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Zusammenfassung und Ausblick

In der vorliegenden Doktorarbeit wurde die spitzenverstarkte Raman-
Spektroskopie (englisch: tip-enhanced Raman scattering, TERS) und ihr Vorgénger,
die oberflachenverstarkte Raman Spektroskopie (englisch: surface-enhanced Raman
scattering, SERS), zu Studien geringster Mengen von Biomolekilen mit schnellen

Messzeiten verwendet.

Vielen Einschrankungen von SERS und anderen spektroskopischen Methoden
konnten dabei durch TERS aufgehoben werden. So wurde beispielsweise bei der
Detektion von Biomolekilen eine raumliche Auflésung im Nanometerbereich erzielt, bei
gleichzeitig hdchster Nachweisstarke.

SERS an katalytischen Prozessen

Zur Untersuchung der Wechselwirkungen von Fettsduren mit dem Enzym
P450gs; wurden SERS-Messungen auf Silberkolloiden durchgefiihrt.  Die
charakteristischen Banden flr P450gs; wurden identifiziert, sowie signifikante
Anderungen in den SERS-Spekiren in Gegenwart von Myristinsdure bestimmt. Die
spektralen Verschiebungen konnten entsprechend auf die strukturellen Anderungen in
der Ham-Umgebung zurtckgeflhrt werden. Die Ergebnisse zeigen deutlich das
Potenzial von SERS zur spektroskopischen Bestimmung neuer Ham-Enzymsubstrat
Wechselwirkungen auf.



TERS in Malaria infizierten menschlichen Zellen

Im Rahmen dieser Arbeit konnten zum erstem Mal rasterkraftmikroskopische
(englisch: atomic force microscopy, AFM) Aufnahmen zusammen mit ersten TERS-
Spektiren von Makromolekilen an einzelnen Malaria infizierten roten Blutzellen
aufgenommen werden. Die detektierten Raman Signale wurden kristallinem Hamozoin
zugeordnet und belegen eindeutig, dass die gleiche Strucktur wie beim sythetisch
herstellten B-Hamatin vorgeliegt.. Unter Verwendung der Modelsubstanz Hamoglobin
konnte die selektive Verstarkung von Ham- und Proteinmoden demonstriert werden.
Dartber hinaus wurden die spektralen Fluktuationen, die aufgrund der Empfindlichkeit
der TERS-Methode im Nanometerbereich auftreten, mittels Hauptkomponentenanalyse
(englisch: Principal Component Analysis, PCA) bestatigt. Diese Ergebnisse erdffnen
einen  volig neuen Weg, die Bindung eines Wirkstoffs an die
Hamozoinkristalloberflache innerhalb der Verdauungsvakuole des Parasiten mittels

TERS zu untersuchen.

TERS auf einem DNA und RNA Strang

In Rahmen dieser Doktorarbeit wurde die ersten TERS-Messungen entlang
eines synthetisch hergestellten RNA Einzelstrangs des Homopolymers Cytosin
erfolgreich durchgefiihrt. In diesem Experiment konnte eine rdumliche Auflésung von
weniger als 60 Nukleobasen erreicht werden. Unter Bericksichtigung des Signal-
Rausch-Verhaltnisses  wurde  Einzelbasenempfindlichkeit nachgewiesen. Die
beobachteten spektralen Fluktuationen in den TERS-Messungen lieBen sich auf
besondere Effekte der sehr hohen lateralen Auflésung und Verstarkungsfaktoren

zurlckfihren.

Weitere Experimente Uber einen Homopolymerstrang von Adenin lieferten
Informationen Uber den Verstarkungsbereich der TERS Spitze, der demnach deutlich
unter 20 nm angesetzt werden kann. Wiederholte TERS Messungen an ein und
demselben Punkt bestatigten, dass die beobachteten Fluktuationen in den TERS
Spektren an verschiedenen Punkten auf Nanoskala-Effekten, wie der relativen
Poisition zwischen Spitze und Probe sowie Feldgradienteffecten herriihren. An dieser



Stelle soll darauf hingewiesen werden, dass sich die Effekte von denen in der Raman-
und SERS Spekiroskopie unterscheiden. Diese Ergebnisse zeigen deutlich das
Potential von TERS bei der Identifizierung von Einzelstrang Dann auf. Es sollte daher
maoglich sein, eine direkte markerfreie Sequenzierung von DNA mit dieser Methode zu

erzielen.

AbschlieBend lasst sich sagen, dass die vorgestellten Ergebnisse zeigen, dass
TERS eine auBerst leistungsfahige Technik ist, mit dem Potential eine direkte and
markerfreie Sequenzierung von DNA und RNA und weiterer kettenférmiger
Biomolekile wie z.B. Peptiden oder Proteinen zu erreichen. AuBerdem erméglicht die
nachgewiesene raumliche Aufldésung und hohe Sensitivitat von TERS, die Klarung
einer groBen Anzahl an weiteren Fragestellungen wie z.B. die Anbindung von
Wirkstoffen an Zellen oder biomolekulare Wechselwirkungen mit der Zellmembran.

Ein wichtiges Ziel ist die breitere Anwendbarkeit der Technologie. Da viele
Faktoren, wie die Form, die Orientierung und die Lage des Nanopartikels auf der
Spitze, die Verstarkung beeinflussen, ist eine detaillierte Untersuchung dieser Faktoren
zuklnftig notwendig, um empfindlichere, kleinere, und reproduzierbarere Spitzen zu

erhalten.
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Chapter 1

Introduction

In the last decades, vibrational spectroscopy techniques such as infrared and
Raman spectroscopy have demonstrated to be a key tool in surface analysis of
biomolecular samples. Although these techniques provide sufficient sensitivity and
spatial resolution for numerous applications, the detection and analysis of biosamples
at very low concentration and high spatial resolution requires more powerful

techniques.

Silver and gold nanoparticles are used to overcome very low Raman cross
section, creating a surface plasmon polariton (SPP) on the surface of the metal
nanoparticles. When the sample is located close to metal surface, the plasmon couples
to the absorbed photon enhancing the probability of Raman scattering. A common
technique that uses this phenomenon is surface-enhanced Raman scattering (SERS).
SERS provides large signal enhancement by a factor of 10'°-10'? necessary to detect
biomolecular samples at very low concentration. The enhancement factor varies with
the size, shape and roughness of the different particles at the SERS substrate; this
means that variations of the intensity of the Raman signal are observed along the
inhomogeneity of the SERS substrate, making the technique very challenging for
quantitative analysis. Tip-enhanced Raman scattering has overcome the
inhomogeneity problem taking just one of the metal nanoparticle and placed it at the
end of an atomic force microscope (AFM) tip. The AFM tip moves the particle to a
desired position on the sample, a TERS spectrum is then achieved and afterward a
new position can be measured with the same nanoparticle just by simply moving the
tip, thus providing a constant enhancement for each measurement. TERS provides not
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only large constant enhancement of the Raman signal but also measurements at high

lateral resolution.

The first part of this thesis (Chapter 2) reviews the fundamentals and
instrumentation of Raman spectroscopy and its evolution to TERS. The principle of
TERS and the variety of experimental setups employed by different groups will be
described in this chapter.

Taking advantages of the large enhancement, sensitivity and nanoscale
resolution provided by TERS, many open questions in biomolecular sciences could be
investigated.

In Chapter 5 the first TERS experiment performed inside a malaria infected
human cell is described and discussed. Using hemoglobin as a model compound, the

selective enhancement of heme and protein modes is shown.

In Chapter 6 the first TERS experiment on a synthetic RNA homopolymer
(cytosine) single strand at lateral resolution down to a few tens of nucleobases is
presented. Additionally further TERS experiments on synthetic DNA homopolymer
(adenine) were performed to estimate experimental enhancement region and

reproducibility of TERS is shown.

Figure 1.1: Schematic of a TERS experiment on
a single RNA strand.

(lllustration designed by J. Hinrichs)
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From Raman spectroscopy to TERS

When light passes through a transparent medium, by nature a part of this
radiation is scattered in all directions. Furthermore, in a fraction of this scattered light a
shift in frequency is observable compared to the incident radiation. This phenomenon is
known as the Raman effect and is specific for each chemical compound. Currently
Raman scattering is widely applied to identify and analyze chemical and condensed
physical materials in research and industry.

Raman spectroscopy is based on the inelastic scattering of light radiation.
Inelastic scattering is characterized by

a frequency shift of photons by

interactig with the sample when A

subsequently reemitted (scattered) Incident Scattered

(Figure 2.1) radiation (hv,,) radiation (h(v, - v'))
The frequency of scattered

photons is shifted to higher or lower

frequencies in comparison to that of the V ;

incident radiation. The variations in ! hv’

frequency observed in this

phenomenon are equivalent  to Figure 2.1: Energy level diagram of the inelastic

variations in energy. Atoms and ions Raman process for Stokes scattering.
are bound to each other to form
molecules and crystal systems and

constantly perform vibrational and
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rotational motions. These oscillations
are performed at exact frequencies
as a function of the involved particle
mass and the dynamic behaviors of
the existent bonds, the force
constants  (Figure 2.2). Each
vibrational and rotational mode has a
corresponding energy level. Another
characteristic of Raman
spectroscopy is its straight forward
application for the study of liquid,
solid and gaseous samples.

Figure 2.2: Photons with frequency (Vo) interact with

a molecule and induce a molecular motion, knwon as

a vibrational mode on the radiated molecule and

immediately a photon with a different frequency (Vo +

V’) is reemitted.
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2.1 Raman effect

In 1928, the Indian physicist C.V. Raman was the first to observe the inelastic
scattering.[” To illustrate this, sunlight was used as a radiation source to demonstrate
the evidence of this phenomenom, as shown in Figure 2.3. Sunlight, the most intense
light available at that time, was collected by a telescope and focused on an organic
solution. To observe changes in frequency, he filtered the white light through a green
filter to obtain a monochromatic green light. The green light then passed through the
sample and C.V. Raman was able to observe a weak yellow scattered radiation was
observed after placing a yellow filter behind the sample. This proofed existence of
inelastic scattering, now well-known as the Raman effect, which C.V. Raman reported
as a new secondary radiation in Nature.

Telescope

Green Sample Yellow
filter P filter

Figure 2.3: Schematic diagram of the discovery of the Raman effect by C.V. Raman in 1928.

A laser is commonly used today as a radiation source in Raman spectroscopy.
It is much more intense than the sun light and operated at defined frequency
(monochromaticity). A laser beam can be considered as a plane electromagnetic wave
with an electric field, E, perpendicular to a magnetic component, H (see Figure 2.4).
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Electric
field (E)

Magnetic
field (H)

wave motion

Figure 2.4: Diagram of a self-propagating linear polarized electromagnetic wave.

The interaction of the laser beam with the molecule occurs through the electron
cloud of the molecule. The ability of the electronic cloud of the molecule to change in
space by the interaction with an electric field is determined by its molecular

polarizability, o.

A molecule has a certain number of vibrational modes, which can be calculated
in case of a linear molecule by 3N-5 and for a non-linear molecule by 3N-6, where N is
the number of atoms. Not all vibrational modes of a molecule are Raman active. For a
vibrational mode to be Raman active, the molecular motion induced by the electric field
must involve a change in the molecular polarizability. Figure 2.5.b shows how the
morecular polaribility changes from the equilibrium to the extended and compressed
motions. A vibrational frequency is characteristic for each molecular deformation and
the amplitude of this vibrational mode is related to the nuclear displacement. For the
same vibrational mode to be IR active, must be involved a change in the dipole
moment. In Figure 2.5.a is shown that for the same molecular motion, the dipole

moment of the molecule does not change from the equilibrium to the extended and
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compressed motions. Therefore, the symmetric vibrational mode of a CO, molecule is
observed in Raman spectroscopy but not in IR spectroscopy.

CO,

© ® O © ® © ©® 0O
@ O0—C—O0O O0—C—-0 O-C-O

7
il

i

i

\

I ik idky

(b) : % L X L X
/L,‘ /', /l‘

V| Ve V|

v/ v/ \|

z z z

Figure 2.5: The symmetric stretching of a CO, molecule (a) does not produce any changes in the

dipole moment (not IR active) but does (b) in the polarizability of the molecule (Raman active).

In conclusion, the oscillating electric field, E, of the photons of a monochromatic

source with frequency, v, varying with the time, t, is represented by:
E = E, cOS2rvot (2.1)

where E, is the maximum amplitude.

The oscillating electric field is responsible for the excitation and conversion of
molecules into an oscillating dipole, 4, which varies as:

pn=aE = aE,Co82nvot (2.2)

where o is the polarizability of the molecule, which varies also with the time is

represented by:

o = oo + o’COS2nv't (2.3)
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where 0, is the polarizability of the equilibrium conformation of the molecule,o’

is the polarizability change with molecular vibration, and v’ is the vibrational frequency

of the molecule.

Combining both equations (2.2) and (2.3) the dipole is resulted as:
u = oo+ o’cos2nvt ] -Eo COS2nvot (2.4)
Equation (2.4) can be developed into three terms as:
L = oo+ Eo COs2nvot + 0.5 - Ep [COS27 (Vo + V)t + COS27 (vo - V)T ] (2.5)

Theses three terms represent that the oscillating dipole reemits the photons in
three characteristic frequencies: the first term is Rayleigh scattering with the same

frequency as the radiation source (vo) does not provide any spectroscopic information.
The second and third terms are Stokes scattering with frequency vo-v’ and anti-Stokes
scattering with frequency vo+V’. Their energy level diagram of the three different types
of radiation is illustrated in Figure 2.6. In the Raman process an electron in the ground

state is excited into a virtual state for a short time, and then reemitted to the ground
state which lies in higher or lower energy than the initial state. It is important to note

that if the molecular vibration does not cause a change in polarizability, v’ is zero, and

therefore, there is no Raman scattering.
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Excited
states

Virtual

ﬁ::::i:::::ﬁ:::::&::::: states

VO VO_V,
Vo| |Vo

Y Ground
Y L — states

Rayleigh Stokes Anti-Stokes

scattering N /
Raman
scattering

Figure 2.6: Energy level diagram of the Rayleigh, Stokes and anti-Stokes scattering.

Each vibrational or rotational mode corresponds to a relative frequency shift,
which is independent of the wavelength of the laser source. The collection of the
different frequencies or Raman shifts undergone by a molecule is known as Raman
spectrum and provides an individual fingerprint (composition of Raman shifts)

characteristic for each molecule, which allows its identification and structural analysis.
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2.2 Instrumentation

Only one in ten million photons of incident radiation source undergo
spontaneous Raman scattering with frequencies v, + vn,. Therefore, Raman systems
are designed to collect as many Raman scattered photons as possible. Additionally,
since Rayleigh scattering is more prevalent than Raman scattering its radiation must be
blocked. To do this Raman instruments are equipped with filters, pinholes, and/or
double/triple monochromators to block the elastic scattering present which does not

provide any useful vibrational information.
A Raman system typically consists of four major components (Figure 2.7):
a) Excitation source
b) Sample illumination system and collection optics
c) Wavelength selector

d) Detector

10
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(b) Objective

Figure 2.7: Schematic diagram of a conventional Raman setup composed of (a) a Laser as
excitation source, (b) objective as sample illumination and collection optics, (c) grating as wavelength
selector and (d) CCD camera as detector.

2.2.1 Excitation source

The word “laser” is an acronym for Light Amplification by Stimulated Emission
of Radiation. The laser produces quasi-monochromatic light that focuses a very narrow
band of frequencies. Laser sources are spatially coherent (waves have the same
phase and direction), are highly collimated (the beam is parallel) and the light is

concentrated in a very intense and small beam.

In 1917, Albert Einstein published a theoretical report with the basics of the

laser process known as “Stimulated Emission” and in 1960, the first operative laser

11
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was developed by Theodore Maiman.®! The laser was an important technological
advance and facilitated a resurgence of interest in Raman spectroscopy.

Lasers are can be wavelength-tunable radiation sources and the sample is
usually radiated with wavelengths spanning from ultraviolet (UV) or visible to Infrared
(IR) (Figure 2.8).

100 - 400 nm 400 - 700 nm 700 nm -1 mm

>l
i

» o
<« - >»

uv

Wavelength / nm

Figure 2.8: Optical wavelength range from UV to IR.

The laser process can be understood as follows. First, an inversion of population is
created through at least a three-level energy system, described in Figure 2.9. The
unexcited atoms of an element in the ground state, E,, are excited by external forces
(pumping energy) to level 3, Es, and quickly decay to E,. Afterward, some of the atoms
relaxe to the ground state, E;, as a result a photon is released (spontaneous emission,
shown in Figure 2.10.a). Second,

Level 3, 1‘:'3, 3‘\.-'3

when a photon interacts with an
R {fasi, radiationless transiiion)

excited atom which then decays to

the ground state two final photons ~ — Level 2, By N,
are  produced with identical
P ipuimp
frequency, phase and direction as transition) | N L (slow, laser transition)
the original incoming photon
(Figure 2.10.b). This phenomenon Level 1 (ground state), I, N,

is called stimulated emission and is
. . Figure 2.9: Schematic diagram of three-level system
repeated through a chain reaction ]
laser. From Ref.
with the rest of excited atoms and

the new two photons.

12
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Figure 2.10: Diagram of the generation of Laser radiation.

microscope)

2.2.2 Sample illumination system and collection optics (optical

An important advantage of Raman over IR is the use of standard optical

components, much cheaper than IR equiment. Glass can be used in the optical system
of the setup for windows, lenses or other optical components because it does not
provide strong signal as with IR, which interferes in the spectrum.

An optical microscope is usually employed in Raman microscopy to irradiate the

sample with the laser source and collect the Raman signal produced in the interaction.
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Raman microscopy provides a satisfactory lateral resolution, which depends on the

wavelength (A) of the radiation source and the numerical aperture (NA) of the

microscope objective.

Numerical aperture is defined by:
NA=n(sina), where n is the refraction index of the
medium between the objective and the sample and
o defining the aperture angle of the objective (see
Figure 2.11).

For measurements where high lateral
resolution is required, the use of objectives with
high numerical aperture is quite common. They are
usually designed to work in a medium with high
refraction index such as oil, water or glycerin and
in combination with the use of a source with a short
wavelength, lateral resolution up to 200 nm can be
reached.

Objective

Laser

Figure 2.11: The numerical aperture
depends on the half-angle () of the

laser cone.

2.2.3 Wavelength selector (Filter or spectrophotometer)

The collected Raman scattering is led to the spectrometer and because Raman

scattering takes place at frequencies very close to the laser frequency and shows a

very weak intensity, one of the major challenges of Raman spectroscopy is to eliminate

the laser line and the Rayleigh scattering radiation. This problem is easily solved by

cutting off the laser spectral range with laser-blocking filters. These Raman filters are

specially designed to “block off” specific wavelengths. There are two main types which

can be employed: edge filters and notch filters (see Figure 2.12).

14
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Figure 2.12: Blocking laser line filters.(a) Simple schematic diagram of a Raman system, where the
laser line is filtered before the spectrometer. (b) Transmittance vs. wavelength dependence for edge

and notch filters in respect to a laser line.

In the case of notch filters a narrow spectral range of approximately 200 cm™ is
cut off and above and below this range maximum transmittance is given. For this
reason, notch filters are used when both Stokes and anti-Stokes scattering should be

simultaneously investigated.

Furthermore, there are two types of edge filters: longpass and shortpass. The
longpass edge filters block off all wavelengths below a given wavelength and therefore
it's only employed to measure Stokes-Raman scattering. Shortpass edge filters block
off all wavelengths above a given wavelength and are suitable for Anti-Stokes Raman
scattering studies. Recent developments, edge filters, provide several advantages
compared with notch filters. Edge filters offer a higher transmittance and the cutting
edge is closer to the laser frequency, permitting the detection of Raman bands at short
wavenumbers extremely close to the laser line.

15
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The Raman scattered light is then filtered by the Raman filter, and can be
dispersed using a diffraction
grating. This separates the
light into the  different
wavelengths for the
identification of the specific
vibration modes (see Figure

2.13).
Diffraction
grating
Figure 2.13: Diffraction gratings separate the Raman
2.2.4 Detector scattered light into its different wavelengths.

Light can be converted into electrical signals by using photoelectric devices
such as photodiodes (PD), photomultipliers (PMT) or charge coupled devices (CCD).

All these three detectors are employed in Raman spectroscopy, but nowadays
the most popular detectors are charge coupled devices (CCD) because they are the

most sensitive and require shorter acquisition times for a complete spectrum.

A CCD array is composed of thousands of pixels, which generate electron-hole
pairs when a photon enters through. The electrons are collected and for reading out
shifted to a horizontal register, as shown in Figure 2.14. The photons with different
wavelengths separated by the diffraction grating are collected a different horizontal
position on the CCD array.
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Figure 2.14: Operation mode of charge coupled devices (CCD). Photons enter
through the pixels generating electron-hole pairs, which are collected and led to the
horizontal register for the following reading out.
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2.3 Surface-enhanced Raman scattering (SERS)

In 1974, Fleischmann et al””) observed unusual strong Raman signals of
pyridine molecules adsorbed onto a roughened silver electrode. Firstly, this
phenomenon was attributed to the increase of the number of adsorbed molecules. But
in 1977, Creighton'® and Van Duyne!”! publicished that the enhancement originated
from the roughened silver surface, and they called it Surface-enhanced Raman
scattering (SERS). The discovery of SERS overcame one of the major challenges of
normal Raman spectroscopy, the weak signal. Typical enhancement factors of SERS
are 10'°-10", which allows the studies of samples at very low concentration. 7!

The most critical aspect is
the design of the SERS substrates
Examples are shown in Figure
2.15. The SERS enhancement
(optical properties) directly depends
on the noble-metal material (Ag or
Au), size, shape, and interparticle
spacing of the  aggregated
nanoparticles. Depending on these
parameters, the Plasmon
resonance shifts to a specific

wavelength. Excitation at this
excitation wavelength provides the  Figure 2.15: Transmission electron microscopy (TEM)
images of typical SERS substrates, (a) silver citrate,’”!
(b) gold borohydride® ™ colloids, and (c) gold
nanorods,”"! (d) Au nanosquares!'"! and their diffraction

largest Raman signal

enhancement.

pattern.

Figure 2.16 shows aqueous suspensions of silver nanoparticles which vary in
their resonance frequency in the visible range depending on their aspect ratio.['?
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Figure 2.16: (right) seven aqueous suspensions of silver nanoparticles with
aspect ratio 1-10 and (left) absorption spectra of each suspensions which
show the variation in the visible wavelength range of their resonance

frequency depending on the aspect ratio. From Ref!"

A classic procedure for the preparation SERS substrates with colloidal
nanoparticles is shown in Figure 2.17. Single metal nanoparticles are initially
suspended in aqueous solution. The largest enhancements are expected on rough
surfaces and in interpaticle junctions. Therefore, the single nanoparticles are
“activated” or aggregated by special aggregation agents, such as NaCl, MgCl, or
ascorbic acid, to create junctions. After this step the sample is added to the solution.

Ag or Au Activation
single nanoparticles or
Aggregation Sample

agent

o e.g.: NaCl g
90° . M

o O

Figure 2.17: Sample preparation for SERS measurements.

The main obstacle associated with SERS is the inhomogeneity of the field
enhancement across the sample. The different shapes, sizes and roughness of single
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particles and clusters result in strong variations of the field enhancement and
consequently the Raman signal. Furthermore, these physical parameters also depend
critically on the substrate preparation. A quantitative analysis of interfaces using SERS
is therefore almost impossible.

It is well known that the large field enhancement at metal particles occurs in
regions of high curvature and maximum enhancement occurs for elongated particles
with dimensions of about 10-100 nm. While clusters are considered to yield a better
overall enhancement, also a single isolated metal nanoparticle can enhance the field

considerably.[*17]

2.4 Tip-enhanced Raman Scattering (TERS)'®!

In 1985 Wessell™ theoretically proposed a scheme to ensure a constant field
enhancement using just one single metal nanoparticle for the investigation of a
surface."™ For the first time, this introduced the potential of quantitative SERS surface
analysis. In this design, the rough metal film was replaced by a sharp metal tip that
whould act as an exclusive active site, and also represents the limit for any SERS
experiment: at least one particle is required. In Figure 2.18 illustrated the idea
proposed by Wessel™ for the construction of a single-particle surface-enhanced
microscope. The metal tip should be scanned over the sample surface using scanning
probe microscopy (SPM) techniques. The later experimental verification of this now
called Tip-enhanced Raman spectroscopy (TERS) and only 15 year later experimental
verification was successfully proved.'*?" In addition to the field enhancement the
lateral resolution of this method was improved down to the nanometer level on single-
walled carbon nanotubes (SWNTSs) due to the small size of the probe!?? and applied on

sample at very low concentration, such as on a monolayer of CN".1%l
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Figure 2.18: Single metal nanopaticle working as optical

probe particle designed by Wessel Ref. '’

At present this combination of SPM techniques and Raman spectroscopy is
successfully applied to many questions in the nano-sciences, because of its unique
possibility to obtain chemical and structural information of a sample surface with high

lateral resolution and sensitivity. ['8 2429

2.4.1 Theoretical background

2.4.1.1 Raman enhancement at single metal particles

The large enhancement of Raman scattering from single metal probe used in
TERS can be discussed on the same basis as the SERS effect. In general two
mechanisms are responsible for the Raman enhancement: the electromagnetic effect
and the chemical or charge transfer effect, which applies only to the first layer of
adsorbates.

On the surface of spherical and elongated metal nanoparticles, surface
plasmons are excited by light. The involved electromagnetic field can be strongly
enhanced in the presence of surface plasmons if certain resonance conditions are

fulfilled. The product of the enhancement of the incident laser field and the scattered
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Raman signal lead to the overall SERS effect.['> " When the electromagnetic field of
laser radiation is incident upon a metallic nanoparticle, the electric field of the radiation
drives the free electrons of the metal nanoparticle into collective oscillation. As a result,
the overall electromagnetic field is enhanced (Figure 2.19).

Before Interaction After Interaction

Dielectric Particle

Eincident Eincident Einside Etotal

Free Electron
Metal Particle

Eincident Eincident Einside Etotal

Figure 2.19: Effect of electromagnetic field on metallic and dialectric

nanoparticles. Adapted from Ref?¥

The second enhancement mechanism, the chemical effect, corresponds to an
amplification of the polarizability of the molecule due to a charge transfer between the
metal and the adsorbed molecule.”” #! Considerable band shifts are associated with
this effect and can be used to distinguish whether the metal particle is in direct contact
with the sample. Experimental evidence for a chemical effect exists also for TERS
experiments on nucleobases and Cg done by the groups of Kawata® * and
Deckert?'!] respectively. Band shifts on adenine were observed, which strongly indicate
a direct involvement of a silver-nucleobase interaction, as shown in Figure 2.20.a, and
consequently a chemical enhancement. In contrast, no band shifts are detected for a
different TERS experiment on cytosine and thymine nanocrystals.®"! This has been
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attributed to a special distribution of silver nanoparticles on the specific AFM tip used in
this TERS experiment. In this case, as shown in Figure 2.20.b, the silver particle was
placed slightly behind the actual apex of the probe but still close enough to the
substrate to cause an electromagnetic enhancement. Consequently, no evidence for a
direct interaction between tip and specimen in this particular experiment was observed
and the spectra therefore resemble essentially the bulk spectra of the nucleobases and
not the SERS spectra.l®"!

(a) (b)

Si
AFM tip

/

Ag-sample Q
bondings

Electromagnetic + Chemical effect Only
Electromagnetic effect

T~
Ag

particle \

crystal (sample)

Figure 2.20: Schematic representation of two TERS experiments: (a) where the silver particle is at
the apex of the AFM tip which involves both effect electromagnetic and chemical effect, due to the
formation of a Ag-sample complex, and (b) where the silver particle is placed slightly behind the

apex, causing only electromagnetic enhancement.

One of the most important features of TERS is the ability to highly confine the
electromagnetic field at the apex of a sharp metal tip. This is due to an electrostatic
lightning rod effect as a result of the shape of the particle at the tip apex. This results in

the high spatial resolution of the technique.

23



Chapter 2

2.4.1.2 Near-field optics

The basic explanation of the high-resolution capabilities of TERS is based on
near-field optics and, in particular, in evanescent waves that occur close to small
objects. An evanescent wave is a standing wave that exponentially decays in space. It
can be probed using a nano-antenna, which converts the standing wave into a

propagating wave detectable in the far-field.

The enhancement associated with a TERS tip varies with respect to the specific
position on the particle. The electric properties of the material, the size and shape of
the metal tip and the illumination geometry play an important role for the enhancement
factor and its distribution around the tip.

Different models have been developed to theoretically investigate the field

enhancement of single particles.’??

In order to calculate the electromagnetic fields involved when a metallic
nanoparticle or tip is irradiated with light, one has to solve either Maxwell’'s or
Helmholtz’s equations. For this purpose, several numerical methods are available.

They can be classified by:

. An analytical extension that describes the geometry and solve the field
equations as well as the boundary condition exactly. Neither area nor time should
be discretized.

. Semi-analytical methods, where only the field equations are solved
exactly within certain domains. The adjustment of the boundary conditions takes place
through approximated solutions by discretization of boundary points and minimization

of the errors. The Multiple Multipole method (MMP) is one of those techniques.®? !

. Semi-numerical methods. Here, the boundary conditions are exactly
determined and field equations within a domain are solved approximately. In this way,
the area is discretized. Two examples of this method are the Finite Difference Time
Domain Method (FDTD)®* ** and the Finite Element Method (FEM)!5 371,
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. Full numerical methods. Here, both the boundary conditions and the
solutions within the domain are numerically approximated. As a result, the area and the
domain boundary are discretized. ©*®

FEM, MMP and FDTD are most frequently applied to model the field distribution
of single metal nanoparticles and will be discussed in more detail.

By the FDTD method,** 3*! Maxwell's equations are discretized directly in time
and space. The domain area is discretized in this case by rectangles (see Figure 2.21).
The boundary conditions between the elements are exactly adjusted and each block in
the interior of the domain is interpolated.

/
[
%
/
J/.,...
A
J,
/
J
Joo

FE FDTD MMP

Figure 2.21: Different discretization methods used in the theoretical modeling of electromagnetic
fields of particles. From Ref.*¥

The FE method®” 3% operates in the frequency domain and unlike FDTD,
Helmoltz’s equations are discretized in the space domain. It uses a continuous domain
which is divided into simple polygons called subdomains (see Figure 2.21).
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In MMPB2 %1 the unknown E- and H-fields within individual homogeneous

domains are expanded by a series of expansion in the spherical wavelength vectors,

called multipoles, with known analytical solutions of Maxwell’s equations. The

amplitude of these fields are then solved by a Generalized Point Matching Method

(GPMM). In general, the scattering problem is described as a set of linear differential

equations.

As example of the MMP method applied in
optical problems, in Figure 2.22 the electric field
distribution of a silver ellipsoid with glass core
when it is excited at its resonance frequency at
605 nm is shown.'”® ¥ The studies can be
extended to more complex/realistic objects, as
shown in Figure 2.23. Here the influence of
different core shapes on the resonance frequency
of a coated silver particle shown.®® Even small
changes can cause quite large shifts in the
resonance. With respect to the practical
experiment this has two aspects. Tips should be
carefully checked with respect to the excitation
laser wavelength, as the plasmon resonances can
be far from the desired spectral range.
Concerning the tip production, it can provide a
nice way of tuning TERS tips towards the desired

resonances, if proper conditions are used.
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Figure 2.22: MMP of the field
distribution of an evanescently excited
ellipsoidal particle with a glass core.
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Figure 2.23: Wavelength dependency of the field enhancement of ellipsoidal silver particle core
sizes (calculated using MMP). From Ref.["® %

2.4.1.3 Polarization

As previously mentioned, a surface plasmon resonance (SPR) is induced by the
electric field of an excitation source (usually a laser). The field enhancement depends
critically on the laser beam polarization, which can be also deduced from theoretical
modeling as mentioned earlier. If the electric field vector of the incident light is
perpendicular (s-polarized) to the metal tip axis, the free electrons are driven to the
sides lateral of the tip. As a result the tip apex remains uncharged. But if the electric
field vector of the incident light is parallel (p-polarized) to the tip axis, the free electrons
on the surface of the metal are confined to the end of the apex of tip (see Figure 2.24).

As a consequence, the field enhancement is increasing. *
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Metal
Tip

\. p-polarization -

s-polarization

Laser Laser
radiation radiation

Figure 2.24: Schematic diagram of s- and p-polarization at the tip.

In a laser beam, the electric field, E, and the magnetic field, H, oscillate
perpendicular to the propagation direction. By focusing with low numerical aperture
(NA) lenses, the laser can be approximated as a Gaussian beam and the electric and
magnetic fields remain transversal to the axis of the propagation in the focal region. On
the other hand, we have to consider that a widely used illumination configuration in
TERS at present is the back-reflection mode, which is illuminating the tip from the
bottom (other illumination configurations will be discussed in the following sections).
This configuration incorporates objective lenses with a high numerical aperture (NA) to
improve the efficiency of both illumination and collection. In this case, the focus is very
confined and the fields are not necessarily perpendicular to the general propagation
direction.*” In the tightly focused region orthogonal field vectors appear, in particular E-
vector components that are almost parallel to the main propagation direction of the
beam. These longitudinal fields are confined to the focal region.*"! When using high NA
objective lenses, linearly polarized light is not the best choice because at the center of
the focused spot the Z-components of the E-field cancel out. For a back-reflection set-
up, the radial polarization mode shows an improvement in the Z-components of the E-

28



From Raman spectroscopy to TERS

field providing a better tip-enhancement effect and the background signal decreases
[42]

because these fields in general match the shape of the tip much better.

For reflection modes with side illumination configuration, the largest
enhancement is achieved when the E-fields of the incident radiation are parallel to the
tip axis. That is because the near field (close to the vicinity of the tip apex) and far field
(from unenhanced Raman, which could be considered as background) contributions
show a different polarization, so the far-field component will be minimized using a
parallel polarization with respect to the tip axis, which furthermore improves the near-
field signal.*® 4 For this geometry the proper illumination conditions are easier to fulfil,
the problem is the poorer collection efficiency (NA) of such optical arrangements.

2.4.1.4 Higher order optical effects

Tip-enhanced near-field optical microscopy is a technique that is mainly applied
in combination with linear optical processes like Raman, IR or fluorescence , but the
strong field enhancements involved can also be used to induce non-linear optical
processes, such as second-harmonic generation (SHG), coherent anti-Stokes Raman
spectroscopy (CARS), and Hyper-Raman.

Strong parallel E-field components can drive the dipole oscillating at the apex of
the tip with a frequency (2w), twice the frequency of the excitation source (w). Then, a
signal with the same frequency (2w) as the oscillating dipole is emitted from the tip with

an angle (8) (see Figure 2.25). This is known as second-harmonic (SH) radiation.*> *¢!
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Figure 2.25: Schematic diagram of a sharp metal tip which emits second-harmonic (SH) radiation at
the critical angle of total internal reflection.

Coherent anti-Stokes Raman scattering (CARS) is even a third-order nonlinear
optical process that, in combination with tip-enhancement, provides a high spatial
resolution and similar information content as Raman spectroscopy. DNA molecules and
single walled carbon nanotubes (SWNTs) have been investigated by tip-enhanced
coherent anti-Stokes spectroscopy (TE-CARS) at specific frequencies.*” *®!

Another example for a non-linear method that it is applied together with
plasmonic metal tips is hyper-Raman scattering (HRS). The observation of IR active
bands of SWNTs using hyper-Raman TERS has been clearly demonstrated by Kawata
et al*®!
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2.4.1.5 Special effects in TERS

In a conventional Raman experiment, the change of polarizability caused by
the electric field of the excitation source is the basis for the spontaneous Raman effect.
However, when the applied high electric fields vary along a vibrational mode, the
generated Raman signal which depends directly on the proportional polarizability
changes. In this case, a polarizability gradient is present and the induced dipole is
asymmetric. Therefore, new selection rules have to be considered and vibrations that
are usually not Raman active can be observed. Such high field gradients can be
induced on the surface of metal nanoparticles. If a sample is close to such a particle,
the gradient field Raman (GFR) effect might be achieved. For bonds with a large
polarizibility, the GFR should be very important. That means that vibrational infrared
active modes should be detectable under large field gradient conditions,

complementing the Raman spectra.™

Working with a single nanoparticle and sample features which are even smaller,
additional effects can induce changes in band intensities and also in band positions."
In normal Raman scattering such changes can be explained by varying concentrations
or different sample composition. The relationship between the distance dependency for

the enhancement between tip and sample is a crucial issue.® %% 5

If the field enhancing capabilities of a TERS probe come close to a single
molecule detection limit, it is important where the tip comes closest to the molecule.
The usual averaging arguments do not hold in this case, because of the limited
numbers of scatterers. Furthermore, the normal composition of sample versus Ag-tip
does not necessarily resemble the computed minimized energy configurations. Tip and
sample are “forced” into a certain arrangement. With respect to the measured TERS
spectra, it is expected that they will closely resemble normal Raman or SERS spectra.
But because of the limited number of molecules, it will be similar to single crystal
Raman experiments with an unknown orientation of the sample. Last but not least, the
measured spectra do not necessarily reflect the bulk properties of the specimen. This is
because the TERS interaction region is confined to only a few nanometres and also the
interaction with the substrate must be always considered as well. These small changes

can provide additional information for the investigation of surfaces.
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2.4.2 Experimental aspects in TERS

2.4.2.1 Instrumentation

The crucial attribute of a TERS experiment is a field enhancing metal feature or

particle which is raster scanned across a sample surface.

An essential pre-requisite for any TERS experiment is a scanning probe

microscope of some sort to provide a scanning stage that controls precisely the

-y
>

]

Raman Laser
signal excitation

Figure 2.26: Schematic diagram of a Tip-enhanced
Raman scattering setup working in back-reflection mode.

distance between particle and
surface. Either atomic force
microscopies (AFMs) or scanning
tunneling microscopies (STMs)
are presently used for this
purpose. While the latter can
control the distance more easily,
STMs are restricted to either
conductive samples or very thin
layers of non-conductive samples
on a conductive support. This
restricts the generality of the
method quite severely. For normal
AFMs to be general tools, in

particular for soft samples, they

have to be operated in a non-contact mode of some sort to avoid sample damage. This

always induces fluctuations in the optical signal due to the oscillation of the probe

necessary to maintain feedback. Therefore a careful balance is required to optimize the

TERS setup for a specific experiment.
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2.4.2.2 TERS experiment

Figure 2.26 shows a schematic diagram of a tip-enhanced Raman scattering
setup working in back-reflection mode. An inverted Raman microscope is coupled with
an AFM for synchronized use. The microscope is required to illuminate the metal
coated AFM tip.

The back scattered Raman
signal is collected through the same
objective and notch or edge filters are
used to block the laser line. After this
filter stage, the signal is coupled to a
spectrometer equipped with a cooled
charge coupled device (CCD) for

spectrally resolved measurements.

The AFM is placed on the
microscope so that the cantilever is
roughly aligned with respect to the Figure 2.27: Optical response of a TERS tip

laser. The final alignment of the scanned through the laser focus. The bright spot

. . ) ) corresponds to the convolution of the response

cantilever is done by scanning the tip , ) , )
. functions of the optical microscope and the tip.

through the laser focus, and collecting
the reflected light using a simple photodiode. In Figure 2.27, the typical optical
response image of a silver coated non-contact AFM tip is shown. This reflectivity image
helps to finally position the tip at the position of highest signal intensity and then fix the
tip in the x and y directions. At this point the second piezo-stage (sample stage) is
activated and only the sample is moved. A piezo actuator synchronizes the microscope
objective with the height feedback of the AFM tip to keep the tip always in focus. At this
point usually several topographic images of the sample are recorded to find sites of

interest on the surface for the actual TERS experiment.
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2.4.2.3 Probe preparation

At present, there are several techniques which generate TERS probes with
acceptable optical quality, but the reproducibility and yield of good tips are still a
challenge. The two techniques most frequently used for TERS probe fabrication are
electrochemical etching methods of solid metal probes and the metal evaporation
deposition on AFM tips. Both methods will be discussed hereafter.

Pure metal tips

To enhance the Raman signal, mainly metals like gold, silver or copper are
used. Thus far, the best TERS enhancement factors have been demonstrated with gold
and silver. Compared to normal SERS experiments, gold is used more frequently
because gold tips are easy to manufacture. To produce the desired sharp edges
required for the TERS experiments, metal wires can be sharpened using
electrochemical etching procedures. Many methods have been developed for STM
probes, but the overall geometry of the tip is usually less critical in this case. In TERS,
a good quality refers to a larger part of the tip because naturally the interaction with the
optical fields extends further than the tunnel effect involved in STM.

In the case of gold tips, the electrochemical etching procedures are well
established and involve mainly a voltage between a gold wire and a metal ring
electrode, both dipped in concentrated hydrochloric acid solution.®* Between the ring
and the gold wire a large surface tension is formed and the etching proceeds more
quickly in the meniscus region. During the reaction, the wire becomes thinner until it

breaks and falls down. At this moment the electrical circuit is switched off.

Silver in general has better optical properties with respect to the surface
enhancement than gold. However, a different electrochemical etching procedure to
prepare sharp silver tips for TERS is required. Mainly two methods are being used. In
the first, a silver wire is dipped in a solution of ammonia 10-35%. A stainless steel plate
acts as electrode. In this case, no ring is employed and there is no meniscus effect
(Figure 2.28).%%1 The second procedure uses an aqueous solution of 60% perchloric
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acid and ethanol (1:2) to form a lamella with an Ag ring that acts as a cathode. A silver
wire (anode) is then dipped into the lamella and the voltage is applied.*®

Figure 2.28: Schematic diagram of the electrochemical cell for the Ag etching procedure.

AFM tip as templates

Another route to prepare metal tips with a very small radius is to employ a
sharp commercial AFM tip (diameter < 10 nm) as a template and coat it with the
desired metal. Again different methods can be applied.

The most simple method to place nanoparticles at the edge of an AFM tip is by
evaporation of thin metal films similar to procedures known to provide silver island

filmst®"! (see Figure 2.29).

Another interesting approach is the generation of colloidal nanoparticles at the
tip. A suitable example is shown in Wang et al.®”! Here, the AFM tip is immersed in a

colloid solution produced by Tollen’s reaction.

Not only AFM tips can be used as templates. Normal optical fibers can also be
etched similarly to the production of aperture near-field probes to obtain the desired tip
shape.® Also melt drawing of glass rods provides satisfactory TERS templates.
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Figure 2.29: SEM image of a silver-coated AFM tip.

Post-treatment by Focused lon Beam (FIB) Milling

FIB miling can be used as post-treatment to shape tips, e.g. after
electrochemical etching. However this procedure is very expensive. FIB is applied as a
technique to produce rational nanostructures that are required for specific design of
optical nano-antennas. More sophisticated methods employs a bow-tie antenna with a
nano-gap at the very end of a metal coated AFM tip is shown in

Figure 2.30.5% The high precision of FIB allows the control of the length and
width of the nano-particles as antenna structures and in the case of the bow-tie, also
the gap. By manipulating these parameters tips for specific wavelength excitation can

be fabricated.
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Figure 2.30: SEM image of a bow-tie of a metal-coated AFM-tip after FIB milling. From Ref.>”
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2.4.2.4 Configurations

One of the main challenges in TERS is the low contrast between the near-field
and the far-field signal. As demonstrated by Sun et al®” the Raman signal produced
from the near-field (enhanced Raman from the tip apex) was estimated to be only 35%,
while the remaining signal (65%, unenhanced Raman) was collected from the far-field.
This low contrast can be improved by the illumination configuration, which has a major
influence on the enhancement properties of the electromagnetic field at the apex of the

tip.

Reflection setup

Several modes such as side-illumination and top-illumination could be realized
in a reflection setup (see Figure 2.31). The major advantage of the reflection mode is
that the sample can be opaque. A disadvantage is the low contrast between the near-
field and far-field signals because of the unfavorable ratio between the illuminated and
enhanced areas. This problem can be partly solved by applying a suitable polarized

configuration.*3 44l

|

Laser
radiation |
Y

Transmission

Figure 2.31: Schematic diagram of reflection and transmission illumination configuration of TERS

experiments.
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Back-reflection setup

The TERS setup with in back reflection mode, has been discussed®" % 31

already in Section 2.4.2.2. Here, the tip is illuminated from below using an immersion
oil objective with a high numerical aperture. The Raman signal is collected by the same
objective. This configuration ensures a high efficiency and avoids a large contribution
of enhanced signal compared to the standard reflection mode. The major shortcoming

for this configuration is the restriction to transparent samples.

In conclusion, the choice for the optimal TERS configuration critically depends
on the specific requirements of the samples involved. The appropriate illumination
mode configuration for a TERS experiment will depend on the transparency of the
sample. The choice of the proper tip depends on the spectral absorption characteristics
of the sample and therefore which excitation wavelength is desirable. Finally, the
feedback system required depends either on the conductivity properties or the
thickness of the sample.
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Experimental Part

3.1 TERS Setup

The general setup of the TERS instrument has been described in section 1.5.2
and elsewhere.l A schematic diagram of the TERS set-up employed in this work is
shown in Figure 3.1.TERS spectra were recorded with an inverted Raman microscope
(Jobin Yvon-Horiba LabRam invers HR, France) coupled to an AFM (NanoWizard
atomic force microscope, JPK Instrument AG, Germany) working in non-contact mode
(intermittent mode). The laser beam (@ 530 nm, Coherent Innova 1302C Krypton ion
laser, USA) is reflected from a holographic notch filter and focused on the tip from
below using an oil immersion objective (x60, N.A. 1.45, Olympus, Japan). Laser light
can be directed to the photodiode so the tip can be aligned and the power carefully
monitored. The Raman light is back scattered from the tip through the notch filter,
where the Rayleigh line is removed, and then onto the grating (600 groove/mm) in the
spectrometer. The read out is recorded on a CCD and the spectrum displayed on the
monitor. For all TERS measurements the laser intensity at the sample was set between
200 pW to 1 mW resulting in acquisition times between 1 to 15 s, depending on the
nature of the sample and the efficiency of the tip. All experiments were performed at
room temperature and ambient pressure. All the spectra shown are raw data, no
baseline-correction or smoothing procedures were applied and all the spectral data
analyses were carried out with Igor Pro 4.07 software (WaveMetrics, Inc.).
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Figure 3.1: Schematic of the back-reflection TERS set-up used in this work.
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3.2 Tip preparation

For the TERS experiment a non-contact mode silicon cantilever AFM tip
(NSG10, NT-MDT) was coated with 20 nm of silver (99.99% pure, Balzers Materials)
by thermal evaporation (BAL-TEC MDS 020 BAL-TEC GmbH) at an evaporation rate of
0.06 nm/s. Figure 3.2 shows a commercial silicon AFM tip before (a, b) and after (c, d)
the silver deposition. The average diameter of the apex of the coated tips is estimated
to be approximately 20 nm. The tips were then stored under argon and were used

within two days. ['®

Figure 3.2: SEM images of a silicon AFM tip (a,b) and after 20 nm Ag vapor-deposition (c,d).
(TERS tip was prepared by B. Gosciniak and SEM pictures were recorded by E.
Pulvermacher.)
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3.3 Sample preparation

In order to perform satisfactory TERS measurements with a back-reflection set-
up, it is important to take into account level of transparency and thickness of the
sample and sample substrate. To avoid losses of the back scattered Raman signal and
power of the excitation laser source, the sample and sample substrate should be
transparent. The objective used has a low working distance (0.17 mm), for that reason
the thickness of the sample substrate is limited. For this work, thin glass cover slips
(0.15 mm thickness, Marienfeld GmbH, Germany) or mica substrates (<0.1 mm
thickness, Bal-Tec GmbH, Liechtenstein) have been used as sample substrates.

The glass cover slips were previously cleaned in a digestion mixture of
concentrated HNO3: 30% H,O, (3:1) for 2 hours, subsequently rinsing with bidistilled
water five times and dried under vacuum. The mica substrate was freshly cleaved prior
to use, by making a small cut between to layers with a razor blade and taking both

apart.

For each sample, any special sample preparation procedure will be described in

the corresponding chapter.

3.4 Challenges

One of the major difficulties of TERS is the low reproducibility of the Ag-vapor
coated tip. The silver nanoparticles are randomly positioned at the apex of the tip,
leading to only 20% on average of excellent TERS tips which provide high Raman

signal enhancements at the excitation wavelength.

Additionally, even if the Ag-coated AFM tip is working in non-contact mode
(intermittent mode), the tip can be damaged during the measurement and crash into
the sample. As a result, the Ag particle deposited at the end of the tip can removed, or
get damaged (Figure 3.3.a) and/or contaminated with sample material (Figure 3.3.b).
To avoid this, tips were constantly controlled during the running experiment by
measuring at substrate sites without sample.
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Figure 3.3: SEM images of (a) a crashed and (b) sample-contaminated Ag-coated AFM tip.
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SERS as a Tool to Probe Cytochrome P450-
Catalysed Substrate Oxidation!"

Spectroscopic methods are irreplaceable tools in analytical chemistry
particularly for the analysis of biomolecules. Although X-ray analysis provides an
unmatched precision and data quality concerning proteins, it is often very difficult to
obtain suitable crystals for analysis in particular to study protein-ligand binding. On the
other hand, vibrational spectroscopy, particularly the Raman-based spectroscopy
methods, such as surface-enhanced Raman scattering (SERS), can provide insight
into the internal configuration, structure and dynamics of proteins including substrate
binding and protein interactions in solution or on their poly crystalline form. SERS and
its resonance counterpart, SERRS, have emerged as powerful tools for biomolecule
detection with reported single molecule sensitivity.?®! Based on the enhancement of
vibrational modes in the presence of strong localized surface plasmons induced by the
interaction of light with rough noble metal surfaces, SERS has been recently used in
the detection of a large range of biomolecules and for the study of biomolecular
events.”"™ A variety of metal surfaces can be used to generate SERS spectra,
however, the reproducibility of generating solid substrates for SERS measurements
largely depends on the target biomolecule.!""! Suitable SERS surfaces include gold and
silver colloids,”*' nanoparticles deposited on surfaces,™ such as silica spheres,

[16. 771 and metal island films produced by laser

designed metal nanostructures
deposition.!" In many SERS-based studies of protein analytes, this method is

employed to determine protein-ligand interactions, often realised by using Raman dye
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labelled gold or silver nanoparticle probes, which enable selective and sensitive
spectroscopic detection. Recently the strong interaction between proteins and silver
nanoparticles was employed to achieve silver staining of human immunoglobulin G
(IgG) antibodies after their interaction with dye-labelled anti-human IgG.['"" Using this
technique, spectra of dye labelled immunocomplexes were obtained with detection
limits even lower than 1 pg/mL. This and other studies, such as the SERS detection of
enzyme reaction products or SERS sensitive substrates based on masked azo
benzotriazol dyes for studies of lipase and protease activity, clearly indicate the
potential of SERS for applications in ultrasensitive protein detection assays./?>#

4.1 Heme proteins & SERS

Many important proteins for biomedical research and biotechnological
applications contain a non-diffusible cofactor, often termed as a prosthetic group.
Among these proteins, heme proteins, which contain the heme (iron protoporphyrin IX)
moiety as the prosthetic group, play a prominent role. Heme proteins maintain three
general biological functions, in particular, the transport of electrons (e.g. cytochrome
b5), the transport of oxygen (e.g. hemoglobin) and the catalysis of various metabolitic
reactions. The latter are conducted, for instance, by peroxidases and monooxygenases
belonging to the large family of cytochrome P450 enzymes.”® Y P450 enzymes are
also of particular importance for in vitro applications in biosensing and biocatalysis,
because they catalyse a broad range of reactions, such as the oxidation of non-
activated C-C bonds, which are very difficult to achieve in synthetic organic chemistry

(see Figure 4.1).1>28]
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Despite the variety of known heme proteins, their structural analogy in terms of
the iron protoporphyrin IX moiety (heme, Figure 4.2) as their active site, enables an

z

occurring in the heme induce rich spectral /

universal approach to the spectroscopic

analysis. In particular, the n-n* transitions

changes, which can also be utilised for
SERS detection. For instance, SERS has
been used for studying the redox
processes and interfacial electron transfer
reactions of cytochrome c, the detection

of hemoglobin on the single molecule
level, the investigation of ligand binding in
myoglobin and horseradish peroxidase,

and to asses structural changes in P450 OH o OH
BM3 upon substrate binding.?**? In the

context of our ongoing studies on the
development of novel cytochrome P450 Figure 4.2: Molecular structure of heme.

enzymes we report on the application of SERS to investigate the interactions of fatty
acid substrates with the enzyme cytochrome P450gs3 and demonstrate the detection of

binding events by SERS.

4.2 SERS on Cytochrome P4505gs; interactions

Bacterial cytochrome P450gs; catalyses the hydroxylation reaction of long chain
fatty acids, such as myristic acid.® The oxygen atom required for the hydroxylation
reaction of P450s is usually derived from molecular oxygen through mediation of the
NADH reductase system and flavoproteins. However, P450gs; can be activated by the
simple addition of hydrogen peroxide (H.O), taking advantage of the so-called “shunt
pathway” and unlike other monooxygenases such as P450 BM3, it binds the fatty acid
substrate in close proximity to the heme active site.*>* We therefore reason that
SERS analysis of a heme cofactor should provide an insight into the substrate binding

and thus may eventually enable screening assays to identify potential enzymatic
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substrates. Macdonald et al®" have previously carried out structural studies of
substrate binding for P450 BM3 using SERRS. They demonstrated the feasibility of this
approach to probe substrate/prosthetic group interactions within the active site, even at
low protein concentrations.!®" *® 3% Following this approach, here we report our proof of
concept study, to employ SERS for the distinction of interactions occurring between
binding and non-binding substrates of P450gss. For this purpose, we use two fatty acid
substrates, myristic acid (MA) and hydroxylauric acid (HLA) which are known to be the
substrate and the product, respectively, of the oxidation reaction in presence of
P450gs;.1*Y

Silver colloids were used as a SERS active substrate in all of the experiments
and NaCl as an aggregating agent (see Figure 4.3). We observed that the aggregation
of the colloid does not occur or, in some cases, proceeds very slowly, if the enzyme is
added to the colloid prior to aggregation agent. This is most probably due to the strong
interaction of the positively charged protein and the negatively charged Ag surface
(covered with citrate moieties), which prevents the aggregation and therefore formation
of metal clusters with the high field enhancement necessary for SER scattering. Hence,
all experiments were preformed with pre-aggregated Ag colloid. To investigate optimal
conditions several other aggregating agents such as MgCl,, spermine and ascorbic
acid were tested, but NaCl was found to be the most suitable for the described
experiments. It is known that due to the orientation of the protein on the surface, a
certain degree of protein unfolding occurs at submonolayer coverage.® 3" *! To avoid
such an unwanted effect, the protein/surface coverage in our case was maintained
above monolayer coverage using a higher protein concentration (5 uM). The spectra of
substrate-free enzyme (Figure 4.4.a), enzyme mixed with H,O, (Figure 4.4.c), myristic
acid (substrate, MA) (Figure 4.4.b), hydroxylauric acid (Figure 4.5.b) (not binding
substrate, HLA) were all recorded separately. No spectra of free fatty acids were
obtained because the negatively charged matrix of citrate moieties on the Ag surface
prevents binding of negatively charged fatty acids. Therefore, peaks obtained in the
SERS spectra originate exclusively from vibrational modes of the enzyme. In Figure
4.4.a the spectrum of free enzyme is shown. The signals are dominated by the in-plane
porphyrin ring modes of the heme groups covering the frequency range of 1100-1700
cm’'. The peaks at 1594, 1578, 1450 (shoulder at 1430 cm™), 1327 and 1263 cm™ can
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be used as “marker” modes and are known to be sensitive to oxidation, coordination
and spin states of the heme iron. Additionally, spin state marker bands between 1630-
1578 cm™ indicate the presence of both low and high spin species for heme protein on
the colloidal surfaces which is in a good agreement with the literature."

““ SERS spectrum
OH

P450
/\/\ BSb : /\)\

HZOZ

Figure 4.3: The principle of SERS measurements using P450gs; adsorbed on silver colloid and the

P450gs5 catalysed hydroxylation of fatty acid in the presence of H,O,. The inset shows A) side and B)
top view of P450ss; heme pocket and the binding of fatty acids (shown in grey). Adapted from Ref.l*>

37]
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Figure 4.4: SERS spectra of a)
substrate-free P450gss, b) with myristic
acid (MA), c) with H,O, and d) with
H,0, + MA. SERS spectra were
obtained at 530.9 nm excitation and

20s acquisition time.

Figure 4.5: SERS spectra of a)
substrate-free P450BSp, b) with
hydroxylauric acid (HLA), ¢) with H,O,
and d) with H.O, + HLA. SERS spectra
were obtained at 530.9 nm excitation
and 20s acquisition time.



Chapter 4

Table 4-1: Selected peaks (in cm’) from SERS spectra of free and treated P450gss. Spectra were

taken using silver colloid as a SERS surface. The concentration of the enzyme was 5 uM.

Substrate-free  P450gs; P450gs; P450gss P450ggs P450gs;
P450gss + H,0, + MA + MA + H,0O, + HLA + HLA + H,0O,
(4.4a,4.5a) (4.4c,4.5¢) (4.4b) (4.4d) (4.5b) (4.5d)
No* 1760 (s) no no no no

No no 1626 (W) 1632 (w) 1629 (vw) 1629 (s)
1594 (s)** 1602 (vs) 1599 (s) 1604 (w) 1600 (w) 1596 (s)
1578 (w) 1584 (s) 1578 (w) 1582 (w) no 1578 (w)
No no no 1509 (s)*** no no

1450 (vs) 1450 (vw) 1450 (s) 1450 (vs) 1450 (w) 1448 (vs)
1430 (sh) 1436 (w) 1436 (sh,w) no no no

1374 1375 (w) 1374 (w) 1374 no 1369
1327 (s) 1327 (s) 1327 (s) 1330 (vs) 1328 (w) 1326 (s)
1274 (vw) no 1271 (s) no no 1271 (s)
1263 (s) 1261 (w) 1263 (sh) 1261 (w) 1266 (w) 1265 (sh)
1209 (vw) no 1209 (w) no 1212 (vw) 1212 (w)
1165 (w) no 1170 (w) 1169 (w) no 1175 (vw)
1005 (w) 1007 (w) 1007 (w) 1104 (w) no 1107 (w)

*no (not observed,) vs (very strong), s (strong), w (weak), vw (very weak), sh (shoulder)

**marker modes are shown in bold

*kk
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When myristic acid only is added to the enzyme, no significant changes in the
enzyme spectrum can be observed. In contrast, when H,O, is added to the solution a
new band at 1509 cm™ appears and the band at 1330 cm™ increases indicating
changes in heme coordination. This reveals that the hydroxylation reaction of myristic
acid takes place in the presence of H,O,. In addition, the changes in the spectrum of
the H,O, treated enzyme (new band appears at 1760 cm™ and others at 1584 and
1602 cm™ are enhanced) can be related to changes in heme environment. Although, it
has been discussed in literature® that the properties of Ag colloids change in the
presence of peroxide due to the reduction of Ag® ions to Ag, we have added already
activated enzyme to the colloid solution, avoiding a directed addition of excess
peroxide. This strongly indicates that the changes originate from the coordination of
peroxide to the heme moiety.

Further SERS measurements were perfomed with hydroxylauric acid (HLA), a
fatty acid which is not an enzymatic substrate but rather a product of fatty acid
oxidation. If HLA is added to the enzyme, without H,O, no spectral differences in
comparison to the substrate-free P450gss can be observed. However, spectral
changes, mainly the better defined appearance of a peak at 1369 cm™, can be
detected when both H,O, and HLA are added. In the literature the peak at 1369 cm™is
discussed as a marker of the heme oxidation state, indicating its ferric nature
suggesting that the enzyme is present in its native (non activated) form.®"! But without
better evidence this could be also attributed to variations of the enhancing substrate.
Compared to the MA results the spectral changes are much less evident, suggesting
that no reaction took place.
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4.3 Materials and Methods

a) Materials

Myristic acid (MA), Hydroxylauric acid (HLA), MgCl,, spermine and ascorbic
acid were all obtained from Sigma-Aldrich Chemie GmbH, Germany. H,O, was
purchased from Fluka. Silver colloid was also purchased (UniSil, UK) and used as
obtained. Recombinant P450ss; (CYP152A1) was expressed from E. coli M15 (pREP4)
by use of plasmid pQE-30tBSb kindly donated by Dr. Isamu Matsunaga.*” The
enzyme containing a C-terminal hexahistidine tail was overexpressed in E. coli M15
and purified by affinity chromatography as reported earlier. Enzyme stock solutions of
20 uM were prepared in phosphate buffer pH 7. Prior to all measurements, the enzyme
was mixed with myristic acid, hydroxylauric acid, H.O, or the combination of both so
that the final concentrations in the solution were 5 uM enzyme, 10 uM substrate (MA or
HLA) and 25 uM H,0O..

b) Sample preparation

For SERS experiments, the silver colloid was firstly aggregated with NaCl (0.1
M). The sample solutions were prepared by adding the pre-aggregated silver colloid
(160 pL of 200 pL final volume) to the enzyme solution. Then 20uL of the mixed liquid
was placed on a glass cover slip, previously cleaned as described in section 3.3, in the

sample holder and Raman spectra were recorded subsequently.

c) Instrumentation

The SERS experiments were performed using an inverted confocal Raman
microscope (Jobin Yvon-Horiba LabRam invers HR) equipped with an oil immersion
(N.A 1.45) objective.
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All SERS spectra were excited with 530.9 nm radiation from a Krypton lon laser
(Coherent Innova 1302C). The laser power at the sample was 80 pW and the
acquisition time was 20 s for each measurement. All spectra shown are raw data, no

further baseline-correction or smoothing procedures were applied

4.4 Conclusion & Outlook

We have used SERS measurements on silver colloid substrate to investigate
the changes brought by fatty acid substrates interaction with P450gsg enzyme. Marker
signals for P450gss were identified and the significant changes in SERS spectra
observed in the presence of myristic acid, inherent enzymatic substrate. More studies
are underway using this proof of concept procedure to identify unknown enzymatic

substrates and eventually enable fast screening of enzymatic activity.
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Chapter 5

TERS inside

a Malaria Infected Human Red Blood Cell!"

After the eradication of malaria from North America and from most of Europe
during the first half of the 20" century, only 3 of 1.223 new drugs developed between
1975-1996 were antimalarial.”! Industry also lost its interest in the development of
insecticides for public health use and overall support for research on malaria
declined.”® During this time, Malaria became a disease of poverty and underdeveloped
countries. Nowadays, there are approximately 515 million cases of malaria, in parts of
the Americas, Asia, and Africa, killing between one and three million people every year,
with the majority being young children in Sub-Saharan Africa.l"

Malaria is caused in humans by infection of two species of parasites:
Plasmodium falciparum and Plasmodium vivax, better known as malaria parasites.
Malaria parasites (sporozoites) are injected into the human body by female Anopheles
mosquitoes and travel to the liver (see Figure 5.1, Life cycle of the malaria parasite).”
Inside the liver cells, each sporozoite develops into tens of thousands of mezoites.
Then, the rupture of the liver cell releases the merozoites which can each penetrate

and invade a red blood cell (RBC), leading to disease.® During the erythrocytic stage
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of the Plasmodium falciparum life cycle the parasite catabolizes hemoglobin, breaking
it down into free heme, which is normally toxic to the parasite organism.”'% The
malaria parasite has evolved a detoxification pathway to remove toxic free heme. This
process first involves an oxidation of ferrous-protoporphyrin IX (Fe(Il)PPIX) to ferric-
protoporphyrin IX hydroxide (Fe(lll)PPIX-OH), known as hematin, followed by
aggregation into the insoluble pigment known as hemozoin. Hemozoin is
spectroscopically identical to its synthetic analogue B-hematin, which is known to be an
array of dimers linked through reciprocal iron-carboxylate bonds to one of the
propionate side chains of adjacent heme moieties. This detoxification pathway is the
primary target of many anti-malarial drugs on the market. For socio-economic reasons,
the main treatment of malaria has been with derivatives of quinine (such as
chloroquine) and sulfadoxine-pyrimethamine. Recently, resistance to some of these
most-potent drugs has been climbing, increasing the dire need for effective ways to
screen for potential antimalarials. In this chapter, we show the developing of a TERS
approach to determine drug binding sites on hemozoin crystals. Hitherto, there are no
spectroscopic methods to detect drug-binding to the hemozoin surface because
nanoscale lateral resolution cannot be achieved with conventional spectroscopic

technologies.

66



TERS from inside a Malaria Infected Human Blood Cell

Mesquito

. N e
Gametocytes fuse and
“q sporozoites develop
/)
Lymph vessel

- .: / . -
\ - g - Lymph

= G
Sporozoites.— node

Skin e
Capillary }_' -

J__""-—-—-._.____H‘ R .
== N — ol - Liver cell rupture,
T el Q‘f&, merozoite release

Liver cell W2
entr ;
Uptake during * Liver

blood meal
\ RBC

Q 6‘ ? ;:_'enelration
00 g{@ PN

into gametocytes
Asexual
@ reproduction

Figure 5.1: Life cycle of the malaria parasite. From Ref.l”!

5.1 Sectioned malaria infected human red blood cells

To perform an intracellular TERS experiment, the red blood cells should be
fixed and sectioned with a special procedure that preserved the structural integrity of
the cells internal matrix, minimizes intrinsic fluorescence from the sample, and is thin
enough to enable laser light to pass through the cell and interact with the tip (see
sample preparation in section Fehler! Verweisquelle konnte nicht gefunden

werden.).

Figure 5.2 (a-c) depicts a series of AFM images recorded of sectioned malaria
infected erythrocytes. The AFM images show an expanded progression of increasing
spatial resolution from a population of cells (a), then to a single infected cell (b), and
finally resolving single crystals of hemozoin in the food vacuole of the parasite (c).
These are the first AFM images recorded inside the food vacuole of a malaria infected

cell and appear to resolve single crystals of hemozoin.
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Figure 5.2: (a, b, c) AFM images recorded of sectioned cells prior to TERS acquisition. (a) 30 x 30 um AFM image recorded of a population of
infected red blood cells showing a potential cell target highlighted by the blue square. (b) A high-resolution image of the cell highlighted in (a)
showing hemozoin crystals aligned in the digestive vacuole. (c) An even higher resolution AFM image of the digestive vacuole of the parasite

showing single crystals of hemozoin that can be selectively targeted with the TERS active tip. From Ref. [
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5.2 TERS fingerprint of malaria infected red blood cells (RBCs)

The edge of a single hemozoin crystal was selectively targeted with the nano-tip
and a spectrum was recorded with the tip in the near field (Figure 5.3.a) and then
retracted 7 microns from the sample (Figure 5.3.b). The spectrum shows a number of
characteristic bands that are enhanced in the 1600-1500 cm™ region and another
strong band enhanced at 1373 cm™. Bands in the 1650-1500 cm™ region are from
porphyrin skeletal vibrations of the heme macrocycle, while the band at 1373 cm™ is
assigned, in Table 5-1, to a totally symmetric pyrrole-ring breathing vibration (v4) known
as the “oxidation state marker band” because of its sensitivity to oxidation state of the
central iron atom within the heme.['""""® The position of this band is consistent with the
Fe atom being in the ferric high spin state.l'> ¥ These bands also appear enhanced in
the corresponding SERS spectrum of B-hematin (Figure 5.3.c), which is a synthetic
spectroscopically identical analogue to hemozoin.!'"* '® Synchrotron powder diffraction
analysis found it to be composed of a hydrogen bonded array of heme dimers linked
through reciprocal carboxylate groups.''® Because of its structural similarity, it makes
an ideal model to investigate and compare the spectral properties of hemozoin. The
resonance Raman spectrum of hemozoin recorded at 532 nm is presented in Figure
5.3.d. The spectrum further corroborates the TERS spectrum, showing a similar
spectral profile in terms of band position, although the relative enhancement of the
bands is somewhat different and some band shifts are observed. This is frequently
observed when comparing TERS spectra with conventional resonant Raman spectra
because the vibrational selection rules between the techniques are different.
Interestingly the TERS and SERS spectra of hemozoin and B-hematin have a spectral
profile similar to measurements performed on the same compounds using near-IR
excitation wavelengths (780 and 830 nm) all showing the dramatic enhancement of
v4."™ The enhancement of v, when applying near-infrared excitation was explained by
excitonic interactions between dimeric heme groups in the extended hydrogen bonded

array.["”!
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Table 5-1: Assignments of TERS spectrum of a Hemozoin crystal (in cm’). From Ref. "

B-Hm Hz enh p-Hm enh Assignment Symmetry Local coordinates
TERS SERS

1629 1627 1 1616 9 Vio B, V (CoCM)as

1619 " v (C=C)vinyl

1589 1608 3 1581 2 Va7 E, V (CoCr)as

1570 1564 6 1564 6 Vig Aog V (CoCr)as

" " " Vo Aig v (CgCy)
1549 Viy Biq v (CgCp)
1526 1523 2 Vag E, v (CgCp)
1492 1489 1 Vs A V (CoCrm)eym
1460 1457 2 1452 1 Vog By V (CoCrm)sym
1431 1431 1430 1 3 (=CpHz)sym (1)

COO ?
1401 1394 2 Vag =79 v (pyr quarter-ring)

" " Voo Aog v (pyr quarter-ring)
1373 1373 10 1369 10 Va4 Aig v (pyr half-ring)sym
1342 Vaq E, v (pyr half-ring)sym

" 8 (=CoHz)sym (2)
1306 1310 2 1311 1 Vaoy Aog 8 (CH)

" d (C,H=)
1279 1277 prop & (CH,) wag

- 1248 1 1236 1 ? Amide 11?
1237 Vi3 Big 8 (CH)

1222 1198 1 prop & (CH,) twisting
1169 1170 1 1176 1 Vao By, v (pyr half-ring)as
1148 1135 1 1133 3 Vig B, v (CsCy)sym
1125 Vg + Vg Aig V (Cy-Cg)sym + v (Fe-N)

" 1107 1 Voo Aog v (pyr half-ring) s
1087 8 (=CpH2)as (1)
1056 1063 1 1046 8 (=CpH2)as (2)
1003 1014 1 Y(CaH=)

" " Va5 E, V (CgCr)as
975 967 1 963 2 v (Cc-Cd)

" Vas + V35 Aig 3 (porph def) + & (pyr
939 940 1 944 Vag E, & (pyr def) s
920 925 ¥ (=CpH2)sym
875 879 ? ?
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(cont.)
Hz B-Hm ) .
B-Hm enh enh Assignment Symmetry Local coordinates
TERS SERS
850 836 Yio E, v (CH)
822 799 1 1o By, ¥ (CuH)
790 791 1 773 1 Vao (= S (pyr def)
754 758 3 Vis Big v (pyr breathing)
724 729 Vs Az 3 (pyr fold)sym
712 712 Vi1 By, S (pyr fold),s
692 Y15 Ba, 3 (pyr fold)sym
677 679 1 v, Aig S (pyr def)sym
641 ?
631 ? d (pyr def)gym?
608,
580 574 Vg E, d (pyr def)eym
_ v (Fe-Oy)
553 Yo = 3 (pyr fold)sym
521 Si (AFM tip)
508 Y12 = d (pyr swivel)
487 Va3 B d (pyr rot)
?
435, 8 (CgCaCy) + & (CgMe)
- d (Fe-O-0)
373 8 (CgCcCy)
347 Vg Aig v (Fe-N)

Abbreviations: enh =relative enhancement graded as very weak = 1-2, weak =3-4 medium = 5-6,
strong =7-8 and very strong = 9-10, TERS = tip enhanced Raman spectrum, SERS = surface
enhanced Raman spectrum, Hz = hemozoin, B-hm = B-hematin, v = in-plane stretch, y = out-of-plane

vibration, & = deformation mode, pyr = pyrrole.

Labelling and notation scheme is based on the work of M. Abe et al.!""!
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Figure 5.3: (a) TER spectrum recorded of the edge of a hemozoin crystal at 20 nm spatial
resolution. The spectrum was recorded with a laser power of 600 uW and exposure time of 5
seconds. (b) After recording a spectrum the tip was retracted by several microns and a further
spectrum recorded to ensure the tip had not been contaminated by the sample. (c) Surface
enhanced Raman spectrum recorded of B-hematin prepared using SERS active Ag-particles. Spectra
were recorded using a 532 nm laser and 10 second acquisition time. (d) Resonance Raman
spectrum of B-hematin recorded at 532 nm with a 10 second acquisition time. From Ref. [

72



TERS from inside a Malaria Infected Human Blood Cell

Recent studies show that quinoline based drugs that bind to hemozoin and B-
hematin reduce the intensity of this band!"” '® and cause distinct shifts in the UV
spectra indicative of excitonic interactions.!' The intensity decrease of v, is thought to
result from the quinolines binding to the hemozoin via strong n«= interactions causing
a reduction in excitonic interactions between neighboring hemes.I'! TER spectra of
sectioned trophozoites inoculated with chloroquine (CQ) produced very poor signal-to-
noise spectra. Binding of CQ to hemozoin may disrupt the heme array at the surface of
the crystal and consequently impeding the surface plasmons and/or surface excitons
generated by the interaction between the TERS active tip and the highly ordered heme

structure of hemozoin.

Spectral fluctuations and Raman shifts are inherent with this technology
because of its extreme sensitivity and the subtle molecular changes that occur at
nanometer resolution.?® 2" These spectral fluctuations can be attributed to the
molecular orientation under the TERS tip, which can change the adsorption angle and
the angle of the incident polarization.” While Raman band shifts are thought to result
from molecular deformations caused by the silver atoms coated on the tip." Spectral
fluctuations provide indirect evidence for single molecule detection and indeed some
recent papers claim single molecule TERS.?'?* To investigate spectral fluctuations we
performed Principal Component Analysis (PCA) on all TER hemozoin spectra that
exhibited a good signal-to-noise ratio. PCA was also used to investigate TER spectra
of isolated hemoglobin, which served as a model compound. The PCA technique
enables one to visualize the intrinsic variance in the data set and is often used to
resolve “hidden patterns”.”® The PCA results (Figure 5.4 ) for TER spectra recorded of
intracellular hemozoin indicate there are two main types of spectra accounting for the
strong loadings of the first and second principal components. The PC1 loadings plot of
TER hemozoin spectra confirmed that the bands most often enhanced in the TER
spectra were from the heme moiety. These bands include the oxidation state marker
band at 1373 cm™ and other porphyrin skeletal and ring breathing modes at 1611,
1591, 1571, 1550, 1423, 1311, 1243, 996 and 971 cm”'. The PC2 loadings indicate
some low wavenumber bands possibly associated with pyrrole half-ring and quarter-

ring vibrations explain the separation of spectra along PC2.
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Figure 5.4: (a) Principal Component Analysis (PCA) scores plot showing individual TER spectra
recorded of hemozoin from a number of single crystals using two different tips. The data was pre-
processed using extended multiplicative scatter correction and a leverage corrected PCA analysis

performed on mean centered data using Unscrambler (CAMO, Norway). The PCA scores plot shows
a spread of TER spectra (O) along PC1 (32 % explained variance) and PC2 (15 % explained
variance). (b) PC1 loadings plot showing which variables (wavenumber values) are important in
explaining the variance observed along PC1. Strong positive and negative loadings are the most
important in influencing the model. The strong loadings correlate well with the major porphyrin

vibrational modes observed in the TERS, SERS and resonance Raman spectra of hemozoin. From

Ref. [l
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Analysis of hemoglobin with TERS revealed three main types of spectra (Figure
5.5). In the top TERS spectrum (type 1), the porphyrin vibrations including the oxidation
state marker bands at 1378 and 1355 cm™ from ferric and ferrous hemes along with
other porphyrin skeletal modes at 1639, 1545, 1433, 1403, 1195 and 660 cm™ are
observed. It is interesting to note that the technique shows two oxidation state marker
bands indicating nano-scale oxidation changes possibly induced by the laser. In the
bottom TERS spectrum (type 2) other bands including some proteinacious bands such
as the amide | (1656 cm™), amide IIl (1321 cm™), carboxylate band from terminal amino
acid side chains (1400 cm™) and also heme bands at 1587, 1560, 1155, 908, 754 and
671 cm™ are pronounced. The type 3 spectrum shows two amino acid bands enhanced
namely the phenylalanine mode at 1002 cm™ and the histidine mode at 932 cm™ along
with the amide |, amide Ill and other heme bands. The TERS spectra of amino acid
bands have been previously been reported for cytochrome c % but no amide | mode
was observed enhanced in that study. The PCA results support these findings is shown
in Figure 5.6, showing the PC1 loadings mainly dominated by heme bands, whilst the
PC2 loadings plot show strong loadings associated with protein. The PC3 loadings
showed the presence of heme and protein modes along with the phenylalanine mode
at 1002 cm™. The proteinacious bands are normally observed only in the infrared
spectrum and near-IR excited Raman spectra of hemoglobin®”! but not the resonance
Raman spectrum of hemoglobin at least at 530 nm.”®! The results corroborate the
finding by Yao et al.”® who observed similar types of spectra for cytochrome ¢ where
one type was dominated by heme bands and the other showed amino acid bands
enhanced. The variation was explained by the proximity of the tip in relation to the
heme and amino acids, respectively.®! If the tip is in close proximity to the heme then
the heme modes will become enhanced or alternatively if the tip is in close proximity to
the amino acids then these modes will be enhanced.

75



Chapter 5

TERS Hemoglobin 530 nm (Type 1)
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Figure 5.5: Representative TERS spectra of purified hemoglobin showing the three most common types
of spectra observed. (a) The most common TERS spectrum observed was dominated by intense bands in
the pyrrole ring breathing region between 1450-1300 cm’’ and other specific heme vibrations. (b) The
second most common spectrum had characteristic protein bands including amide | (1656 cm™), amide il
(1321 cm’’) and the carboxylate band from terminal amino acid side chains (1400 cm). (c) Type 3 TERS
spectrum of hemeoglobin with phenylalanine and histidine modes labeled. (d) Resonance Raman
spectrum of single hemoglobin crystals recorded using a 532 nm laser line with 10 seconds laser
exposure at 600 uW. From Ref. "
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Figure 5.6: (a) PCA scores plot of hemoglobin TERS spectra (o) plotted against PC1 and PC2.
There is a significant spread of the data across both PC1 and PC2. (b) The PC1 loadings show that
the important variables in explaining the variance are mainly from the heme moiety and correspond
to the type 1 spectrum presented in Figure 4. (c) The PC2 loadings plot shows some proteinacious
bands including the amide I at 1656 cm’’ and amide Il modes, carboxylate band (COO) are
significant in explaining the variance across PC2 and correlate closely with the type 2 spectrum
presented in Figure 4. (d) PC3 loadings showing the phenylalanine band 1002 cm™ contributing to
the explained variance of this PC along with the amide | mode and other heme modes. From Ref. "
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5.3 Materials and Methods

Tip-enhanced Raman Scattering
a) Sample preparation

P. falciparum (D10 strain) was maintained in continuous culture using human
erythrocytes obtained from the Red Cross Blood Bank, Melbourne.”® Parasitized
erythrocytes were cultured in complete culture medium (CCM) consisting of RPMI 1640
(GIBCO BRL), 25 mM hydroxypiperazine-N"-2-ethane sulfonic acid (HEPES, Sigma pH
7.4), 2 g/L sodium bicarbonate (AnalR) and 4 mM Glutamax (Invitrogen). This was
supplemented with 0.16% glucose (AnalR), 0.21 mM hypoxanthine (Sigma), 22 pg/mL
gentamycin (Sigma) and 4% human serum and 0.25% Albumax | (GIBCO-BRL). The
cultures were incubated at 37°C in a humidified atmosphere of 5% CO,, 1% 02 and
90% N2. Infected red blood cells (RBCs) and uninfected RBCs (controls) were purified
by magnetic purification and were fixed for 1 hour. Cells were placed in LR White™
Resin System and cryosectioned at 1 um thickness. The sections were placed on
individual 12 mm diameter x 0.5 mm thick CaF, IR grade polished windows and fixed
using 2% paraformaldehyde, 0.0075% glutaraldehyde and 0.1 M cacodylate buffer.
They were then washed twice with MQ water before a drop of cells was placed on the
CaF2 substrates.!"

To record TERS spectra of hemoglobin, the purified product (Sigma-Aldrich)
was dissolved to 1072 M of milliQ water and dried under vacuum to form micro-crystals.

b) Instrumentation

The TERS experiments were performed using the setup described in section
3.1. All TERS spectra were recorded with the tip in intermittent mode with a 5 and 10
second acquisition time for hemoglobin and hemozoin spectra respectively. The laser
power at the sample was 500 uW in both experiments. All TERS spectra shown are
raw data, no further baseline-corrections or smoothing were applied.
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Surface enhanced Raman spectroscopy

B-hematin for SERS analysis was prepared by the method of Bohle et al.’% B-
hematin particles for SERS were prepared by mixing a fine suspension of B-hematin
(107 M) with a mixture of Ag-colloid (1 x 107"° M) and NaCl (10 mM). The suspension
was then spin coated on a glass plate after incubation for 30 minutes and spectra
recorded at “hot spots” between Ag-nano-clusters. Laser light from a Krypton source
(530 nm) was focussed onto the glass surface of the sample using a 5x, N.A. = 0.05
objective. The incident angle of the light beam was 70° with respect to the sample
plain. Power was 40 mW/cm? SERRS and background light emission from nano-
aggregates were collected with an objective lens (60x, N.A. = 0.15) and directed to a
polychromatic equipped with a thermoelectric cooling charge coupled device using a
1200 grooves/mm CCD. White light from a 50-W halogen lamp was introduced to the
focussing area by using a dark-field condenser to identify Raleigh scattering “hot spots”
at the edge or between nano-clusters. These spots were selectively targeted with the

microscope and spectra recorded. From Ref.["!

Resonance Raman Spectroscopy (RR)

Micro Raman spectra of B-hematin and hemoglobin were recorded using a
Renishaw Invia spectrograph (Renishaw plc, UK) using a 532 nm excitation line
generated form frequency doubled 1064 nm Nd:YAG laser in a back-scattering
geometry. A standard objective (50x, NA 0.7) was used for all measurements and each

spectrum was recorded using ~60 W and 1 accumulation at 10 seconds."!

Principal Component Analysis.

PCA was performed with the Nonlinear Iterative Partial Least Squares
(NIPALS) algorithm21 in the UnscramblerTM software package (CAMO, Norway). The
spectra were first pre-processed using the extended multiplicative scatter correction,
which corrects for additive and multiplicative effects in the spectra, before a linear
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baseline correction was made at the 1800 and 800 cm-1 minima points. The spectra
were mean centered and the leverage correction algorithm applied to decompose the
spectral data into its principal components. PCA was performed on forty-two TERS
spectra of hemozoin collected using two different tips.!"

5.4 Conclusions and outlook

In this chapter, the first TERS spectra of macromolecules recorded within a
single cell are described and the bands were assigned to that of hemozoin. Using
hemoglobin as a model compound, we demonstrated the selective enhancement of

heme and protein modes.

With the further development of finer and more active TERS tips, the potential
to investigate drug binding to the hemozoin crystal surface inside the digestive vacuole
of the parasite will soon be realised as shown in Figure 5.7. According to one model
Quinoline antimalarial drugs such as chloroquine (CQ) inhibit heme aggregation by
binding onto the hemozoin surface through terminal functional groups (Figure 5.7.a).
TERS technology provides the required lateral resolution and conceivably sensitivity for
the study of drug-hemozoin binding and therefore has potential as a new method for

antimalarial drug screening (Figure 5.7.band c).
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(a)

Chiral (001) face

Enantiotopic (001) face

Figure 5.7: (a) Chloroquine (CQ) model binding to hemozoin crystals from Ref*"! (b) SEM image of
hemozoin crystals inside a Malaria infected RBC and treated with CQ. The narrows indicate
chloroquine located over hemozoin crystals. From Ref* (c) Zoom image of (b) representing a
TERS experiment simulation’s study of drug-hemozoin binding. The yellow circles indicate the
position of the TERS tips where TERS spectra will be detected.
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Chapter 6

TERS on DNA & RNA strands:

Towards a Novel Direct-Sequencing Method

DNA sequencing techniques are valuable tools in many science fields such as
medicine, forensic sciences, molecular biology, archaeology or anthropology.

The sequencing of DNA is procedurally complex and requires sophisticated
analytical techniques.l" @ DNA sequencing, while a very powerful method, requires
separation and visualization methods to recognize specific DNA fragments.”!
Furthermore, all the established methods require substantial amounts of DNA and fail
to directly read the base composition of the strand. A method that utilizes the inherent
information of the distinct bases present in DNA or RNA without the need of further
labeling is therefore desirable.

Recent approaches in this direction include pulling single DNA strands through
nanopores, detecting certain electric properties, and then deducing the sequence.!*®!
Attempts were also made to directly sequence DNA by using a scanning tunneling
microscope.”” & In this chapter, the most popular methods and approaches to
sequence DNA will be introduced and compared to a novel approach for a direct and
label-free DNA sequencing method using TERS. First TERS measurements on DNA
and RNA strands are shown in this work with a resolution down to a few tens of
nucleobases, which just a few seconds of acquisition time and with a high spectral

sensitivity.
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6.1 Structure of DNA and RNA

Macromolecules of deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are
both nucleic acid polymers and are composed of three block groups: phosphates,
sugars and nucleobases. The backbone is built of phosphates and sugars, which in the
case of DNA, the sugars are
deoxyriboses; and in the case of RNA,

Purine Pyrimidine
riboses. Four principal nucleobases are

found in DNA: adenine (A), guanine (G), 2 N H,N

cytosine (C) and thymine (T); in RNA, A \ />7NH2 —N
uracil (U) replaces thymine. Cytosine, [i\:N <: >:O
thymine and wuracil are pyrimidine G':anme ©) Cytos'\i'ne ©)
derivates, while adenine and guanine

are purine derivates consisting of a

pyrimidine ring fused to an imidazole

ring (Figure 6.1). In contrast to RNA, k Ai\: >:

DNA usually forms a double strand. It

occurs when two complementary Adenine (A) Thymine (1
polymers of DNA are attached to each Q

other. Complementary base pairs are A tN>:O
to T and G to C. Double-stranded (ds)

DNA occurs through a helix secondary Uracil (U)

structure. Base pairs are strictly

arranged and orientated each pair is Figure 6.1: Molecular structure of nucleobases found in
separated by a distance of DNA and RNA.

approximately 0.34 nm.
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6.2 DNA sequencing

In September 2007, John Craig Venter and his group reported the first complete
DNA sequence of a human being, more precisely the Venter's genome.® ' In this
case, the human genome map revealed beforehand the risk of certain diseases, such
as Alzheimer and cardiovascular complications. To make this approach available to
conventional medicine, a standard method which provides a complete DNA sequence,
approx. 3 billion bases, in a short time and at a low cost is still needed.

Since the mid-1970’s, many different techniques have been developed for DNA
sequencing. The more popular methods!"'" '@ or approaches!'? that are currently being
used will be described in the following section. The methods can be classified into: (a)
chain-terminator!’®*"®  (b) pyrosequencing!'®, (c) nanopore*® and (d) Scanning
tunneling microscopy (STM) methods'®..

6.2.1 Chain-terminator or Sanger dideoxynucleotide method

The dideoxynucleotide method, better known as the Sanger method, was first
invented in 1975 by Sanger and Coulson™ " and Maxam and Gilbert!"
independently and nowadays remains one of the most popular methods to sequence
DNA.

The Sanger method is based on the well-known Polymerase Chain Reaction (PCR)
which is used as a standard method to replicate DNA. Firstly, as shown in Figure 6.2, a
short radioactive DNA sequence (primer), composed of only three bases, is
complementarily assembled by controlled temperature to the starting site of the single-
stranded DNA strand, known as DNA template. The DNA polymerase enzyme begins
by building up the complementary DNA strand with deoxyribonucleotide triphosphates
(dNTPs): dATP, dGTP, dCTP and dTTP. A modified nucleotides called dideoxy
nucleoside triphosphates (ddNTPs: ddATP, ddGTP, ddCTP and ddTTP) are added at
much lower concentration to the reaction. The ddNTPs are recognized by the
polymerase enzyme as nucleotides and the enzyme uses them to build the
complementary DNA strand. ddNTPs differ from dNTPs in that its C3-OH is substituted
by C3-H on the sugar. The consequence of this small difference is that no
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phosphodiester bond can be created with the next nucleotide, therefore the DNA
synthesis is terminated.

Each sort of ddNTP is separately added to a reaction tube together with the same
PCR reagents. Statistically, single-stranded DNA strands of the complementary DNA
template will be produced in all possible lengths, because the ddNTPs will be stopped

during the reaction each time in a random position.

Then, all DNA fragments are separated by length using polyacrylamide gel
electrophoresis (PAGE). The position of each band is visualized by autoradiography,
so that the sequence of the complementary DNA strand could be easily read.

The Sanger method has been modified from its first version, replacing ddNTPs with
fluorescently labeled ddNTPs (Figure 6.3). The PCR reaction takes place only in one
tube and the individual fragments of DNA are separated in function of their length again
by PAGE. Each of the ddNTPs (ddATP, ddGNTP, ddCNTP and ddTNP) provides a
characteristic fluorescent signal and are successively detected by laser excitation of

fluorescent tags. All the detected information is then processed to read the sequence.

The Sanger method is very robust and was employed successfully in the Human
Genome Project,['”! but is still ime-consuming, complex (large number of reagents and
labels are used) and the multiple replications increase the probability of errors in the

sequencing.
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Figure 6.2: Schematic diagram of the Sanger method. An ssDNA strand is replicated via PCR in four
reaction tubes. Each tube contains a different ddNTP or chain-terminator nucleotide which stops the
replication reaction. All possible lengths of the replicate DNA are separated by PAGE and afterwards

the DNA fragments are visualized by autoradiography.
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Automated Sanger method
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Figure 6.3: Automated Sanger method. Chain-terminators or ddNTPs are fluorescently labeled,
sorted by capillary electrophoresis and detected by a laser excitation of the fluorescent tags.

6.2.2 Pyrosequencing

Pyrosequencing!® ™ ' is a second DNA sequencing method which is
commonly applicable as alternative technique to Sanger method. Pyrosequencing is a
three-enzyme system based on the detection of pyrophosphate (PPi) converted into
light during the DNA amplification. This technique offers some advantages over the
Sanger method by dispensing with labeled-primers, labeled-dNTPs, gel electrophoresis
and multiple DNA replications. The overall process can be described in three steps and
shown in Figure 6.4:

Step 1 - release of PPi

DNA amplification takes place through a standard PCR with the peculiarity that
each type of dNTPs is added individually to the reaction. When the correct dNTP is
incorporated, the complementary DNA strand is amplified by one base and a PPi is

released.
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(DNA polymerase) (DNA)n+1 + PPj

(DNA)n + dNTP

Step 2 — Conversion of PPi into a molecular energy “currency” (ATP)

PPi is converted to adenosine-5'-triphosphate (ATP) in the presence of

adenosine 5° phosphosulfate (APS) by a second enzyme called ATP sulphurylase.

PPi + APS (ATP Sulphurylase) SATP+S 042_

Polymerase
I

o_

[ ﬂ [
TTC
S

|
T A
Y tep 1

| /]
T C
g

< -
O O—
L@ O—

Sulfurylase Step 2

P
Apyrase V/ w _
(wash) - ATPwLucnferase Step 3

Figure 6.4: Schematic diagram of the pyrosequencing. Pyrosequencing is a three-enzyme system
based on the detection of pyrophosphate (PPi) converted into light during the DNA amplification.
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Step 3 — Transformation of ATP into light

A third enzyme called Luciferase performs the transformation of ATP into visible
light, which is detected by a CCD camera. The light signal emitted is proportional to the
number of bases incorporated in the amplification of the complementary DNA strand.

ATP+ Luciferin + 0, —LUeerase ) an1p . ppi + Oxyluciferin + CO» + Light

Finally, the excess dNTPs are degraded by a washing enzyme called Apyrase.
When degradation is finished, the sequencing continues to restart the enzymatic cycle

again adding a new sort of dNTP.

Pyrosequencing incurs lower costs but is still time-consuming and a complex

technique, since PCR must be used.

6.2.3 Nanopore methods

In contrast to the previous two methods, DNA sequencing via nanopores!® 22!l

is an approach which does not require any amplification of DNA template. As the
nanopore the protein a-hemolysin is used (Figure 6.5.a), which has an inner diameter

of only 1.5 nm at the narrowest region.

In this method, a single-stranded DNA sequence goes through a nanopore,
blocking the normal current flow of other ions. Theoretically, each nucleobase induces
a specific change in the ionic current flow, as a result the sequence can be deduced by

measuring the ionic current during the translocation™ (Figure 6.5.b and c).
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2.6 nm

Lysine/Glutamate
Ring-
Limiting Aperture

204
04

Figure 6.5: Nanopore method. (a) Structure of a nanopore of a-hemolysin,?" (b,c) a single-stranded

DNA sequence goes through a nanopore, blocking the normal current flow of other ions.?’!
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To put this method in practice is not as easy as one would presume. Firstly, the
pores are very long and at the narrowest region, they are found to be up to 10-20
nucleotides long, far from the single-base resolution required for DNA-sequencing.
Secondly, the pore diameters are too large to avoid twisting of the DNA within the pore,
which induces large noise. In protein-nanopores, the diameter of the nanopore is
restricted to the natural channel the protein itself and cannot be modified, therefore
artificial nanopores would be the best solution.

In 2006, Di Ventra’s group proposed a model using nanopores of silicon
nitride’® with a diameter smaller than the o-hemolysin channels. Additionally, this
model has two pairs of electrodes which achieve the electric current perpendicularly to
the translocated DNA. This improved model should allow a single-base resolution and
avoid the twisting and turning of DNA within the pore (Figure 6.6). If this model is
correct, this technique will be much faster, cheaper and would avoids the use of

labeling and the replication of DNA.

Current (nA)

ERENERENERERENERENE
0 200 400 600 8OO 1000

Time {arb. units}

Figure 6.6: Nanopore method model using a Si;N, nanopore.l’! A single-stranded DNA translocates
through a SisN,nanopore, the sequence is read by the different distributions of transverse electrical
currents of each nucleobase. From Ref.l’!
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6.2.4 Scanning tunneling microscopy (STM) method

Another approach to consider for DNA sequencing is the identification of
complementary base-pairings using scanning tunneling microscopy (STM). The ability

of STM to achieve atomic resolution images of conductive surfaces is well-known 2224,

Ohshiro and Umezawa have demonstrated that the bonds created between the
molecules and the metal do not have to be strong and covalent.! They showed that
the tunnel current between bases could be significantly enhanced by hydrogen bonds
when a complementary base-pair is being formed. Chemically modified metal tips with
thiol derivates of the four nucleobases (using isolating nucleotides) are employed to
identify chemically selective base-pair bonding between the molecular tip and its
complementary nucleobase (see Figure 6.7). The main challenge with STM methods is
always the low contrast and usually a statistic approach is necessary to evaluate the

data.
thytmine cytgsine ad?nine gu?_nine electron wavefuction
B 2 P P “of a base
'1_‘I’T r_g[j A’A G(.!G = overlap of electron
g ' A%A G wavefuctions of
- ﬁ '~ ﬁ . a complementary
j l A . base-pair
- L w L L . #“ L : L] - V = - - :"
~ c A G ACG DA s o A
Ll ok Ll L L L] ﬁ‘..‘.i.‘.‘i.
p LLLLLIT I LTI LT Au(111) LLLLITIITLLIL IS

Figure 6.7: Schematic diagram of scanning tunneling microscopy (STM) method for DNA
sequencing. Modified nucleobase tips enhance electron tunneling by formation of complementary
base pairs. From Ref. !
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6.3 Tip-Enhanced Raman Spectroscopy of Single RNA Strands:
Towards a Novel Direct-Sequencing Method

Our studies demonstrate that, using near-field optical techniques in combination
with vibrational spectroscopy gives high contrast and hence the direct identification of
bases on a single isolated RNA strand becomes feasible®®. Standard Raman
spectroscopy makes the identification of the base components straightforward;
however, the lateral resolution and the sensitivity of the method are far from the single-
strand or even the single-base detection levels required for a sequencing method.
Herein we show that TERS provides several advantages over conventional Raman
spectroscopy: in just a few seconds of acquisition time, high sensitivity at a lateral
resolution down to a few tens of nucleobases can be achieved.?® 2! These properties
allowed TERS mapping along a poly(cytosine) RNA strand. The results demonstrate
the potential of the method to identify and sequence the composition of polymeric

biomacromolecules, such as DNA, RNA and peptides.

TERS spectra of a single-stranded RNA homopolymer of cytosine (poly(rC))
have been measured with a spatial resolution down to a few nucleobases. The basic
experiment is shown in Figure 3.1 in Chapter 3. A standard back-reflection TERS setup
is used to focus a laser onto a silver-coated atomic-force microscope (AFM) tip, while
the sample is moved independently, the sample surface is thus always in focus. In
Figure 6.8 the topography image of a single-stranded RNA cytosine homopolymer is
shown. To avoid Raman scattering from compounds other than RNA, the use of buffer
solutions and other chemicals was restricted to a minimum. However, as a result,
entangling of the strands was a major issue and an extensive search for the linear
single RNA strands needed for the measurements is required. The height of the strand
shown in the profile measurement (Figure 6.8) corresponds to the known diameter of
RNA, which strongly supports the identification of single strands. The effective area
probed by an AFM tip is a convolution of tip and sample features. Hence, the measured
strand width of approximately 10 nm can be largely assigned to the silver-coated AFM
tips and corresponds well with the tip diameter of <20 nm determined by SEM (Figure
3.2 in Chapter 3). The length of the homopolymer chain appears longer than expected

and the small nodule-like feature in the center of the strand indicates that most likely
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two strands are attached to each other. However, these features had no impact on our
further experiments as the length of the strand was not relevant. It is important to note
that apart from the RNA no further topographic features are present. Thus other
compounds (e.g. buffer crystals, etc.) can be ruled out for this particular sample area,
making the evaluation of the Raman spectra amenable and without ambiguity.

(a) 25nm

0 nm

®) [ —

1 nm 20 nm

Figure 6.8: Topography of a cytosine single-stranded RNA homopolymer. (a) AFM height image
(“intermittent” contact) of a single poly(cytosine) RNA strand on freshly cleaved mica. The image is
baseline corrected. (b) Height profile through the RNA along the line indicated in (a). From Ref. &

Previous TERS measurements performed on single, nanometer-sized crystals
or on monolayers of nucleobases demonstrate that the individual fingerprint of each
nucleobase and the characteristic vibrations required for the distinction of each
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compound can be found easily.”® 2% In contrast to these previous investigations, the
technical tolerances for a TERS experiment on a single DNA or RNA strand are much
more stringent. The field-enhancing tip must be placed and held over the homopolymer
during the whole laser exposure for the Raman experiment. It is crucial that the sample
drift is nullified so that all subsequent measurement points are also on the RNA strand.
In our experiment we measured TERS spectra at seven different positions along the
single-stranded RNA chain (Figure 6.9).

Figure 6.11 shows the TERS spectrum of a single strand of poly(cytosine). The
results contain all the main spectral features of cytosine. The TERS bands of
poly(cytosine) (in cm™) and the band assignments are shown in Table 6-1. For the
band assignment, the TERS spectra of poly(rC) have been compared to the Raman
and SERS spectra of cytosine!® and deoxycytidine (dC)®*"! and the density functional
theory (DFT) calculation of cytosine!®, the molecular structures are shown in Figure
6.10. Cytosine has several sites which can bind directly to a metal surface, such as
N(3), C=0 and C=N. The TERS band at 801 cm™ is assigned to the ring breathing of
pyrimidine (py) and corresponds satisfactorily with the typical frequency of dC bound to
a metal surface.®"! In comparison to the normal Raman band, at 784 and 792 cm™ for
cytosine and dC respectively, a significantly higher frequency shift is observed. This
blue-shift is due to the adsorption of some atoms of the cytosine ring (py) with the silver
nanoparticle at the end of the tip. This adsorption induces a redistribution of the
electronic charge density taking place in the ring and therefore, the corresponding shift

of the signal. 13"
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Figure 6.9: TERS experiment along a RNA strand. (a) Topography image (same as in Figure 6.8.a)
showing seven adjacent spots corresponding to the positions of the TERS experiments and one
additional spot for the reference measurement (position 8). (b) The Raman spectra of the positions
are marked in (a). For all TERS spectra the laser intensity at the sample was set to 1 mW, at 530.9

nm and the acquisition time was 15 s. From Ref?!
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The highest frequency mode observed in the TERS spectra appearing at
1618cm™ is assigned to the C=0O stretching vibration of the carbonyl group. In the
normal Raman and SERS spectra of dC, this band appears at 1664 and 1638 cm™ ']
respectively and also in the normal Raman and SERS spectra of cytosine, the C=0
stretching vibration experiments a red-shift from 1655 to 1640 cm™.*¥! An even larger
shift was observed for this band in the TERS spectrum of a monolayer of cytosine
adsorbed at Au(111) according to Domke’s work.”! This large red-shift is attributed to
the decrease of the double bond character of the carbonyl group due to the electron
donation from the C-O to the metal surface, and consequently the decrease of the
vibrational frequency.?® 3" * Furthermore, the C(2)-N(3) stretching vibration is shown
at 1279 cm™ in the TERS spectra, in agreement with the suggested closeness of the

carbonyl group to the Ag tip.

Cytosine (C)

.............................................

P P P P
""""""""""""""""""" : n

Sugar :
(deoxyribose); C= Cytosine, S = Sugar (ribose),

P = Phosphate

____________________________________________

Deoxycytidine (dC)

Figure 6.10: Molecular structures of cytosine, deoxycytidine and RNA homopolymer of cytosine.
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Figure 6.11: TERS spectrum of a single-stranded homopolymer of cytosine immobilized on mica. The
TERS band at 801 cm™" is the characteristic fingerprint band assigned to the ring breathing mode of
cytosine. The bands at 520 and 961 cm’'correspond to silicon arising from the background scattering of
the AFM cantilever.
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Table 6-1: Assignments of TERS spectrum of poly(rC) (in cm™)

mode NRS? DFT° SERS® TERS SERS® NRS°® assigment

1 520 silicon (AFM tip)

2 599 597 596 ring df (sqz group, C2-N3-C4)?
3 646 mica (sample substrate)

4 705 mica (sample substrate)

5 751 mica (sample substrate)

6 792 803 794 801 802 784 ring breathing (Py)?

7 822 847 850 (N3-C4-N8) st°

8 949 950 NHz rk®

9 1033 1024  N-Sugar st°

10 1045 1033 1045 N8-H9 df, N8-H10 df*

11 1107 1106 1115 1097 C5-H df*

12 1146 (1194) 1166

13 1249 1245 1233 1248 1240 allHdf?

14 1275 1273 1279 1293 1290  all H df*, C2-N3 st °

15 1325 ?

16 1363 1359 1363 1380 1419 1417  C5-H, C6Hdf?, C4-C5 st°

17 1459 1458 1453 1458 1448  NHzsci?, C4-NHzst® C=N st Py)°
18 1490 1494 1488 1498 ring df (C4-C5 st)?, all H df®, NH,, df°
19 1531 1549 1533  NH. df°

20 1605 1606 1574 1602 1572 ring df (C5-C6 st)?, NHz sci ®
21 1618 1638 1664 C=Ost.°

2 from Ref. *%¥ (Cytosine, SERS solution Ag and Raman)
® from Ref. *? (Cytosine, Calculation SQM B3-LYP/6-31G*)

¢ from Ref. B" (Deoxycytidine (dC), SERS solution Au)

Abbreviations: NRS, normal Raman scattering; DFT: density functional theory;

SERS: surface-enhanced Raman scattering; Py, pyrimidine; bk, backbone;

st, stretching; df, deformation; rk, rocking; sci, scissoring.
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The enhancement of the C=0O and C(2)-N(3) stretching vibrations can be
explained by their proximity to the metal tip. It is reasonable to expect an enhancement
as well for the NH, group because of its closeness to the carbonyl group, see the
schematic sketch in Figure 6.12. The corresponding NH, deformation band is easily
found at 1488 cm™ in the TERS spectra and its assignment confirmed by the SERS

spectrum of dC with Au nanoparticles, appearing in this case at 1498 cm™.®"!

The observation of the enhancement of the C=0 stretching at 1618 cm™, C(2)-
N(3) stretching at 1279 cm™ and NH, deformation at 1488 cm™ supports strongly the
idea that cytosine ring is orientated upright with the carbonyl group directed to the
metal tip as shown in Figure 6.12). This corresponds with the immobilization procedure
employed for the RNA strand on mica (see section 6.5).

Ag
particle

Mica

Figure 6.12: Proposed orientation of poly(rC) bound to the Ag-coated tip via carbony! group.
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The observed fluctuations of the band intensities and positions exceeding
statistical variations will be discussed below. Most importantly the results demonstrate
the stability of the setup because the RNA could always be readily located. To show
that the probe was not contaminated, reference measurements at sample sites without
RNA were also measured (see Figure 6.9.b at position 8). In these measurements no
indication of RNA Raman bands or any other Raman bands, apart from silicon (arising
from background scattering of the AFM cantilever) and mica (substrate material), could
be found. This comparison also allows an estimation of the actual Raman
enhancement. For this estimation we follow essentially the argument outlined in
Refs.[3 3]

To estimate the enhancement, the number of molecules responsible for the
signal both in the TERS experiment and in the reference case must be considered. The
diameter of laser focus was 1 um. In the reference case we assume that one RNA
strand is stretched along the diameter of the laser focus (as indicated in Figure 6.13.b).
The signal of the unenhanced 1-um-long RNA chain obtained when the tip was
positioned next to this strand (Figure 6.9.b spectrum position 8) is then used as the
reference spectrum. In our experiments, no signal was detectable at this position under

conditions identical to those for the other measurements.

In the TERS spectrum only a small RNA fragment of 20 nm length is
responsible for all the signal intensity (see inset in Figure 6.13.c). Hence, the
relationship between the number of bases responsible for the Raman signal in the
reference (ca. 3000 bases) and the TERS case (ca. 30—60 bases) is approximately 50-
fold. In conjunction with the relationship between the signal-to-noise ratio (SNR) of the
reference and the TERS spectrum, which is about 200:1, was obtained by dividing the
intensity of the most intense Raman band by two times the standard deviation of the
noise level measured in a signal-free section of the spectrum. We can estimate an
overall enhancement of the TERS signal of at least 10*. This is a very cautious
estimation as it does not take into account the duty cycle of the oscillating tip and also
all other parameters considered (tip size, SNR) are estimated very conservatively.
However, in terms of sensitivity, the present TERS experiments are already very
satisfactory. The SNR of approximately 200 stems from 30—-60 bases underneath the
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TERS tip. Assuming a homogeneous signal enhancement, every single nucleobase
then contributes with a SNR of 3-7 to the spectrum, making every base
distinguishable. This means that single-base sensitivity has been easily achieved,
which is one of the prerequisites required for DNA sequencing using TERS!

Raman Laser
signal excitation

Figure 6.13: (a) The tip-enhanced Raman scattering (TERS) experiment along a single strand of
RNA. (b) Higher magnification of the area approximately corresponding to the size of the laser spot.
(c) Magnification corresponding to the interaction area of the TERS probe tip.

A closer look at the spectra of the RNA strand (Figure 6.14) shows slight
changes in band intensities and positions. Band intensity changes resulting from
different concentrations of RNA can be easily ruled out; the AFM images simply do not
indicate the presence of multiple strands or other visible traces of molecules that
interfere with the Raman spectra. A better explanation for intensity changes is the
dependency of the enhancement on minuscule distance changes between probe and
sample.®®® As the sample in the experiments is very small, probe positioning

variations even below a nanometer could be sufficient to cause intensity changes (see
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Figure 6.15). In our case, the single RNA strand has a defined direction and even
specific bends in the orientation of neighboring bases can induce changes in intensities
and intensity ratios of distinct bands. As long as the interaction between the adjacent
bases does not vary strongly, band shifts should be negligible and the band positions
should be the same for all cytosine groups.

Raman intensity / arb. units

| ' ] ] | ]
1600 1400 1200 1000 800

-1
Wavenumber / cm

Figure 6.14: Fluctuations in intensity (blue ellipsoid) and band position (blue lines) are observed in
the TERS spectra.
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Figure 6.15: Visualization of the position effect of the TERS tip with respect to the strand. Probe

positioning variations even below a nanometer can cause intensity fluctuations.

Figure 6.14 shows that the positions of some Raman bands also shift slightly.
Again the positioning of the TERS probe with respect to the molecules provides a
plausible qualitative explanation. It has been shown by Watanabe et al. % *) that a
strong dependence exists between the local position of a silver atom and the
orientation of the probed molecule, as shown in Figure 6.16, where Raman spectra of
the five possible complexes of Ag-adenine were calculated by DFT, providing
information about fluctuations in intensity and band position. In most chemically
relevant conditions the silver atom and analyte molecule will arrange themselves in the
energetically most favorable position.** *? However, because of restricted flexibility, the
RNA is fixed to the substrate and the silver coated TERS probe is held in a certain
position in a TERS experiment, the system is forced into a specific arrangement. This
arrangement will cause the bands to shift slightly from positions known from either

solution or single-molecule experiments. One last difference between a standard
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Raman microscope experiment and a near-field Raman experiment such as TERS is
the change in polarization direction and electromagnetic-field distribution. Longitudinal
fields play an important role in the near-field and therefore new selection rules can
arise."! The same effects can occur with strong field gradients at metal surfaces, as
shown by Ayars et al.l*?l All these effects can explain the variations occurring in the
spectra. More importantly from a practical viewpoint is that the spectra could always be
attributed to Raman bands assigned to cytosine in the literature.*®%* 3! Hence a
distinction from other compounds should be straight forward and even sequencing of
natural RNA strands will become feasible.
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Figure 6.16: (a) Molecular structures of adenine and its potential silver complex isomers. (b) The
calculated Raman spectra of adenine and its silver complex isomers by DFT. Figure reproduced
from Ref*]
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6.4 Reproducibility and enhancement region of TERS on DNA
strands

The previous experiment shows fluctuations that can be explained by specific
nanoscale effects. For that reason in the following TERS experiment, a homopolymer
of DNA is measured by an Ag-coated tip moving across the strand to investigate the
variation of these fluctuations. In addition, reproducibility of the TERS spectra at the

same position has been examined.

For this experiment DNA instead of RNA and another nucleobase, adenine, has
been chosen as a homopolymer. The AFM image (Figure 6.17) of the adenine
homopolymer of (poly(A)) shows at the cross section a height slightly above the
standard height of a single strand. This means the sample is either coiled or two or
three strands are lumped. Figure 6.18 shows the TERS spectra measured at eight
different positions across the DNA. The distance between two distinct positions was 10
nm. TERS spectra of poly(dA) have been achieved at only three positions and only two
of them showing a high enhancement. These two spectra provide information on the
area of the enhancement of the TERS tip. Taking the 10 nm distance between the two
positions into account, an enhancement region below 20 nm can be safely estimated.
This value corresponds well with the diameter of the metal tip, which is usually used to
estimate the number of molecules involved in a TERS spectrum.
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0 nm

v 500 nm-
(b) :

Figure 6.17: (a) AFM topography image of a homopolymer of DNA (adenine) and (b) its
corresponding cross section at the marked positions in (a).

Most importantly both spectra show the main spectral features of adenine.
Additionally we are able to observe some bands belonging to DNA backbone (sugar
and phosphates moieties). This can be attributed to the fact that DNA strands were not
rigidly orientated on the mica substrate.
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Figure 6.18: (a) AFM image of a homopolymer of DNA (adenine) and (b) TERS spectra at the
positions are marked in (a). For all TERS spectra the laser intensity at the sample was set to 500
uW, at 530.9 nm and the acquisition time was 5 s.

In addition, each TERS spectrum was measured twice at the same position to
check for the reproducibility. The duplicate (a, b respectively) spectra at position 3 and
4 shown in Figure 6.19 are nearly identical. This confirms that the fluctuations observed
in TERS spectra between different positions can be attributed to nano-scale effects.
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Figure 6.19: TERS spectra of poly(dAdenine) at position 3 and 4 marked in Figure 6.18 measured
twice (a,b). For all TERS spectra the laser intensity at the sample was set to 500 uW, at 530.9 nm
and the acquisition time was 5 s.

The band positions of both spectra, at positions 3 and 4 marked in Figure 6.18
and listed in Table 6-2. For the band assignment, they have been compared with the
SERS and Raman spectra of adenine derivates, such as deoxyadenosine (dA),""
deoxyadenosine monophosphate (AMP)®¥ and single-stranded homopolymer of

adenine (poly(dA))®% (see Figure 6.20 for the molecular structures).
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Table 6-2: Assignments of the TERS spectra of poly(dA) (in cm™)

mode TERS®™ TERS®™ SERS® NRS® SERS® NRS®  assigment

1 520 520 silicon (AFM tip)

2 665 669 663 ring®

3 733 733 728 734 732 727 ring breathing (Py)®°

4 805 805 790/ bk (OPO st), ring ©

5 842 bk (OPO st) ©

6 928 91 919 908 (960) 917 NH. rk?, sugar®

7 1021 1018 1007 NH df

8 1045 1039 1035 1052 N-sugar st?, sugar (CO
9 1068 1072 1066 1092 N-sugar st?, bk (PO2 st)°
10 1156 1163 1171 1174 1163 (C5-Cs) st?

11 1204 ring®

12 1221 ring®

13 1281 1286 1264 1251 ring®

14 1315 1330 1320 1348 1334 1306 C-N st? ring®

15 1336 ring®

16 1345 ring®

17 1394 1400 1389 1380 1370/ 1378 (C6-N1) st (Py)?, ring®
18 1423 ring®

19 1444 CH, df°

20 1472 1478 1460 1462 C=N st (Py)? C2'H, df°
21 1485 ring®

22 1509 ring®

23 1587 1575 1551 1572 1581 ring st *°, NH, df°

24 1593 1594 NH; df?

25 1634 1634 1657 NH; sci®

2 from Ref. " (Deoxyadenoside (dA), SERS solution Au and NRS)
® from Ref. ** (Deoxyadenosine monophosphate (AMP), SERS Ag electrode)

®from Ref. *¥ (solution of single-stranded poly(dAdenine), Raman)
Abbreviations: NRS, normal Raman scattering; SERS: surface-enhanced Raman scattering;

Py, pyrimidine; bk, backbone; st, stretching; df, deformation; rk, rocking;

SCi, scissoring.
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Adenine (A) Poly(dAdenine)

(deoxyribose) A= Adenine, S= Sugar,
.. P = Phosphate

Adenosme monophosphate (AMP)

Figure 6.20: Molecular structures of adenine, dA, AMP and Poy(dAdenine).

To compare the TERS and the SERS spectra, it is worth noting that in a SERS
experiment the molecule of interest can move free in the SERS solution and adsorb to
the metal particle with the optimized binding orientation. In the case of adenine (see
Figure 6.20) there are four potential nitrogen binding sites: the pyrimidine N1 and N3,
the imidazole N7 and the N10 of the exocyclic NH, group. N9 is not taken in
consideration because it is the binding site to the sugar. For this reason this site would
be blocked for a possible bond to the metal nanoparticle. Watanabe and Kawata’s
group reported in their paper the density functional theory (DFT) calculation for the four
possible adenine complexes involving a silver atom (see Figure 6.16).'7 Their
calculation reveals changes in Raman band positions and intensities due to a
deformation of the adenine molecules to an optimized energy conformation. In contrast,
in our TERS experiment the molecule of interest is a homopolymer of adenine
(poly(dA)) which has been strongly immobilized on a mica substrate through the

phosphates group and the adenine cannot move freely.
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If the immobilization on mica is successfully performed all the adenine bases
should be strictly orientated face upward like in the previous TERS experiment on
poly(C).”® Avoiding loops along the strand or even more challenging secondary helix
structure will be required for DNA analysis, because adenine changes its orientation
along the loop and not all the orientations have the same Raman signal contribution
independent of the Ag-Ny binding (see Figure 6.21). Since an unambiguous selection
rule is not available yet for TERS, the exact tilt angle cannot be determined for the
nucleobase at present. According to the electromagnetic (EM) theory on the TERS
selection rule, vibrations along the direction parallel to the TERS tip are expected to be
more enhanced than the vibrations in the perpendicular direction. This rule suggests
that the in-plane vibration modes should be more enhanced when the nucleobase is
orientated parallel to the tip. Furthermore, not only adenine bases are involved. The
existence of a loop provides accessibility to the backbone and therefore vibrational
modes belonging to phosphate and sugar groups contribute to the spectra obscuring

the acquisition of adenine signals at this site.

Ag particle
at the tip apex

Twister

Figure 6.21: Loops along the DNA strand affect the adenine spectrum.
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All purine derivates, with the exception of guanine, have an individual Raman
band close to 725 cm™ assigned to the vibrational mode of ring breathing of pyrimidine
frequencies. In the case of pure adenine it is located at 723 cm™. ® In poly (dA), this
mode is shifted to 727 cm™.* Looking at the TERS spectrum this band is slightly
shifted to 733 cm™ due to the complexation of Ag atoms to one or more nitrogens
and/or a change in the molecular conformation due to the immobilization of poly(dA) on
mica. It is also important to note that the relative intensity of this mode is not as strong
as in SERS or normal Raman, which can be due to further polarization and orientation
effects.

The bands at 1045 and 1068 cm™, at position 3, and 1068 and 1072 cm™ at
position 4, are assigned to the N-sugar stretching and C-O sugar stretching and PO,
stretching vibrations respectively. This indicates that the DNA strands are partly in
contact with the Ag-tip through the backbone. This agrees well with the hypothesis of
loop along the DNA strands.

6.5 Sample preparation

A single-stranded RNA homopolymer of cytosine (GE Healthcare Europe
GmbH, Germany) and a single-stranded DNA homopolymer of adenine (Sigma-Aldrich
Chemie GmbH, Germany) were used in this experiment without further purification. The
RNA and DNA were dissolved in an organic chemical buffering agent to maintain a
physiological pH value, HEPES (20 mM, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) and magnesium chloride (20 mm, MgCl,; both Sigma-Aldrich) to fix the single-
strand phosphate site onto mica (BAL-TEC). The concentration of the poly(rC) and
poly(dA) was 10° M. The RNA and DNA homopolymer solution (1 mL) was dropped
onto a mica sheet and left to dry in an Argon atmosphere. Mica is composed of
tetrahedral double sheets of silicate minerals (Si/Al).Os. Single sheets of mica are
negatively charged because aluminium cations are less positive than silicon cations
(Figure 6.22.a). Divalent cations such as Mg®" or Ni** fit into the cavities above the
recessed hydroxyl groups in the mica lattice and transform the negatively charged mica
surface into positive (Figure 6.22.b). Afterwards, the negatively charged backbone of
DNA can be immobilized onto the mica substrate via divalent cations (see Figure 6.23).
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Figure 6.22: (a) Molecular structure of mica. (b)The negatively charged surface of mica can be

positively charged, by adding divalent cations, such as Mg**, fitting into its cavities. From Ref.[?!
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Figure 6.23: Immobilization of DNA on mica via
phosphates.
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6.6 Challenges and Outlook

a) Sample preparation

To perform TERS measurements on single DNA and RNA strands a meticulous
sample preparation is required. DNA and RNA strands should be single-stranded and
nucleobases ought to be orientated facing upward for an easier and direct accessibility
of the tip to the nucleobases. Additionally, the strand should be stretched, which is a
major challenge because single-stranded DNA and RNA show preferably secondary
structures*® . Furthermore, because of our inverse TERS setup we are restricted to
use transparent sample substrates, such as glass or mica. In the case of DNA or RNA,
glass cannot be employed, because it shows a roughness of 3-6 nm, which is lager
than the height of ssDNA strand itself (~1 nm) and it would be very difficult to be
observed by AFM. In contrast, mica is a common surface for AFM imaging of DNA as it
presents a surface, which is atomically flat and moreover, with enough transparency for
TERS experiments.

The AFM topographies of three homopolymers of DNA are shown in Figure 6.24:
poly(adenine), poly(cytosine), poly(thymine) and one of RNA: poly(uracil) immobilized
on mica. They were immobilized with the same procedure described in section 6.5 and

the concentration of the DNA and RNA homopolymers was 10-100 ng/uL.

Taking a look at the profiles of the strands in Figure 6.24, we can observe single
strands of homopolymers of adenine, cytosine, thymine and uracile. The major
challenge was the stretching and obtaining of single strands that in case of
poly(thymine) and poly(uracile) was particularly complex due to their tendency to form

of two-dimensional networks and clusters, as shown in Figure 6.25.
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p(Adenine) p(Cytosine)

100 nm 100 nm
400 pm
1200 pm
— —
20 nm 50 nm

p(Thymine) p(Uracil)

ISOO pm

50 nm 50 nm

Figure 6.24: AFM topographies and cross sections at the marked positions of
poly(adenine), poly(cytosine), poly(thymine) and poly(uracil).
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poly(thymine)
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Figure 6.25: AFM topographies and cross sections at the marked positions of poly(thymine) and

poly(uracil,) showing the formation of networks and clusters.
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b) DNA sequencing

The goal of this project is the utilization of the TERS technique to achieve a
direct and label-free sequencing of a DNA strand. First of all, a natural single-stranded
DNA has to be immobilized onto an atomically flat solid surface. And it must be
stretched so that Raman signals can be recorded by scanning the silver coated AFM
tips (TERS probe) along the strand. Figure 6.26 shows the AFM topography of a
single-stranded DNA from calf thymus. Afterwards, the sample stage moves from base-
to-base and records a TERS
spectrum at each position
(Figure 6.27). It is noteworthy
that it is not necessary to 1 am
laterally resolve single bases.
TERS has shown in the
previous experiments single-

base  sensitivity®,  which

means that spectra  of

0nm
consecutive positions can be
compared and its difference
spectrum should provide the —
. : 50 nm
information necessary for a
sequence reading. Figure 6.26: Topographic image of a single strand of calf-

thymus DNA immobilized on a mica surface.
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ssDNA strand

Figure 6.27: Schematic diagram of direct base-sequencing procedure using TERS. Sequence

information can be obtained by laterally shifting the probe in intervals of one base-to-base distance.

The pink area refers to the enhancing site of the first position.

Spectral fluctuations due to specific nanometer scale effects can hinder the

DNA sequencing but this problem
can be easily solved by measuring
along and across the DNA strand by
designing a dense grid (Figure 6.28)
with a distance between each
position of 0.1 nm, than is even 3
times lower that the distance
between two nucleobases. To
reproducibility move the sample only
0.1 nm in distance is already
possible with our TERS setup. For
the DNA sequencing all spectra
recorded at each position of the grid
can be easily analyzed by
multivariate statistical methods, such
as PCA, and the DNA sequence can
be deduced.

S A R B O

Figure 6.28: Simulation of a TERS mapping on a
single DNA strand, AFM topography is also shown.
Each point represents the tip position for each TERS

measurement.
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Chapter 7

Summary and Conclusions

Tip-enhanced Raman scattering (TERS) and its predecessor surface-enhanced
Raman scattering (SERS) have been applied in this thesis for the analysis of
biomolecules at very low concentrations and short acquisition times. Intrinsic limitations
in SERS and other spectroscopic techniques have been overcome using TERS for

biomolecular detection at nanometer lateral resolution.

SERS on catalysed processes

SERS measurements on silver colloid substrates have been performed to
investigate the interactions of fatty acid substrates with the enzyme P450gs; . Marker
signals for P450gss were identified and significant changes in the SERS spectra were
observed in the presence of myristic acid, as a consequence of structural changes in
the heme environment. Hence, SERS proved to have potential as a spectroscopic read
out tool in screening of novel heme enzyme-substrate interactions. In the future,
additional substrates and heme containing enzymes will be tested in search for novel
catalytic properties.
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TERS inside a malaria infected human cell

For the first time AFM images and TERS spectra of macromolecules were
recorded within a single malaria infected red blood cell. Specific Raman bands could
be assigned to hemozoin crystals one of the main target for anti malarial drugs. Using
hemoglobin as a model compound, we demonstrated the selective enhancement of
heme and protein modes. Furthermore, we describe how spectral fluctuations due to
the nanometer sensitivity of the TERS technique can be analyzed by means of
multivariate statistical tools like principal component analysis (PCA). These results
open the way for TERS to investigate the direct binding of the drug towards the
hemozoin crystal surface inside the digestive vacuole of the parasite.

TERS on DNA and RNA strand

The first TERS experiment on a synthetic RNA homopolymer (cytosine) single
strand at a lateral resolution down to a few tens of nucleobases is shown in this work.
Considering signal-to-noise arguments single base sensitivity has been achieved.
Fluctuations observed at the TERS spectra have been rationalized and assigned to
effects produced by extreme high lateral resolution and field enhancement. Further
experiments across a homopolymer DNA (adenine) provided information about an
enhancement region of the TERS tip, which has been estimated to be well below 20
nm. Duplicates of the TERS measurements confirm that the fluctuations observed in
TERS spectra between different positions can be attributed to nano-scale effects,
leading to different effects compared to Raman or SERS. These results show the
potential of the technique, to detect DNA at low concentration and thus, to accomplish
a direct and label-free sequencing of DNA.

An important aspect that has to be improved is the preparation of the TERS tips.
Many factors as shape, size, orientation and location of the silver particle on the tip
have a crucial influence on the activity and resolution of the TERS tip. Therefore,
further research required for the tip manufacturing in order to obtain more active, finer

and reproducible TERS tips.

130



Summary and Conclusions

In conclusion, theses results demonstrate that TERS is a powerful tool with the
potential for direct and label-free sequencing of DNA, RNA and other chainlike
biomolecules such as peptides or proteins. Furthermore, the demonstrated lateral
resolution and high sensitivity of TERS makes the investigation of a large number of
open questions in the biosciences feasible. For example, TERS has the potential to
study drug binding within a cell or biomolecular interactions at the cell membrane.
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