product gives a strong peak at 598 cm™ ' due to a skeletal
vibration from the newly formed trans-alkene (Fig. 1 and S1,
S271)." A comparison between several different, commonly used,
nanoparticle suspensions namely citrate reduced gold and
silver and EDTA reduced silver was carried out to compare the
surface enhancement achieved. The combination of 632.8 nm
excitation and gold nanoparticles (20 nm) provided the highest
SERS signal in the shortest time (Fig. $2t). Smaller particles are
inherently more stable and reliable and high signal intensity is
achieved since the X-Gal product produces a strong blue colour
with an absorbance maxima at ~635 nm, putting it directly in
resonance with both the surface plasmon of the aggregated gold
nanoparticles (521 nm unaggregated, 630 nm aggregated) and
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[———— Faraan 650 (o)

Fig.1 SERS detection to monitor the conversion of X-Gal. The conversion of the
wlouess ¥-Gal to the blue coloured Ay, =635 nm) 5,5 <dibromo-4,4'dichloro-
indigo by galactosidase (A) can be monitored by SERS. The product ghves a new
sharp vibrational Raman peak at 598 em~" as illustrated in the comparisan of (B)
and (C).

the excitation frequency (632.8 nm). In order to prove that the
reaction could be affected by known enzyme inhibitors two
commercially available competitive inhibitors of f-galactosi-
dase, phenylethyl-f-r-galactopyranoside (PEG) and phenylethyl-
p-o-thiolgalactopyranoside [PETG)* were used to investigate the
inhibition of the enzyme and the resulting reduction of the
SERS signal. The X-Gal and nanoparticle concentrations were
maintained at 1 mM and 0.1 nM respectively. The inhibitor
concentration was varied from 10 mM to 0.1 mM and a dose
dependent response was observed (Fig. 53f). The inhibitors
themselves gave minimal Raman signal and therefore did not
influence the signal obtained from the hydrolysis of the X-Gal.

A primary cell line, bone marrow-derived macrophages, was
chosen to study the measurement of f-galactosidase activity by
SERS. Macrophages 1 lly exy Bgalac and readily
endocytose metallic nanoparticles therefore eliminating the issue
of cellular uptake of the nanopartide substrates to obtain the
enhancement of the Raman scattering.'® Suspensions of nano-
particles (0.1 nM) and X-Gal with various concentrations (10-0.1
mM) were added to macrophage cells grown on cover slips.
Following 48 h of incubation the cells were washed, harvested and
the cover slips attached to slides. The Raman spectra obtained
from the cells are shown (Fig. 2A and B). The map is produced by
taking the signal to baseline area (570-620 em ™) of the major
peak centred at 598 cm™ " at each individual pixel across the area.
The StreamLine mapping system on the Renishaw inVia system
utilizes line mapping, allowing large areas to be mapped rapidly
whilst minimising tissue damage. A typical map would be a
ecomplete 150 micron by 100 micron area where Raman signals
were collected every 2 microns in the X co-ordinate and 1.1
microns in the ¥ co-ordinate. The streamline mapping approach
was limited to approximately 5-6 scans across the cell. Data can
also be observed from a larger population (~120 cells) using a 20
objective as shown in Fig. 2C. The data presented is representative
of this type of experiment which has been repeated many times. It
was also possible to produce a dose dependant response from the
cells by varying the concentration of X-Gal substrate added to the
cells (10 mM to 0.1 mM) as shown in Fig. S4.F

This journal is @ The Royal Sodety of Chemistry 2013
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In order to test the specificity of this enzymatic trans-
formation the two galactosidase inhibitors previously used in
the optimisation of the conditions were applied to the cells, If
the transformation was unigue to the galactosidase then the
inhibitors would reduce the enzymatic activity resulting in a
lower SERS signal from the product of the X<Gal hydrolysis. In
this set of experiments the ¥-Gal and gold nanoparticle
concentrations were maintained at 10 mM and 0.1 nM respec-
tively and the inhibitor concentrations diluted from 10 mM to
0.1 mM. The results, as shown in Fig. 2D, clearly indicate that
there is a significant difference in the response measured by
SERS when looking at the various concentrations of the wo
different inhibitors applied to the eells. In addition, it also
indicates that PEG appears to be more effective than PETG 10 at
inhibiting the B-galactosidase and that this is a biomolecularly
specific interaction which is being measured using the gold
nanoparticles and SERS within the cells. The same false colour
scale was used throughout all maps.

TEM images taken of cell sections confirm that the nano-
particles were indeed inside the cell (Fig. 3A). The TEM images
indicate that the nanoparticles are contained within endosomes
and not simply adsorbed onto the cell membrane. Upon isola-
tion of the nanoparticle containing intracellular compartments
it was possible to characterise them as LAMP-1 expressing but
transferrin receptor negative suggesting these were late endo-
somes or lysosomes (Fig. S51).'%"

In order to prepare higher definition maps to observe spectra
every 100 nm in the X and ¥ co-ordinates, a point mapping
approach was taken whereby the stage was moved by 400 pm” in
combination with a 100x objective (NA. 0.9) to provide
approximate lateral resolution of 461 nm optieally. The results,
shown in Fig. 3B, are in agreement with the TEM image indi-
cating that sub-cellular localisation of the nanoparticles can be
observed by SERS. Furthermore, this is the first demonstration
of the potential to measure enzyme activity at nanometre
dimensions using SERS. Also, as shown in Fig. 3C, it was
possible to screen a larger area of cells with the same high
resolution screening.

These results are the first to demonstrate that SERS can be
used to detect enzyme activity in an intracellular environment
and that SERS provides several important advantages over
conventional approaches. Firstly, detection of the substrate X-
Gal with a commonly studied enzyme has been reported using
gold nanoparticles and SERS. The formation of a substrate
product which offers a strong unique SERS fingerprint has been
monitored over a standard ELISA timeframe allowing the
observation of the increasing levels of enzyme turned-over
product. This aspect of the work is novel yet runs parallel to
some of our groups' earlier studies where we analysed the
suitability of SERS as a detection method with commonly used
ELISA reagents.”"'* Our results also show that the measure-
ment is specific to B-galactosidase enzymes since the addition
of f-galactosidase inhibitors reduces the observed SERS signal
and that the SERS response is dependent on inhibitor concen-
tration proving that we are not observing non-specific hydro-
lysis. The inhibitors used both contain a galactopyranoside
moiety and compete with X-Gal for the active site of the enzyme.

Analyst, 2013, 138, 6331-6336 | 6333
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Fig.2 Intracellular SERS detection. The bright field {A) and false colour image (B) of three treated cells mapped by SERS using a 100x objective are shown. Spectra
associated with spedfic mapped pixels are shown below each figure and the scale bar in (A) and (B) represents 20 pm. Afalse colour scale bar was used throughout and

this is also shown below (A) and (B). Areas with no Raman signal appear black and areas with increasing peak intensity at 598 an

! are represented by increasing

brightness. (C) Uses the same technigue but looks at a largerarea with use of a 20x objective. (D) Demonstrates the effect of inhibitor concentration on the cellular SERS
response for both phenylethyl-B-o-galactopyranoside (PEG) and phenylethyl-B-o-thiolgalactopyranoside (PETG). The X-Gal and nanoparticle concentrations were 10

mM and 0.1 mM respectively.

Turnover of X-Gal yields an indole/indigo dye with a large
vibrational Raman cross-section whereas the inhibitors produce
phenylethyl groups with negligible Raman responses.

By combining this chemical innovation with high resolution
SERS mapping it was possible to localise nanoparticles within
specific cellular sites and measure biomolecular activity.
Indeed, the ability to measure enzyme activity specifically in the
endolysosome compartment allows the use of our approachina

6334 | Analyst, 2013, 138, 6331-6336

wide variety of biological systems and in particular is significant
for major pathophysiological conditions associated with lyso-
somal enzyme disorders such as Parkinson's and Alzheim-
er's." Differential quantification of galactosidase enzyme
activities in these subcellular compartments during different
disease states or inflammatory processes will provide clear
insights as to how best to manipulate these biological systems
therapeutically. These studies strongly support the application
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Fig.3 Loalisationof nanopartideswithin cells. Macrophages treated with gold nanoparticles are show in {A). A magnified version of the highlighted areais shownin
the lower figure. (B) High resolution mapping of two individual macrophage cells and their assodated false clour Ramanimages. (C) High resolution mapping of a cell

population using a 20x objective

of SERS approaches to quantify and localise specific multipa-
rameter biochemical activities within cells which will have a
significant impact on functional biochemical imaging and
analysis of a variety of biological samples.

Conclusions

The application of nanoparticles to cells has been a field of
intense research and here we show that by combining the
innovative detection of the X-Gal product with high resolution
SERS mapping it becomes possible to localise the nanoparticles
to specific cellular sites. It should be noted that SERS has
previously been used in intracellular studies to measure pH and
to detect 11 individual cellular components.'>** However, these
carlier studies have either delivered SERS active nanoparticles
into cells* or have relied on the cellular components to offer
modest Raman gains.* In this particular study metallic nano-
particles were employed to selectively enhance the molecular
vibrations of a molecule which only becomes Raman active
upon interaction with the target enzyme and this is the first
documented intracellular Raman enzyme detection method. It

This journal is @ The Royal Society of Chemistry 2013

is worth raising the point that we only observe signals from
specific areas within the cell where both the nanoparticles and
the turned-over product are present. However, this may not
represent the true location of the enzymes. Further, it is
possible that an area with a high Raman signal could be
indicative of either a high concentration of nanoparticles or
high enzyme concentration as it is well established that aggre-
gated nanoparticles yield greater SERS signal. Although fluo-
rescence spectroscopy has traditionally been the technique of
choice for the monitoring of such enzyme activity itis clear that
the SERS method confers numerous advantages over fluores-
cence namely the ability to obtain specific molecular informa-
tion and its multiplexing capability. Indeed the potential to
detect and measure the activity and location of multiple
enzymes exists as a direct result of the sharp molecularly
specific spectral bands produced by SERS. In addition, it is
hoped that with the introduction of live cells, ultrafast Raman
imaging, careful temporal analysis and complementary TEM
analysis SERS approaches may be able to definitively ascribe
enzymes to specific cellular locations. These studies strongly
support the application of SERS approaches to quantify and
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localise specific multiparameter biochemical activities within cells.
This will have a significant impact on functional biochemical
imaging and the analysis of a variety of biological samples.

Acknowledgements

The authors acknowledge the EPSRC platform grant EP/
E000584/1 for supporting this work and the Royal Society for a
Wolfson Research Merit Award to DG.

Notes and references

1 S. Holland, Clin. Rev. Allergy Immunol., 2010, 38, 3-10.

2 R. M. Yates, A. Hermetter, G. A. Taylor and D. G. Russell,
Traffic, 2007, 8, 241-250.

3 M. Fleischmann, P. J. Hendra and A. J. McQuillan, Chem.
Phys. Lett., 1974, 26, 163-166.

4 X. Zhang, J. Zhao, A. V. Whitney, J. W. Elam and R. P. Van
Duyne, J. Am. Chem. Soc., 2006, 128, 10304-10309.

5 K. Kneipp, Y. Wang, H. Kneipp, L. T. Perelman, 1. Itzkan,
R. R. Dasari and M. S. Feld, Phys. Rev. Lett., 1997, 78, 1667-
1670.

6 K. Hering, D. Cialla, K. Ackermann, T. Dorfer, R. Moller,
H. Schneidewind, R. Mattheis, W. Fritzsche, P. Résch and
J. Popp, Anal. Bioanal. Chem., 2008, 390, 113-124.

7 R. ]. Stokes, A. Macaskill, P. J. Lundahl, W. E. Smith,
K. Faulds and D. Graham, Small, 2007, 3, 1593-1601.

8 K. Faulds, R. P. Barbagallo, J. T. Keer, W. E. Smith and
D. Graham, Analyst, 2004, 129, 567-568.

6336 | Analyst, 2013, 138, 6331-6336

View Article Online

Paper

9 R. Stevenson, A. Ingram, H. Leung, D. C. McMillan and
D. Graham, Analyst, 2009, 134, 842-844.

10 F. M. Campbell, A. Ingram, P. Monaghan, J. Cooper,
N. Sattar, P. D. Eckersall and D. Graham, Analyst, 2008,
133, 1355-1357.

11 V. Bassaneze, A. A. Miyakawa and ]. E. Krieger, Anal
Biochem., 2008, 372, 198-203.

12 J. H. Miller, Experiments in Molecular Genetics, Cold Spring
Harbor Laboratory Press, USA, 1972.

13 D. A. Long, J. Raman Spectrosc., 2004, 35, 905.

14 D. H. Juers, S. Hakda, B. W. Matthews and R. E. Huber,
Biochemistry, 2003, 42, 13505-13511.

15 R. Shukla, V. Bansal, M. Chaudhary, A. Basu, R. R. Bhonde
and M. Sastry, Langmuir, 2005, 21, 10644-10654.

16 T. E. Tjelle, B. Saigal, M. Froystad and T. Berg, J. Cell Sci.,
1998, 111, 141-148.

17 C. Bellettato and M. Scarpa, J. Inherited Metab. Dis., 2010, 33,
347-362.

18 S. Laing, A. HernandezSantana, ]J. R. Sassmannshausen,
D. L. Asquith, I. B. McInnes, K. Faulds and D. Graham,
Anal. Chem., 2010, 83, 297-302.

19 C. E. Talley, L. Jusinski, C. W. Hollars, S. M. Lane and
T. Huser, Anal. Chem., 2004, 76, 7064-7068.

20 H.-W. Tang, X. B. Yang, ]J. Kirkham and D. A. Smith, Anal.
Chem., 2007, 79, 3646-3653.

21 J. Kneipp, H. Kneipp, M. McLaughlin, D. Brown and
K. Kneipp, Nano Lett., 2006, 6, 2225-2231.

22 J. Kneipp, H. Kneipp, W. L. Rice and K. Kneipp, Anal. Chem.,
2005, 77, 2381-2385.

This journal is @ The Royal Society of Chemistry 2013

262



andyci::i%?llﬁstry

pubs.acsorg/ac

Confocal SERS Mapping of Glycan Expression for the Identification of

Cancerous Cells

Derek Craig,? Sarah McAughtrie, Jonathan Simpson, Corinna McCraw, Karen Faulds,

and Duncan Graham®*

Centre for Molecular Nanometrology, WestCHEM, Pure and Applied Chemistry, University of Strathclyde, 295 Cathedral Street,

Glasgow G1 1XL, UK.
[s] Supporting Information

ABSTRACT: Lectin-functionalized silver nanoparticles have been successfully
designed for use as molecular imaging agents to investigate carbohydrate—lectin
interactions at the surface of mammalian cells, using surface-enhanced Raman
scattering (SERS). Carbohydrate-lectin interactions are key to many cellular
processes and are responsible for controlling an array of cellular interactions. In
this study, lectin-functionalized silver nanoparticles were used to detect the
expression of carbohydrate species at the cellular interface. The carbohydrate—
lectin interactions were demonstrated using three different lectin species for three
distinct cell types. Due to the known difference between the expressions of
gycans in cancerous versus noncancerous cells of the same origin, this approach
has been expanded to study both cancerous and noncancerous prostate cells. This
has been achieved via confocal SERS mapping of the expression of the key glycan,
sialic acid, on the surface of each of these cell types. In achieving such

discrimination, a novel method has been created by which glycan expression can be reproducibly monitored. Comparative studies
were performed using both fluorescence and SERS. SERS provided an increased discrimination over fluorescence when analyzing
cell subsets to discriminate between cancerous and noncancerous cells. The success of this method means that it could be used to

complement the current gold standard histopathological techniques.

lobal cancer fatalities account for millions of people each

year and with the number of new cases expected to
increase annually to 22 million by 2030, the importance of early
disease identification and treatment has never been such a
pertinent issue." The identification of a substantial number of
cancer biomarkers has led to the development of new
therapeutics and novel techniques to map cancer pathways
and to combat the disease” ™ One of the key biomarkers
identified has been a family of glycans (carbohydrates) known
as sia]ng]ycans.s’? These glycans are present on the surface of
mammalian cells and play key roles in the regulation of
molecular and cellular interactions.® The elevated expression of
sialic acid containing glycoproteins is symptomatic of disease
and cancer progression. Herein, a study is reported by which
the sialic acid composition of mammalian cells has been used to
discriminate between noncancerous and cancerous cell tissue.
Histopathology is the current gold standard technique for
cancerous tissue identification.” A study of histological features
such as imegular stratification, loss of intercellular adherence,
and polarty alongside changes in nuclear size and miotic
activit}r are currently used to evaluate cancer cell develop-
ment." Highly trained individuals perform these analyses,
however, as these evaluations are deemed to be subjective and
cross correlation analyses are rec{l.tirecl.""2 A more robust
chemical analysis based approach would not only significantly
improve histological classification and lower costs, but most

W ACS Publications @300 American Chemical Soiety

importantly, it would reduce the time taken for a patient to
receive a diagnosis.

Typical chemical analysis methods including mass spectrom-
etry (MS), nuclear magnetic resonance (NMR), and high-
performance liquid chromatography (HPLC) are not amenable
to cellular interrogation, therefore, a spectroscopic approach is
required.”* Recently, advances in this field by technologies such
as magnetic resonance imaging (MRI), Fourier-transform
infrared (FT-IR), and fluorescence sxeclrnscnpy have revolu-
tionized research in cancer detection.” ~'® Raman spectroscopy
has also been utilized for cellular interrogation; however, due to
the many chemical components present in each cell and the
limitation on the laser power able to be used in order to
prevent cellular degradation, it i an inherently weak
technique.” A significant disadvantage of each of these
techniques are the high levels of background fluorescence
achieved during cellular analysis. 1 By using surface-enhanced
Raman spectroscopy (SERS), inherent background fluores-
cence can be overcome by using metallic nanoparticles, which
quench any fluorescence via nonradiative decay channels.'” In
comparison to the other techniques available, SERS permits the
simultaneous analysis of multiple components in a single
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sample; it provides a unique vibrational fingerprint spectrum
and has been show to consistently afford a significant increase
in sensi‘tivity.wiu SERS has shown its versatility as a technique
which can be used sensitively for a number of purposes,
including the detection of microorganisms, the monitoring of
biclogical interactions both in solution and on surfaces, and
also as a key cancer cell detection technique when used in both
in vivo and ex vivo studies”” > Recent advances in the use of
SERS for biological detection have displayed the capability to
create two-dimensional (2D) and three-dimensional (3D)
cellular images, which could be crucial toward identifying key
disease states.”” By creating such images, subtle chemical and
morphological changes in the composition of cells can be
monitored with high ECCIHECY.LE Therefore, it is essential to
identify suitable biomarkers in order to follow disease
development and to create new therapeutics.

As the disease state of cancer progresses, the sialoglycan
composition of the cell changes in order to prevent cell
coagulation and ensure rapid entry into the bloodstream in
order to facilitate cancer metastasis.”” In order to facilitate the
detection of these changes in carbohydrate composition,
specific proteins known as lectins can be used”” Lectins are
carbohydrate specific proteins that can display either single or
multiple speciﬁcities.'“ The interaction of lectins and
carbohydrates are known to be key to the mediation of a
variety of biological processes, including cell signaling,
molecular recognition, and immunity. "' However, as these
interactions are typically very weak, multivalent platforms are
typica]l;' created in order to improve the occurrence of such
events,”” Through the use of nanomaterials, such platforms can
be created. Previous studies in solution have exploited these
interactions using a range of spectroscopic ted‘miques.‘w’)?
Studies have shown the use of fluorescence microscopy to
discriminate between cell types via the use of lectin conjugated
quantum dots.>® Although this was a successful approach, issues
surrounding the toxcity of quantum dots and the inherent
advantages of SERS over fluorescence spectroscopy still remain
(ie, a fingerprint spectrum of the reporter molecule is
produced, multiplexing is much easier, and it has been shown
that SERS can provide an increase in sensitivity over
fluorescence). Recently, the first use of SERS for the detection
of carbohydrate —lectin interactions was rzpurled.'w This study
identified that by conjugating silver nanoparticles with
carbohydrate species, these interactions could be detected
with unparalleled sensitivity.

Herein, we report a method for the functionalzation of
nanoparticles with lectins to elucidate the composition of
carbohydrate species at the cellular interface. This method has
also been expanded to facilitate the discrimination between
noncancerous and cancerous prostate cells.

B EXPERIMENTAL SECTION

All solvents were of laboratory grade. Chemicals were obtained
from commercial sources. Water used in the preparation of
colloid and all solutions was obtained from a triply distilled
deionized water system.

Linker Synthesis. Wang resin (1 g), succinic anhydride
(0.336 g, 3 equiv), and 4-dimethylaminopyridine (DMAP)
(0.397 g 3 equiv) were refluxed for 6 h in dichloromethane
(DCM) at 90 °C. The resin was allowed to cool overnight
before being filtered and washed five times in the followin
sequence: (1) DCM, (2) methanol (MeOH), (3) DCM, (4
MeOH, and (5) DCM. The resin was then mixed with

Jefamine ED-2001 (PEG-41) (6 g, 3 equiv) and diisopro-
pylcarbodiimide (DIC) (0.378 g, 3 equiv) ovemight at room
temperature. The resin was then hltered and washed in
sequence as before. The resin was then mixed overnight with
CDI (0454 g, 2 equiv) and the benzotriazole dye (0.417 g) at
room temperature in DMF. The resin was then filtered and
washed in sequence as before. A light red colored product was
produced. The target compound was then ceaved from the
resin. The resin was placed in a 10% trifluoroacetic acid (TFA)
in DCM solution and stirred for 3 h. This resulted in a dark
red/brown-colored solution and a red solid residue around the
inside of the flask. The mixture was then filtered and washed as
before. The resin solid was removed, and to the filtrate, a
spatula full of morphino-methyl polystyrene was added to
remove any excess TFA; the resin was then filtered. The solvent
was removed under reduced pressure and a red solid was
obtained.

'H NMR were recorded on a Bruker DPX 400 MHz
spectrometer with the appropriate solvent peak as a reference. |
coupling values are quoted in Hertz. High-resolution FAB MS
was recorded on JEOL AX505 spectrometer in methanol and
nitrobenzyl alcohol/glycerol matrices. 'H: dH (400 MHz
CDCL): 106 (2H, t, ] 40, CH,), 112 (2H, d, ] 40, CH,), 2.13
(6H, d, ] 7.3, CH,), 2.65 (2H, t, ] 8.1, CH,), 3.43 (2H, t, ] 8.0,
CH,), 3.62 (m, CH,), 54 (1H, s, NH), 7.20 (1H, d, ] 12.0,
ArH), 7.28 (1H, s, ArH), 7.60 (1H, d, J 8.0, ArH), 10.51 (1H, 5,
QH), 12.04 (1H, 5, BT NH). MS: C,.H,, N, O .. MW: 2416,
MALDI m/z: 2417

Manoparticle Preparation. Citrate reduced silver (Ag)
colloid was prepared via a modified version of the Lee and
Meisel method, whereby 90 mg of silver nitrate was added to
500 mL of distilled water (dH,0) and heated until boiling*’
Once boiling, a 1% aqueous solution of sodium citrate (100 mg
in 10 mL dH,0) was added and boiling was maintained for 15
min. The solution was then allowed to cool, and continuous
stiring was maintained throughout.

Lectin-Functionalized Nanoparticle Preparation. The
following lectins were purchased from Sigma-Aldrich Wheat
Germ Agglutinin, Lens culinaris, and Concanavalin A. Each
lectin species was suspended in a 10 mM Tris buffer to achieve
a final concentration of 1 uM. Prior to nanoparticle attachment,
each lectin was attached to the linker molecule via EDC-HCI
and sulfo NHS coupling chemistry. Ten microliters of the lectin
was added to a solution containing 10 uL of linker (1 mM
stock), 10 uL of EDC-HCI (2 mg/mL stock), 10 L of sulfo
NHS (2 mg/mL stock), and 50 L of 10 mM Tris buffer. These
solutions were reacted for 3 h at room temperature prior to
purification to remove any unattached lectin by centrifugation,
using molecular weight spin columns where the solutions
underwent 3 cycles of centrfugation at 13000 rpm for 5 min
with 50 gL of 10 mM Tris buffer added between cycles. The
columns were then inverted, and the purified lectinlinker
solution was obtained via a final centrifugation cycle at 2000
pm for 5 min. To a selution of 450 uL silver citrate
nanoparticles, 50 uL of the corresponding lectin-linker species
were added and shaken overnight to facilitate lectin-linker
tunctionalization of the nanoparticle surface. A further
purification step was undertaken to remove any unattached
linker species, with each solution undergoing centrifugation at
6000 rpm in triplicate with resdispersion in 500 uL of a 10 mM
Tris buffer following each purification cycle.

Cell Preparation. Chinese Hamster Ovarian (CHO) cells
were stored in an incubator at 37 “C with 5% CO,. CHO cells
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WGA

Lectin Type

Carbohydrate Specificity

Con A
Lens culinaris

‘Wheat Germ Agglutinin (WGA)

a-D-mannosyl and o-D-glucosyl groups

a-Mannose

(GleNAc) (N-acetylglucosamine), NeuNAc

(N-acetylneuramic acid)

Figure 1. Three lectins chosen for conjugation to the silver nanoparticles and the carbohydrate specificities of each species. Images obtained from the
Protein Data Bank (PDB). Con A PDB: 3CNA; Lens culinaris, PDB: 1LEM; wheat germ agglutinin PDB: 2UVO.

were cultured in HAM F12 media supplemented with 10% fetal
calf serum, 1% penicillin/streptomycin (10 mg/mL). Cells were
grown to confluence prior to harvesting, using trypsin/EDTA.
HelLa cells were stored in an incubator at 37 "C with 5% CO,.
Hela cells were cultured in minimum essential medium eagle
(MEME) media supplemented with 10% fetal calf serum,
streptomycin, and L-glutamine. Cells were grown to confluence
pror to harvesting, using trypsin/EDTA.

PNT2A (noncancerous) and PC-3 (cancerous) cells were
stored in an incubator at 37 “C with 5% CO,. Each of these cell
lines were cultured in RPMI 1640 Medium supplemented with
HEPES, 10% fetal calf serum, 1% of both penicilin/
streptomycin, and 1% fungizone. Cells were grown to
confluence prior to harvesting, using trypsin/EDTA.

Once harvested, 300 uL of the cells were seeded, at 4 X 10°
cells/mL, on glass coverslips and incubated at 37 °C for 24 h
with 5% CO,. Following this period of incubation, 30 uL of the
lectin-functionalized nanomaterials were added to each cover-
slip and again incubated for 1 h at 37 °C with 5% CO,. The
coverslips were then washed in triplicate with 1< PBS prepared
in sterile distilled water prior to fixing the cells to the coverslips
using a 4% paraformaldehyde for 15 min. Following this period,
the coverslips were again washed with 1x PBS followed by
washing with sterile water before allowing to air-dry for 2 h.
The coverslips were then mounted to glass slides using DPX
mountant prior to analysis.

Analysis of Cell Samples using SERS. 633 nm
Excitation. Fixed CHO and Hela cell samples were imaged
in 2D (StreamLine-Renishaw inVia Raman spectrometer,/Leica
DML 5000 M microscope, Renishaw ple, Gloucestershire,
UK.}, using a 633 nm laser (HeNe) excitation source. Samples
were imaged using a 20X long working distance (LWD)
objective lens. A grating of 1800 lines/mm was used with a
RenCam charge-coupled device (CCD) (1040 x 256 pixels).
Line mapping was performed with a Streamline Raman
mapping system, and the following conditions were used: —633
nm line focus, spectral range of 934.7—1720.8 cm™, ~8 mW
laser power, and an acquisition time of 5 s.

532 nm Excitation. WiTec Alpha 300 R confocal micro-
scope (WITech, Ulm, Germany) with a 532 nm excitation
wavelength. Mapping of samples was performed using 100 lines
and 100 points per line for each 25 % 25 ym sample area using

an integration time of 0.1 s at 5% laser power, using a 10 long
working distance objective lens.

Cell Sample Preparation for Fluorescence Imaging.
PNT2A and PC3 cultures were grown to confluence and
harvested in Trypsin/EDTA as before. Once harvested, 300 uL
of the cells were seeded, at 4 % 10° cells/mL, on glass coverslips
and incubated at 37 °C for 24 h with 5% CO,. Following this
period of incubation, 30 pL of the FITC-tagged WGA lectin
was added to each coverslip and again incubated for 1 h at 37
“C with 5% CO,. The coverslips were then washed in triplicate
with a 1x PBS prepared in sterile distilled water prior to fixing
the cells to the coverslips using 4%-paraformaldehyde at 37 °C
tor 2 min. Following this period, the coverslips were again
washed with 1x PBS followed by washing with sterile water
before allowing it to air-dry for 2 h. The coverslips were then
mounted to glass slides using DPX mountant prior to analysis.

Fluorescence Imaging. Images of WGA-FITC-tagged
PNT2A and PC3 cells were obtained using a Nikon Eclipse
LVIOD microscope using a Photometrics CoolSNAP HQ
camera with a SEMROCK BRIGHTLINE FITC 350B-NTE
filter cube. Images were processed using Metamorph.

M RESULTS AND DISCUSSION

Glycans form a layered coating around mammalian cells known
as the glycocalyx, which is the first point of contact for
approaching cells or pathogens. The glycans present are derived
from combinations of a small number of common mone-
saccharides that include N-acetyl neuwraminic acid, glucose,
galactose, mannose, fucose, xylose, glucorinic acid, iduronic
acid, N-acetyl glucosamine, and N-acetyl ga.lar:tc;sa.rm'ne.“I To
investigate the carbohydrate composition of the cell lines being
studied, three different lectin species were identified, with each
displaying a variety of carbohydrate specificities. These lectins
are shown in Figure 1.

To fadilitate the binding of these lectins to the appropriate
glycan species, a multivalent plaform was created via the
tethering of each lectin species to functionalized silver
nanoparticles. Silver nanoparticles were used in this study, as
they have an increased Raman scattering cross section in
comparison to gold na.nclpa.rl:i:les.“2 To tether the lectin species
to the surface of the silver nanoparticles, a novel heterobifunc-
tional poly(ethylene glycol) linker species was designed, which
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had been functionalized at one terminus with a benzotriazole
dye for surface attachment and at the other with a carboxylic
acid residue for lectin attachment. Benzotriazole dyes have been
used routinely in SERS analysis due to the strong covalent
bonding achieved between the triazole group and the silver
nanoparticle surface, which enables reproducible SERS analyses
to be obtained**™* Poly(ethylene glycol) was incorporated
into the linker design to prevent nonspecific interactions
between the functionalized nanoparticles and other cellular
cumpnnents.“ The synthesis of this ligand was performed on a
functionalized resin support for ease of recovery and to improve
the reaction yield. The synthetic scheme for the linker
construction is shown in Scheme 1.

Scheme 1. Synthesis of Linker Performed on a Wang Resin
Support”
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“The following conditions were used: (i) succinic anhydride, DMAP,
DCM, 90 °C, 6 h; (i) PEG-41, DIC, DCM, rr, 14 h; (ii)
benzotriazole dye, CDI, DCM, r.t, 14 h; and (iv) 10% TFA in DCM,
rt, 3 h. Yield 42%.

Following the successful synthesis of this ligand, three
different functionalized lectin silver nanoparticle species were
prepared, containing the individual lectin species shown in
‘igure 1. Each lectin species was coupled to the linker via
common  1-ethyl-3-[3-(dimethylamino)propyl] carbodiimide
hydmochloride (EDC) and N-hydroxysulfosuccinimide (sulfo-
NHS) coupling chemistry prior to the attachment of the linker
species to the nanoparticle surface. These nanoparticles were
then analyzed using extinction spectroscopy and gel electro-
phoresis to confirm successtul functionalizaton. A slight
characteristic red shifting of 1=2 nm of the plasmon resonance
band of the silver nanoparticles was witnessed, indicating that a
change in the surface dielectric environment had occurred
following the attachment of each lectin-linker species to the
nanoparticle surface. The gel electrophoresis study confirmed
these results via comparison of the distance moved by the
nanoparticle conjugates within the gel in compadson to
unmodified nanoparticles (Figure S-1 of the Supporting
Information). Scanning electron microscopy images were also
obtained to analyze the size of the nanoparticle species prior to
and post functionalization. From these analyses, an appreciable
size difference was apparent (Figure S-2 of the Supporting
Information). For the nonfunctionalized nanoparticles, an

average diameter of 40 nm was obtained and this increased
to 48 nm, following the attachment of the lectin-linker species
to the nanoparticle surface.

Preliminary cellular studies were performed using the
commonly available Henrietta Lacks (HeLa) and chinese
hamster ovarian (CHO) cell lines. These cell lines were chosen
due to their availability and because of their routine use in
nanoparticle imaging studies. Initial experiments were per-
formed on each of these cell sets to identify if the carbohydrate
composition of the cell surface could be mapped using the
lectin-functionalized silver nanoparticles. Prior to analysis, each
lectin species were individually incubated with each cell line for
an optimized period of 3 h. Following the incubation period,
cell viability analysis was performed using 0.1% Trypan blue,
which is a commonly used stain for dead cells. Trypan blue
identifies cells in which the membrane has ruptured following
necrosis. These results indicated that following nanoparticle
incubation, no significant cell necrosis had occurred.

SERS analyses were performed using a confocal Raman
microscope with a laser excitation wavelength of 532 nm. This
system enabled individual Raman spectra to be collected at
each pixel of the imaging area selected for each cell. This gives
rise to thousands of individual Raman spectra, which can be
used to construct an intensity map profile of each cell to
determine the localization of a particular chemical species.
Monitoring the most intense peak of the SERS signature at
1619 cm™', which is the aromatic quadrant stretch of the
benzotriazole dye attached at the nanoparticle surface,
generated intensity profile maps. Following the incubation of
each lectin species with each cell line for an optimized period of
3 h SERS analyses were performed. Hela cell line analysis
proved successful, significant interactions between each lectin
species, and the carbohydrates present on the cell surface were
observed. The results for the CHO cell line showed that no
significant carbohydrate—lectin interactions were occurring, as
shown in Figure 3. Therefore, this can be explained in terms of
the carbohydrate expression on the surface of the CHO cells,
which must be significantly reduced in comparison to the Hela
cell line.

SERS analyses were also performed using a confocal Raman
microscope with a 633 nm excitation source. Following
repeated analyses, it was not possible to ascertain data which
would suggest the nanoparticles had bound to the outermost
glycan species on the CHO line, as shown in Figure 5-3 of the
Supporting Information. However, a small level of localized
binding of low intensity was observed for the Hela cell line at
this wavelength. This binding was not reproducible through
repeated analysis, and out of the sample set analyzed, only a
small number of cells displayed such binding, as shown in
Figure 5-3 of the Supporting Information. The low levels of
detection of lectin—carbohydrate interactions at this wave-
length are to be expected due to the excitation wavelength
being significantly shifted from the surface plasmon resonance
extinction band of the silver nanoparticles (400—410 nm) and
of the benzotriazole dye present on the nanoparticle surface
(440 nm) as a result 532 nm was chosen as the laser excitation
wavelength for subsequent experiments.

The SERS fingerprint spectra obtained for analysis of the
WGA-AgNPs from the HeLa cell line displayed a correlation to
the fingerprint spectrum obtained for the samples prior to cell
incubation, as shown in Figure 2. The peaks of each respective
spectra are slightly offset due to the software used to record
each spectra and chromatic aberrations due to changes in
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Figure 2. Blue spectra-solution phase SERS spectra of WGA-AgNPs using 2 532 nm excitation wavelength and a 1 s exposure with 10 accumulations.
Orange spectra—SERS spectra obtained from Hela cells of WGA-AgNPs using 532 nm excitation wavelength, 1 s exposure with 10 accumulations.
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Figure 3. Analysis of (A—D) CHO and (E—H) Hela cells incubated with lectin-functionalized nanoparticles using a confocal Raman microscope
with 2 532 nm laser exditation. Control spectra for both the CHO and Hel.a cell lines were obtained following incubation of the cells with nano

particles with no lectin attached
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Figure 4. Comparison of sialic acid residue composition between noncancerous (PNT2A, images D—F) and cancerous prostate cells (PC3, images
A—C). Bar graph represents the average intensity of the 1619 em™ peak for the PC3 (cancerous) and PNT2A (noncancerous) cells. Fifteen cells
were analyzed to generate the intensity measurements, and the error bars represent the standard deviations of these measurements.

refractive index. The significant intensity of the aromatic
quadrant stretch of the reporter molecule at 1619 cm™
following repeated analyses resulted in this peak being chosen
for the generation of the false color intensity profiles for each
cell line.

Figure 3 shows the false color intensity profiles generated
from the SERS spectra obtained from each individual lectin-
conjugated nanoparticle species upon separate cells of the HeLa
cell line. The results shown are a representative sample of the
SERS analysis, which was undertaken for 15 cells for each
lectin-AgNP configuration.

As shown in Figure 3e, the WGA bound nanoparticles
provide the most intense profile, indicating an increased level of
binding in comparison to the nanoparticles functionalized with
both LC and ConA, respectively.

These results highlight that the lectin-functionalized nano-
particles are an ideal scaffold for monitoring the changes in
carbohydrate expression in different cells and, in particular, the
increased expression in cancerous cells.

W PROSTATE CANCEROUS CELL DETECTION

Following on from the successful analysis of the carbohydrate
composition of HeLa cells using the lectin-functionalized
nanoparticle species, the next step was to expand this approach
to prostate cancer cell detection. As stated previously, an
increased sialic acid expression occurs on malignant prostate
cells. Using the sialic acid specific WGA-AgNPs, it was
proposed that discrimination could be achieved between
noncancerous (PNT2A) and cancerous (PC3) prostate cells
due to the difference in expression of sialic acid residues on

each cell type. To confirm this hypothesis, both noncancerous
and cancerous prostate cells were obtained. WGA-AgNPs were
incubated with each cell type and analyzed using a confocal
Raman microscope with a 532 nm excitation source.
Representative samples of each cell type are shown in Figure
4. For comparison purposes, the false color intensity profiles
shown in Figure 4 were set to the same intensity scales. It is
clearly shown that a comparison between the cell types shows a
significant difference between the sialic acid residue composi-
tions detected. It is also important to note that the expression
of sialic acids on the PC3 (cancerous) cell type occurs across
the entire length and breadth of the cells, indicating that
following their elevated expression, the localization of the sialic
acid residues becomes more widespread. The use of confocal
fluorescence imaging for the discrimination between fluores-
cently tagged cells has been a pioneering technique in the field
of cell discrimination. For the purpose of a control experiment,
FITC tagged WGA was also incubated with both cell types, and
the resulting images obtained are shown in Figure 5.

Figures 4 and $ explicitly show qualitative differences
between the PNT2A and PC3 cell lines. As a result of this,
the distinct difference, which exists in the sialo-glycan
composition of both cell types, can be distinguished in both
figures. However, the fluorescence control images only display a
slight differential between the PNT2A and PC3 cells in regard
to the sialo-glycan composition, while the SERS imaging
provides a greater contrast between both cell types, permitting
more sensitive and quicker detection than by using fluorescence
microscopy. Using the SERS approach also means that this
methodology could be extended with ease to a multiplexed
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Figure $. Fluorescence control images of WGA-FITC incubated with PNT2A and PC3 cells. (A) Bright field cell images, (B) dark field cell images,

and (C) fluorescence images of WGA-FITC tagged cells.

approach for glycan sensing, due to the distinct vibrational
spectra obtained when using SERS in comparison to
fluorescence.

B CONCLUSION

This study has described the first use of SERS as a molecular
imaging technique to discriminate between cancerous and
noncancerous cells using lectin-functionalized imaging agents.
A clear strategy was undertaken to show the use of SERS to
identify interactions between the lectin-functionalized nano-
particles and the carbohydrates existing on the cell surface. The
success of this approach resulted in the use of SERS to
discriminate between two types of prostate cell and to enable
the identification of an increased sialo-glycan expression of one
over the other. Comparative studies using fluorescence
microscopy only established a slight difference between the
two cell subsets and the discrepancies between both in terms of
glycan expression were much more clearly resolved using SERS
imaging. The success of this method has established a novel
approach, by which the glycan expression can be correlated to
cancer cell detection using SERS. The implementation of SERS
in the field of biomedical diagnosis has grown rapidly over
recent years due to the robust nature of the analysis achieved,
of which this is another key example of a possible use for this
technique. The use of SERS in both ex vivo, in vitro, and in vivo
studies has shown that in the years to come SERS shall be an
invaluable tool in the medical toolbox with the ability to be
used as a rapid screening tool or to provide real-time surgical
analyses being distinct possibilities.
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1. Introduction

When the pioneers of Raman spectroscopy initially conceived
the technique in 1923 [1] and latterly demonstrated it in 1928 [2]
it is unlikely that they had any inclination of the future impact or
bio-diagnostic applications [3-5]. In particular, the use of Raman
spectroscopy for in vimro, ex vivo and in vivo disease detection has
proliferated over the last decade. This is unsurprising when consid-
ering the non-invasive nature of the technigue and the provision
of molecularly specific spectra which allow for the identification
of disease targets [6]. However, the obvious disadvantage with
its implementation is that it can be quite insubstantial, especially
considering that approximately only one in every million photons
are Raman scattered [6].

This weak effect was negated by successive developments of
the original technique most notably surface enhanced Raman spec-
troscopy (SERS) [7-9] and surface enhanced resonance Raman
spectroscopy (SERRS) [10], where signal enhancements of the order
of 10'? [8,9,11] and 10'# [10] were observed respectively. The
incorporation of a roughened metal surface (metal electrodes,
coatings, surfaces and nanostructures) [11] is essential for manip-
ulation of the SERS enhancement, which is widely believed within
the community to arise through a combined electromagnetic and
chemical effect [6,11,12]. SERRS, whilst manipulating the enhance-
ment conferred by a roughened metallic scaffold, additionally
exploits excitation with a laser line that corresponds to an elec-
tronic transition of the interrogated analyte to further augment the
enhancement effect [10].

The introduction of nanostructures can render these techniques
invasive however; this can be offset by the conferred enhance-
ment. As with the original method, the employment of SERS for
disease detection in vitro, ex vivo and in vivo has increased expo-
nentially, again a direct consequence of the molecularly definitive
spectra which allow for confident identification of disease biomark-
ers. However, as clinical medicine strives towards a personalised
approach, there is further need to increase the sensirivity and
specificity by which diseases are detected and the simultaneous
requirements of comprehensive characterisation and detection of
multiple pathosis [13]. SERS is ideally suited to fulfil these require-
ments since the observed enhancement can satisfy the sensitivity
criteria whilst functionalisation with specific targeting moieties
allows for disease recognition with a high degree of specificity.
The sharp bands produced within a SERS spectrum lend the tech-
nigque to multiplexed detection satisfying the demand to diagnose
multiple aspects of a single disease or a myriad of disorders [13].

This review will examine the application of SERS for disease
detection. A range of formats will be discussed, including in vitro
analysis of simple matrices to more sophisticated analysis in vivo
but with the predominant focus on mapping/imaging applications.
The review will additionally highlight the progression of the tech-
nique from a simple lab based analytical method to a contender for
theinterrogation and discernment of clinical samples. The advance-
ment of SERS as a diagnostic imaging method is developing at a
ferocious pace and if maintained at this level, there is huge potential
to revolutionise the ability to detect, treat and manage disease.

2. Raman spectroscopy and disease detection

While this review will predominantly concentrate on SERS it
is worth highlighting the parallel advancements occurring with
Raman spectroscopy. The obvious advantage of Raman spec-
troscopy over SERS is that it is non-invasive so there is no
requirement for the introduction of nanostructures to observe
a response. In terms of in vitro, ex vivo and in vivo analysis,
this is particularly beneficial since minimal sample preparation is
involved, toxicity trials are not required as adulterants have not
been introduced and more importantly for in vivo studies there
is no need to consider the distribution and localisation of nano-
scaffolds for effective analysis. However, consideration must be
given to the employed laser power, acquisition time and sample
format to prohibit sample degradation and auto-fluorescence.

2.1. Raman spectroscopy and in vitro cell analysis

The interrogation of single cells and cell populations may not
have the same allure and glamour of in vivo studies but, in terms of
indicators of disease. they can be equally important. The architec-
ture of the cell can be altered considerably during processes such as
differentiation [14], mitosis and apoptosis [15]. Uncontrolled divi-
sion and cell death can be indicative of pathosis, including tumour
growth, inflammation, HIV infection and neurodegeneration dis-
eases such as Parkinson’s and Alzheimer's [16]. Monitoring the
cell composition and architecture permits a viable method for the
detection of disease and, with the advent of 3D Raman imaging, the
resolution of cell organelles may be more representative of the dis-
ease led changes that can occur intracellularly [17.18]. Cell health
can also be directly monitored via Raman spectroscopy and it is
possible to distinguish between live and dead cells [19], and cells
that are stressed [20], conditions which can arise as a result of infec-
tion or disease. Cells can also be readily distinguished on the basis
of their phenotypic differences and this has been used to discrimi-
nate between bone [21] and lung cells [22], and more importantly in
terms of disease diagnosis between cancerous and non-cancerous
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cells [23,24]. This was not completed with a clinical sample but the
authors highlighted the desire to extend analysis into urine [23]. In
a clinical setting, this has the potential to provide cancer diagnosis
non-invasively via an excretory product.

2.2, Raman spectroscopy and ex vivo/in vivo applications for the
detection of disease

As adiagnostic tool, Raman spectroscopy is forging ahead in the
cancer field providing a method by which to detect breast [25-27],
skin [28,29], prostate [30-32], bladder [33-35], cervical [36-38],
colorectal [39.40] and oesophageal cancer [41.42]. With bladder
[34,35], cervical [3738], colorectal [42] and oesophageal cancer
[42] all being detected in vivo. The incidence of breast cancer in the
UK accounts for the greatest proportion of all cancer diagnosis and
like all forms of the disease there is demand for sensitive, selective
and non-invasive detection [44]. A subsequent adaptation of the
original Raman technique led to the development of spatially off-
set Raman spectroscopy (SORS) which has a demonstrated ability to
differentiate between calcifications associated with cancerous and
non-cancerous tissues and at a reported depth of ~8.7 mm [26].
The authors reported that this could be used to complement the
current clinical method of detection, mammography, whilst simul-
taneously demonstrating the potential to minimise the number
of invasive biopsies [26]. Successive developments and the imple-
mentation of a transmission Raman setup increased the thickness of
tissue through which cancerous and non-cancerous samples could
be differentiated [27]. The depth of detection was increased to
27 mm with anything above 20 mm being classified as clinically sig-
nificant for in vivo detection, further highlighting the applicability
and relevance of implementing the technique in a clinical environ-
ment [27]. A proof of concept study also investigated the possibility
of detecting brain tumours in vivo in mice models [45]. The authors
reported that the tumours could be located with an accuracy of
approximately 250 um and while principally a demonstration of
what could be achieved, the authors emphasised the possibility of
using Raman spectroscopy for brain analysis and tumour detection
in a live subject [45].

Raman spectroscopy is not limited to the detection of cancer
and research has postulated that the method could be used for
the characterisation and monitoring of atherosclerotic plaques [46].
In the UK alone coronary heart disease and the conditions which
stem from it cost an estimated £19 billion [47]. This is clearly an
extensive and significant problem and Raman was found to be a
suitable method by which plaque deposits could be distinguished
and their size determined [46]. The effects of statin drug treatment
were also tracked, and in mice that were provided a cholesterol
rich diet, the statins successfully minimised plaque formation [46].
Whilst this remains a proof-of-principal study there is potential
for extension to studies in man and although not demonstrated
remote sensing could be achieved by coupling via a fibre optic probe
[46].

Similarly, Raman spectroscopy has been implemented to mon-
itor organ rejection in patients following transplant procedures
[48.49]. While not directly involving the detection of disease, it is
possible that the processes which led to transplant were the result
of disease, for example, coronary heart or chronic kidney disease.
This demonstrates the application of Raman for monitoring sub-
sequent disease effects. In the particular instances of heart and
kidney transplant the confirmation of rejection requires an inva-
sive biopsy procedure and the observation of an elevated serum
creatinine level, respectively [48]. However, the rejection of heart
tissues can be characterised by serotonin biomarkers, which can
be detected using Raman, presenting a viable non-invasive alter-
native to biopsy [49]. While the methods for monitoring kidney
rejection do not require the same invasive procedures, by the time

detection of serum creatinine is confirmed significant deteriora-
tion of the organ can have occurred [48]. Raman spectroscopy was
employed as a merhod to differentiate between T-cells which were
produced in response to different stimuli (i.e. in response to rejec-
tion and under normal circumstances) [48]. These were selected as
biomarkers for monitoring the rejection response since the process
is primarily characterised by T-cells. The technigue was found to be
suitable for differentiating between normal cells and those which
are characteristic of a rejection response [48]. It should be noted
that the T-cells were not directly obtained from a patient under-
going rejection but rather the cells were artificially modelled to be
representative. Raman spectroscopy therefore represents a viable
alternative by which rejection could be monitored.

This is in no way an exhaustive review of the methods by
which Raman spectroscopy can be employed to detect disease
or monitor health, however, it does emphasise the vast array of
medically related applications. For further discussion regarding
the employment and advancements of Raman spectroscopy in
medicine, readers are encouraged to review literature from the
Stone [44] and Goodacre groups [50,51]. However, it is clear that
with instrumental improvements and careful consideration of the
employed laser power and acquisition time, vast amounts of infor-
mation can be yielded by Raman spectroscopy. Central to all of
these applications is the employment of chemometric methods.
Raman spectra are often similar in appearance and discerning any
differences by eye are difficult, but by implementing chemometric
analysis subtle differences can be extracted and conclusions drawn
with statistical significance. However, in order to make the leap
from bench to body, further analysis must be completed in phys-
iologically representative media, clinical samples and in vivo [52].
While diagnostic information can be extracted using chemometrics
clinicians require simple yes/no answers to dispense a diagnosis or
prognosis. Therefore, any transition to a clinical environment will
require coupling of the data collection and analysis so that single
definitive answers can be provided.

3. Surface enhanced Raman spectroscopy (SERS)

The advantages of SERS over conventional Raman were briefly
discussed in the introduction but are worth re-iterating since
these benefits in conjunction with the shortcomings of Raman are
responsible for the proliferation of the technique. Although, non-
invasivity is a key attraction of Raman spectroscopy, the overall
outcome is that the technique is reliant on spectral signatures
from the intrinsic components of the interrogated system, which
in biological matrices tend to be weak, inefficient scatterers and
spectrally similar [53], such that subtle differences must be dis-
cerned by the incorporation of chemometric methods. SERS unlike
Raman is not reliant on native chromophores and a vast array of
efficient scattering molecules [54-59], with large Raman cross sec-
tions, can be conjugated to metallic scaffolds for the provision of
distinct, optically strong, spectral signatures. By capitalising on this
conferred enhancement, through the implementation of a metal
surface and superior reporting moieties, the measured spectral
intensities can be significantly enhanced [8,9,11]. The key advan-
tages of this enhancement are that a reduced laser power and
acquisition time can be incorporated for the analysis of fragile sam-
ples with minimal loss of the spectral sensitivity whereas with
conventional Raman some compromise must be made between the
laser power and measurement time to obtain sufficiently distinct
spectra without incurring sample damage. The sharp molecularly
specific spectra produced by SERS also promote the technigue for
use in multiplexed scenarios including multiple disease detection
and in many instances differences can be determined by eye with-
out the need for the incorporation of chemometric methods [13].
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Conventional Raman is unlikely to be employed in such a man-
ner since the spectral differences between healthy and diseased
samples are extremely subtle, let alone between multiple diseases
in a single sample, and generally require the implementation of
statistical methods for their differentiation [53].

As discussed above exploitation of the SERS effect requires
the incorporation of a roughened metal surface [6.11]. The forms
which this can take are vast and can include metal electrodes
[10], coatings, surfaces [60,61] and nanostructures [62,63]. In vitro
examples have employed unfunctionalised nanoparticles for sim-
ple sensing applications, for example, monitoring enzyme activity
[62] or the determination of intracellular components [64]. To
actively image and/or target and detect disease in vitro, ex vivo and
in vivo the sophistication of the implemented systems varies. Ran-
ging from metallic nanoparticles labelled with reporter molecules
[65-69] to more complicated systems with mixed reporter mono-
layers [70], dually functionalised systems consisting of reporter
molecules and membrane penetrating or targeting antibodies
[71-73], peptides [65,74,75] or oligomers. To minimise or prohibit
degradation from the surrounding environment nanostructures
can be afforded a certain degree of stability by silica[13.76] or poly-
mer encapsulation [71,77.78]. The incorporation of polyethylene
glycol (PEG) again offers protection from the chemical and phys-
ical environment, minimisation of non-specific binding [79] and,
depending on the terminal functionality, PEG is readily amenable
for bioconjugation to a range of targeting ligands [80].

3.1. SERS and in vitro applications for the detection of disease

SERS based nanotags have been used with a variety of differ-
ent sample formats for the in virro detection of disease. In some of
the earliest examples, functionalised nanoparticles and nanotags
were not employed for the detection of disease. Instead metallic
surfaces were used to exploit the SERS effect. In one such sys-
tem used for the detection of glucose, spheres were coated in
a layer of silver for the provision of the SERS enhancement and
they were subsequently functionalised with both decanethiol and
mercaptohexanol [60]. Dual functionalisation with molecules of
varying chain length results in hole formation between the dif-
ferent chains actively providing a region into which the glucose
molecules can enter and the response can be measured via SERS
[60]. With the implementation of the system it was possible to
quantitatively detect glucose and the majority of the measure-
ments were detected within levels which were considered to be
medically relevant [60]. The authors also reported that the system
worked effectively even when interfering analytes were present
[60]. Detecting glucose in real-time is of huge importance for dia-
betes sufferers who currently check their levels via pin prick blood
tests. With this method of monitoring huge variations in glucose
levels are often missed and in order to improve disease manage-
ment, there is a real need for accurate continuous monitors [60].
Later work by the same group has strived to further develop this
method for in vivo sensing [81-83]. In the initial stages the sen-
sors (as described above) were implanted into animal models and
the glucose levels were successfully measured via SERS and surface
enhanced spatially offset Raman spectroscopy (SESORS) respec-
tively [81-83] (SESORS shall be discussed further in Section 3.3).
In the most recent developments, the same sensor has been inves-
tigated via animal implementation [83]. The device was found
to actively work over 17 days and more importantly the authors
reported that between days 6 and 17, the glucose levels measured
were found to lie within the clinically relevant levels [83]. This
elegant and sophisticated example is a significant step forward in
the development of a method by which diabetes sufferers could
monitor and control their condition more accurately [83]. A sim-
ilar format was also used to monitor lactate quantitatively [61].

Variations in lactate levels can be indicative of trauma in a number
of medical conditions and as with glucose monitoring the ability
to measure lactate in real time would further improve the clinical
care offered to patients suffering from a range of conditions [61].

In other examples, the SERS enhancement was achieved using
metallic nanoparticles. Using this format and a nanofluidic device
Chou et al. demonstrated the detection of the B-amyloid peptide.
which is a key component in plaques in sufferers of Alzheimer dis-
ease [G63]. B-Amyloid detection was achieved by concentrating the
nanoparticles and target molecules within the device, irradiating
with a laser and monitoring the SERS signal [63]. To demonstrate
the sensitivity of the detection system the author's added addi-
tional proteins of similar and different conformations. Analysis of
the SERS signals found that it was possible to discriminate between
the different protein forms [63], in particular, a-helices could be
discriminated from PB-sheets and between the different B-sheet
forms discrimination was also possible [63]. Having a method by
which to characterise the disease process is hugely beneficial and
it could be used as a method to monitor disease development [63].

Unfunctionalised nanoparticles have also been used to moni-
tor enzyme activity intracellularly [62]. This is relevant in terms
of disease detection since some notable diseases, including cys-
tic fibrosis, Parkinson's and Alzheimer's are all characterised
by some form of abnormal enzyme activity [62]. In the study
Au nanoparticles were incorporated by cell populations along-
side the colourless substrate X-Gal, where upon internalisation
it was enzymatically transformed by B-galactosidase enzymes to
5,5'-dibromo-4,4"-dichloroindigo. This transformation was charac-
terised by the appearance of a peak in the SERS spectra at 598 cm ™!
and a blue colour which was indicative of the turnover of the sub-
strate by the enzyme (Fig. 1) [62]. The conversion was specific to
the enzyme as confirmed when known enzyme inhibitors were
introduced (Fig. 1) and the corresponding reduction in the mea-
sured SERS signal [62]. High resolution analysis of single cells and
cell populations suggested that enzyme action was localised in spe-
cific cellular compartments which were proposed to be endosomes
|62]. The authors expressed a desire to quantify enzyme levels
within these compartments, particularly in response to different
disease stimuli and states. It is hoped that such knowledge will
facilitate the development of suitable treatments [62].

More recently systems for disease detection have looked at func-
tionalised nanotags [84-86]. In one immunoassay, the detection
of the carcinoembryonic antigen (CEA), a marker frequently used
for the detection of lung cancer, was achieved using a combina-
tion of hollow gold nanospheres (HGNs) and magnetic beads [86].
Porter et al. also implemented an immunoassay format for the
detection of the pancreatic cancer marker, MUC4 [24]. This marker
is suitable for detecting cancer since it appears to be absent in
healthy and pancreatitis-suffering populations [84]. Detection was
achieved using SERS via gold nanoparticles which were labelled
with a reporter molecule and an antibody specific for the marker.
SERS was critical for the detection of disease, especially as the
authors noted that conventional immunoassay formats had failed
to detect the protein in human sera [84]. In an extension of this
initial work Porter et al. developed an immunoassay system which
could simultaneously detect two markers of pancreatic cancer [85].
The detection of multiple disease markers is a key step in the future
of disease diagnosis since it is rare for disease processes to be rep-
resented or characterised by a single indicator [13]. In addition,
the detection of multiple aspects of a disease will undoubtedly
lead to better personalised medicine and immunoassays could be
extended to detect a plethora of diseases simultaneously.

Cell based detection is a vast field and in particular research has
centred on detecting breast cancer [87,88]. One of the earliest stud-
ies employed SERS dots (a form of silica encapsulated nanotags)
functionalised with breast cancer (HER2) or leukaemia specific
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Fig. 1. Intracellular conversion of X-Gal to the blue coloured product 5,5 -dibromo-4,4'-dichloro indigo by the enzyme B-galactosidase - (A) white light and false colour
image based on the 5,5-dibromo-4.4'-dichloro indigo peak at 598 cm-!, (B) corresponding spectra from the highlighted areas and the associated false colour LUT bar and (C)
the effect of an enzyme inhibitor on the measured SERS signals [62].
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antibodies (CD10) [87]. Antibody functionalisation was required functionalised dots bound only to the leukaemia cells [87]. SERS

so that the dots would bind specifically to the corresponding cell signals were not observed when either of the antibody function-
line and when the conjugates were incubated with different cell alised nanotags was incubated with the control cell population [87].
populations this specificity was observed [87]. HER2-functionalised This initial study highlighted the possibility of screening cell pop-
dots only bound to the breast cancer cells and similarly the CD10 ulations for cancerous and non-cancerous cells and, provided that
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each subset of dots was labelled with a distinct reporter and an
antibody, a range of diseases could be detected simultaneously.
The authors also reported that the method could potentially be
implemented as an alternative to the radioactive tagging of cells
and tissues [87].

Later, studies took advantage of the same binding relation-
ship between HER2 antibodies and the corresponding receptors on
cell membranes [89,90]. However, rather than focusing on spher-
ical shaped nanostructures rods and HGNs were investigated as
alternative imaging scaffolds [29,90]. In both instances, recogni-
tion via the specific antibody-antigen interaction was achieved
and brighter images were observed (Fig. 2) [89.90]. The increased
SERS intensity in the false colour images were not the result of
any improvement in the binding efficiency but were a direct result
of the enhanced optical properties demonstrated by both the rods
and HGNs (Fig. 2)[89,90]. The authors suggested that both systems
are extremely sensitive imaging agents and when designing a dis-
ease detection system consideration should also be given to the
imaging scaffold especially if the disease target is present at low
concentrations [89,90].

In a recent study antibody-antigen interactions were stud-
ied as means for differentiating between disease states [72]. The
development of the nanostructures involved the labelling of silver
nanoparticles with reporter molecules, and HER2 antibodies were
subsequently conjugated via the terminal carboxylic acid group
on the reporter [72]. The functionalised nanostructures were then
exposed to two cell lines (SKBR3 and MCF7) which demonstrated
a differential level of HER2 expression [72]. In the SKBR3 cell line
which exhibits a high level of HER2 expression the SERS signal was
observed by the authors to be 3-4 times greater than in MCF7 cells,
which have a low level of expression [72]. Although significantly
greater levels of data would need to be collected from cells, at a
number of different disease stages, this preliminary study high-
lights the implementation of SERS nanotags for the categorisation
of cancerous disease states. The principles of the study are not
limited to cancer and any other condition which exhibits differen-
tial levels in the expression of disease markers could be analysed
and graded in an analogous manner.

vy and exposed to MCF7 cells overexpressing HER2, (c) intensity ratios for the peaks at lgzo/l1371 for the crystal violet reporter

In the most recent study, implementing breast cancer cell lines,
the cell phenotype was determined from specific antibody anti-
gen interactions occurring between nanostructures labelled with
antibodies and anrtigen receptors present on cell surfaces [91]. This
was achievable because each of the nanostructures was labelled
with a different reporter molecule and thus different SERS sig-
nals were measured (Fig. 3) [91]. The false colour SERS maps were
subsequently used as a method to quantify the level of biomarker
expression since the SERS intensity is a direct measure of the con-
centration of biomarker [91].

Biomarker or protein expression can also be used to differen-
tiate cancerous from non-cancerous cells [92]. In prostate cancer
cells neuropilin-1 is overexpressed and, on the basis of this knowl-
edge, selective SERS nanotags were constructed for differentiating
between cell lines [92]. To actively target cancerous cells or more
specifically the receptors, nanotags were functionalised with a pep-
tide with a specific affinity for neuropilin [92]. Control nanotags
were functionalised with the HIV transactivator of transcription
(TAT) peptide sequence and these nanotags had the ability to bind
to both cells lines [92]. In order to positively identify the cancer-
ous cells, the ratio of the SERS signal from each of the reporters
was calculated [92]. The cancerous cells should have a high contri-
bution from the reporter on the specific targeting nanotags whilst
the non-cancerous cells should have a high contribution from the
reporter on the control system [92]. This was found to represent a
viable method for differentiating between the two cell lines [92].
Prostate cancer cells can also be positively identified from inter-
actions between imaging agents and surface carbohydrates [93].
For example, PC3 cancerous cells exhibit elevated levels of sialic
acid residues on their surface [93]. These can be actively targeted
with nanostructures functionlised with the lectin, Triticum vul-
garis, which is known to have a specific affinity for these glycans
[93]. Craig et al. demonstrated this lectin-glycan interaction and
in doing so successfully distinguished cancerous PC3 cells from the
non-cancerous PNT2A cells [92].

Further applications involving the detection of cancerous cells
have centred on circulating tumour cells (CTCs). Unlike other appli-
cations, which might be concerned with the primary detection of
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cancer, CTCs are particularly aggressive and are associated with
the initiation of further cancerous growth [73,94]. During an initial
study the CTCs were exposed to antibody functionalised nanotags
and magnetic beads. The nanotags whilst simultaneously bind-
ing to the CTCs acted as the reporter component and similarly,
the magnetic beads whilst capable of binding to the cancer cells
were incorporated so that the samples could be concentrated via
a magnet [73]. The implementation of this method has resulted
in successful detection of CTCs via SERS [73]. Detection was also
achievable with high sensitivity and specificity when whole blood
was employed [73]. In a subsequent study by Wang et al. a similar
method was employed but the incorporation of magnetic beads was
substituted for a physical separation step [94]. Initially, the blood
was separated by centrifugation and, because of their low den-
sity, CTCs were removed from the upper portion of the container
with relative ease [94]. CTCs were then incubated with nanotags

for a specified period and after this any unbound nanotags were
also removed by centrifugation prior to the SERS analysis [94].
Both methods allow for sensitive and selective detection of CTCs
[73,94].

In a final example of SERS based disease detection in vitro,
targeting of stem cells was investigated. Although this is not
strictly a method for the detection of disease, stem cells have an
important role in disease research [95]. In this study nuclear tar-
geting SERS nanotags were deployed to ascertain the differences
between differentiated and undifferentiated stem cell populations
[95]. The cells were analysed by SERS and spectral information was
extracted. Principal component analysis (PCA) was employed and it
revealed that there were distinct differences between the two stem
cell forms with regards to the organisation of the nucleus. These
changes were suitably distinct and allowed for cell identification

[95].
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3.2. SERS and ex vivo/in vivo applications for the detection of
disease

3.2.1. Tissue imaging and disease detection

The use of SERS for disease related tissue imaging was initially
performed by Schlucker et al.in 2006 [96]. The SERS based detection
system consisted of gold nanoparticles conjugated to an antibody
via a small molecule reporter and this was used to actively detect
prostate specific antigen (PSA) in tissue samples [96]. In a later
study the same group extended this to monitor PSA expression in
tissues [80]. This predominantly occurs in the epithelium of the
prostate and, when incubated with functionalised nanoshells, the
localised expression was confirmed by SERS signals arising from
the specific nanoshell antibody-tissue antigen interaction and it
was particularly evident in the false colour SERS maps (Fig. 4)
[80]. Determining the localisation of other components within the
tissues is not isolated to biomarkers of disease and the group suc-
cessfully determined the localisation of the tumour suppressor p63,
in non-cancerous tissue [97]. Elucidation of this was again deter-
mined by SERS signals arising from the specific interaction between
the detection system and tissue [97].

Whilst detection systems like this might seem trivial, they are
actually of huge importance for the characterisation of disease
in tissue. In all of the examples discussed, the measured signals
arise from the SERS reporters. However, a second laser line could
be employed at a frequency where the nanotags are not SERS
active but where intrinsic Raman signals from the tissues dom-
inate. This would allow biochemically characteristic information
to be obtained from the tissues and the false colour SERS images
could be used to delineate the boundaries between the regions
where, for example, PSA expression is high and low. This would

provide further information which is biochemically representa-
tive of the disease biomarkers. Whilst areas of protein expression
can be imaged using traditional immunohistochemical methods,
no biochemical information is obtained. Additionally, conventional
fluorophores have broad absorption and emission bands so the
staining of multiple areas is difficult. However, when employing
either Raman and/or SERS imaging, the spectral bands are nar-
row thus they are not limited in terms of the number of tissue
regions or receptors which could be targeted simultaneously. This
is particularly important as the documentation of disease processes
progresses towards the detection of multiple markers [13].

Manipulation of the antibody-antigen interaction has also been
exploited for the determination of nasopharyngeal cancer in tis-
sue samples [98]. As with most of the discussed samples, antibody
functionalised SERS nanotags were exposed to tissues [98]. Clini-
cal samples were analysed and directly compared with the tissue,
which had been analysed via a traditional immunohistochemical
method. SERS analysis was found to considerably exceed the con-
ventional method [98]. In total, there were 34 cancerous and 20
non-cancerous tissue samples and the SERS detection method cor-
rectly identified 33 of the cancerous samples whilst the traditional
method only identified 22 [98]. Negative samples were correctly
identified by both methods [98]. As with the previous examples all
of the above discussed advantages of the SERS method are equally
applicable to this study [98].

SORS has been previously discussed as a method for disease
detection in Section 2.2. SORS has also been developed to incor-
porate a surface enhanced method known as surface enhanced
spatially offset Raman spectroscopy (SESORS) [99]. The key feature
and main advantage of this technique is that it can measure Raman
or SERS signals through medically relevant tissue depths [99]. This
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background subtracted and shifted for better visualisation. The Raman reporter molecule is malachite green, with distinct spectral signatures as labelled in (a) and (b). Laser

power, 20mW.

Reprinted by permission from Macmillan Publishers Ltd. Nature Biotechnology, [ 101](2008).

is of huge importance since it actively demonstrates non-invasive
detection of disease [99]. In one of the latest studies cumulative
SERS signals were measured from four different SERS nanotags
which were located within tissue at a depth of 20mm [99]. Even
more significantly, it was possible to measure SERS signals through
50 mm of tissue [99]. This study highlights the possibility of imple-
menting SERS and their nanotags for use in vivo.

In a subsequent study the method was investigated in specific
relation to a disease process [100]. Osteoporosis is a progressive
bone disease which can be treated with drugs known as bisphos-
phonates [100]. The disease itself was not investigated but rather
the study was designed to replicate drug distribution and inves-
tigate its localisation [100]. In order to do this, the drug was
conjugated to SERS nanotags and subsequently incubated with rep-
resentative bone samples. The bones were then transplanted into
a tissue mass and the samples were analysed [ 100]. It was possible
to detect the drug-nanotag conjugates at a depth of 20mm [100].
Although this study did not involve the direct detection of the dis-
ease it is nonetheless important because it actively demonstrates
the ability to monitor drug distribution non-invasively [100]. This
therefore highlights the suitability of SERS as a key process in the
treatment of disease.

3.2.2. In vivo imaging and disease detection
One of the most recognisable and well documented examples
of in vivo SERS imaging is undoubtedly the study by Qian et al.

[101], where tumours were successfully targeted with an antibody
functionalised gold nanoparticle system in vivo [101]. The nanotag
conjugates were introduced into the mice model via tail injection
and they were successfully translocated to tumour locations [101].
Successful targeting was demonstrated via monitoring of the SERS
signals and those measured from the tumour regions of the mouse
were found to be representative of the reporter from the SERS
nanotags (Fig. 5) [101]. This study actively demonstrated that the
nanoparticles were able to travel through the animal model and
reach their targets [101]. It was also critical for demonstrating the
success and application of SERS for monitoring such interactions
in vivo.

In vivo imaging of SERS nanotags has also been applied for
the observation of inflammation and again, while not a disease
process, it is of relevance since any change can be indicative
of infection and underlying disease conditions [102]. Nanotags
were functionalised with antibodies which have a specific affinity
for the identified inflammation biomarker, intracellular adhesion
molecule 1 - (ICAM-1-). The nanotags specifically targeted inflam-
mation in vitro, ex vivo and in vivo [102]. When the effectiveness
of the SERS approach was directly compared with the conventional
fluorescence method it was found to be significantly more sensitive
[102].

Whilst the previous examples have demonstrated active in vivo
disease targeting, a multi marker approach is considered to be ben-
eficial, especially if multiple disease aspects are to be detected
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simultaneously [12]. 1t is hoped that by analysing disease processes
or even multiple different diseases it will lead to better characteri-
sation and personalised medicine.

With the advent of superior nanotag systems, which display
excellent stability and are optically ‘hot’, the possibility of multi-
plexed imaging in vivo has become a real possibility [13,76]. In the
initial stages it was possible to simultaneously detect two differ-
ent nanotags within a live subject but this was latterly extended to
include the simultaneous detection of 10 different nanotags (Fig. 6)
[13,76]. This was a crucial step forward for multiplexed detection
in vivo, actively demonstrating the potential to detect multiple
pathosis or different elements of disease simultaneously [13]. In
a further extension of the work, in terms of true multiplexing and
the confident identification of nanotags present within a specified
location, it was possible to positively identify four nanotags in a
multiplexed scenario [13].

Further in vivo applications have been demonstrated by Maiti
et al. [103-105]. In the first of their in vivo experiments nanotags
were injected into a mouse model and successfully imaged using
SERS [103]. The only difference being that the antibody function-
alised nanotags were actively bound to cancerous cells prior to their
introduction, highlighting the opportunity to successfully image
the nanotags in vivo even after participation in a disease recognition
event [103]. In an extension to this work nanotags functionalised
with antibodies which had a specific affinity for the receptors in
the xenograft were found to translocate to the xenograft site fol-
lowing introduction into the animal [104]. Thus the conjugates
participated in antibody-antigen recognition and signals represen-
tative of the reporter molecule were measured at the xenograft site
[104]. However, when nanotags were introduced into mice bearing
xenografts of the non-cancerous cell population SERS signals were
not measured in accordance with the absence of a specific binding
event [104].

In the most recent of their work, the group elegantly demon-
strated the selectivity of their targeting nanotags [105]. In this
study the xenograft was composed of oral squamous cell carcinoma
(0SCC) cells which exhibit a differential level of expression of EGFR

and HER2. EGFR receptors are present at a much higher level than
HER2 receptors on the surface of the 0SCC cells [105]. In accor-
dance with the expressed receptors three nanotags were injected
into the tail of the animal subject, two of which had been function-
alised with the EGFR specific antibody and the remaining nanotag
was functionalised with the HER2 antibody [ 105]. The signals which
were measured from the site of the xenograft were in accordance
with the two nanotags functionalised with the specific antibody
and two different reporter molecules. There was no contribution
from the nanotag functionalised with the HER2 antibody (F ).
This study represents one of the first true targeted in vivo multi-
plexing examples and this is an important step forwards in terms of
striving towards the deliverable of comprehensively characterising
and detecting multiple aspects of disease [105].

4. SERS as a method for disease treatment

The idea of implementing nanoscaffolds for disease treatment
is not a new concept and nanostructures in many different forms
(ie. nanorods, nanoshells and nanoparticles), predominantly gold
based. have been utilised for the destruction of cancerous cells
[53,106-111]. This occurs because nanostructures absorbing the
interrogating laser light experience localised heating and this heat
is subsequently dissipated to the cell resulting in destruction
[53,106,107,112,113]. It is widely believed that an increase in tem-
perature is responsible for this effect but recent studies have shown
that cellular damage can result without a significant temperature
increase [114]. The method must therefore elicit some of form of
damage which can ultimately result in cell death [114,115]. While
there are many examples highlighting the use of nanomaterials
for therapeutic purposes, there are no demonstrated applications
where SERS has been employed as a treatment method. However,
its use has recently been critical in determining the localisation of
nanostructures so that treatment can be targeted to a specific posi-
tion. SERS is therefore becoming a key step in treatment processes.

The detection of bacteria which are drug resistant is one such
field where this method might be beneficial. Fan et al. described
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Modified and reprinted with permission from Elsevier.

the generation of popcorn shaped magnetic nanoparticles which
consisted of an iron core and a gold shell [116]. The nanostructures
were further labelled with an antibody with affinity for Salmonella
DT104 [116]. In the study the nanoparticles were found to bind to
the Salmonella cells with high affinity and, because of their mag-
netic properties, cells could be extracted from the bulk solution
[116]. Cells were then destroyed by illuminating with a therapeu-
tic light source [116]. As with several of the studies which will be
discussed, SERS was not directly involved in the treatment process,
but it was essential for determining that the nanoparticle conju-
gates had successfully bound to the target cells and without these
conjugates treatment would not have been successful [116]. While
this remains a preliminary study the method is postulated as an
alternative to drug based treatment methods for bacterial infec-
tions and disease, and this has important consequences since drug
resistance continues to increase [116].

Implementation in the detection of lung cancer is another field
where these SERS based detection methods might be beneficial,
especially since lung cancer is often diagnosed beyond a stage of
effective treatment [113]. In a study by Wu et al. aptamer conju-
gated silver shell gold core nanoparticles labelled with rhodamine
6G were used for the specific targeting of A549 lung cancer cells.

The specificity of the system was tested against six cell lines (two
generic cancer and four lung cancer cell lines) and the aptamer
conjugates were not found to give a significant SERS response, sug-
gesting that the conjugates did not bind to any other cell lines
except those which were specifically targeted [113]. Implemen-
tation of the aptamer system allowed for considerable levels of
aggregation between the cancer cells to occur since aptamers on
asingle shell could bind to different cells within the exposed popu-
lation [113]. This was beneficial since it created concentrated areas
of the conjugates and cells, ideal preparation for SERS detection
and treatment with the irradiating laser. During the study it was
found that a laser power of 0.2 Wcm~! applied for 60 min was suf-
ficient to kill the cancerous cells [113]. The SERS response was also
observed to decline following application of the treatment laser
and it was postulated that this could be used as a measure of treat-
ment efficacy [113]. When the same procedure was performed with
the conjugates and the remaining cell lines, cell damage or death
was not observed. The authors highlighted that this method could
be applied for the medical treatment of cancer since differentia-
tion between the cancerous cells was both selective and specific
[113]. In this particular application SERS has been implemented
to confirm the binding reaction and the possibility exists for it
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Fig. 8. Viability staining of cells incubated with AuNS-DTDC@Si0:-PpIX-TAT (left) and AuNS-DTDC@Si0z-TAT (right) after 30s of light irradiation. Live cells are stained green

and dead cells are stained red. Scale bars are 250 pm.
Reprinted with permission from [117|. Copyright (2013) American Chemical Society.

to be used as an indicator of treatment progression. Although not
directly responsible for the treatment the implementation of SERS
was critical to the overall therapeutic procedure and success of the
system.

Such procedures are not isolated to the treatment of lung can-
cer and a similar scenario was developed for breast cancer cells
(BT-549) [117]. In this procedure gold nanostars which had been
previously pegylated were labelled with the reporter molecule
3,3'-diethylthiadicarbocyanine (DTDC) before silica encapsulation
and further labelling with the phototherapeutic drug protopor-
phyrin IX (PpIX) and the cell penetrating peptide TAT [117]. In the
study SERS was employed to monitor the uptake of the nanostars
by breast cancer cells. When functionalised with the TAT peptide
considerable SERS signals were observed. However, when the pep-
tide sequence was removed from the conjugate, SERS signals were

Tail -
injection

Q.

significantly reduced or not detected [117]. This is consistent with
observations that functionalisation with the TAT peptide aids in
the cellular uptake of nanomaterials [117-119]. In this particular
study, TAT functionalisation was critical for the successful treat-
ment of cancerous cells using PpIX. PpIX is used as an initiator for
the production of damaging oxygen species which in turn contin-
ues the cascade of reactions initiating cellular damage and death
[117]. Following exposure to the therapeutic light source, cell death
was apparent in those cells which had been subject to the TAT
functionalised conjugates whilst no significant effect was observed
in those exposed to the TAT or PpIX free nanostructures (Fig. 8)
[117]. The use of SERS in this study was again critical for determin-
ing the successful targeting of the conjugates, and whilst it is not
directly responsible for the therapeutic effects observed, without
it, treatment delivery could not be confirmed [117].

'
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Fig. 9. Drug-Raman NP uptake and bio-distribution in whole body mice. Rep imaging of i mice from each group (n- 10 animals) is shown, with the same

scale of epi-fluorescence (a and b) indicating emission signal from the Raman reporter, DTTC (emission-780-800 nm). (c) Evaluation of nanoparticles distribution in mice
organs treated with Raman- and drug-Raman NPs. (d) SERS spectra of the tumour site, measured through the tumour tissues excised from the mice, of drug-Raman NPs (blue

line), Raman NPs only (black line) and other anatomical locations (Le., the opposite leg. red line). Characteristic SERS peak at 508 cm-! [12

Reprinted with permission from Elsevier.
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In a further example silver nanotriangles encapsulated in chi-
tosan and labelled with a reporter molecule and folic acid were
used for the treatment of ovarian cancer cells (NIH-OVCAR-3) [ 120].
Folic acid was essential for transporting the conjugates across the
cell membrane via a receptor mediated targeting strategy [120].
SERS was again implemented to confirm the transport of the nano-
structures to their specified targets. Treatment with the therapeutic
laser lead to cell death and the levels of cellular destruction were
correlated with nanostructure concentration [120]. This method
could be used to deliver therapeutics specifically to a diseased cell
population since nanotriangle uptake between the cancerous and
non-cancerous cells should vary in accordance with the expression
of cancer related receptors [120]. SERS was again a vital step in the
overall treatment process.

While cell based examples are undoubtedly interesting and
stimulate further research this ultimately must be translated to
in vivo applicarions. Conde et al. developed gold nanoparticle con-
jugates which were labelled with a reporter molecule and the
antibody-drug conjugate Cetuximab (Erbitux®) for targeted detec-
tion and treatment of tumours in vivo. [121] Mice models were
implanted with cancerous cells to generate xenografts [121] and
mice were then treated with nanostrucrures via tail injection, while
the tumours were located in the right leg [121]. The conjugates
were successfully translocated to the tumour site and resulted in a
reduction of further tumour development by the inhibition of cellu-
lardivision [121]. Active targeting of the tumour was monitored via
SERS and large SERS signals were observed in mice treated with the
drug conjugates whilst minimal signals were observed from those
treated with drug-free nanostructures (Fig. 9) [121]. The authors
reported that the signals measured from drug labelled nanoparti-
cles at the xenograft were 4.5 times higher than those of the drug
free system as measured from a key identification peak at 508 cm ™!
[121]. The variation in the SERS signal between the two sites and
samples presumably arises because the drug-free conjugates were
not specifically targeting the tumour site [121]. The SERS stud-
ies were performed ex vivo but the method further highlights the
implementation of SERS based conjugates and SERS as a method
for the successful targeting and treatment of disease in vivo [121].

5. Conclusion

The rich and wvaried applications of Raman and more signifi-
cantly SERS for the detection of diseases are direct consequences
of the numerous advantages that they confer. Unlike their fluores-
cent counterparts, sharp molecularly specific spectra are obtained.
which instantly and readily lends the techniques to multiplexed
disease detection opportunities. As demonstrated in some of the
examples discussed, detection via these methods is often more sen-
sitive and selective. In addition, the possibility exists for combined
Raman and SERS imaging of cells and tissues so that in the advent of
implementing SERS active nanotags, biochemical and characteristic
information relating to the disease process can be simultaneously
obtained. In order for SERS to achieve and remain at the forefront
of disease diagnostics further studies are required in physiolog-
ical representative media, clinical samples and in vivo. When
these applications fully demonstrate their robustness, reliability,
repeatability, sensitivity and selectivity in vivo, the technique will
make the full transition from the laboratory to a clinical setting.
Presently. the techniques are strong contenders for revolutionising
our ability to detect disease.
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