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CHAPTER 1

Introduction

The complexity of structural organization of biological macromolecules at different hier-
archical levels determine their physiological functions. The sequences starting from the
individual building blocks in biopolymeric chain (primary structure) up to the quaternary
structure constituted by two or more biopolymeric chains are giving rise to highly complex
three-dimensional structures, that were optimized through evolution. For instance, pro-
teins possessing very similar primary, secondary and tertiary structures such as the bacte-
rial retinal proteins bacteriprhodopsin, sensory rhodopsin, or halorhodopsin, can exert very
different functions due to the subtle structural differences in critical parts of the proteins.
And conversely, the same elementary chemical reaction can be catalyzed by structurally
different enzymes [Siebert 2008].

Over the several decades the increasing demand for noninvasive and nondestructive
structure analysis tools to identify and investigate tissues and cells has provoked an es-
sential progress in the development of Raman spectroscopic methods. Basing on the new
solutions for experiments and data evaluation, Raman spectroscopy-based approaches are
transformed into robust, reliable techniques to investigate the chemical composition of com-
plex biosamples, and to discover their molecular make-up in health and disease. Moreover,
starting from more than decade ago it has systematically been shown that the finger-print
information of Raman microspectra can significantly add to comprehension of the biochemi-
cal background of various regular, induced or pathological changes in eukaryotic cells, which
is a major prerequisite for progress in areas such as molecular medicine and nanobiotech-
nology [Kneipp 2006]

Therefore, as one can deduce, the most challenging task in the contemporary molecu-
lar biophysics is the elucidation of the structure-function relationship of biological macro-
molecules. With taking into account the considerable list of techniques used in structural
biology, i.e. X-ray crystallography, NMR spectrosopy, and cryogenic electron microscopy,
that are providing detailed structures of macromolecules and considered as classical instru-
ments, one might think about the current and future contributions of vibrational (Raman)
spectroscopy to this field. There is no doubt, that the details of three-dimensional struc-
ture of a biopolymer is important in terms of understanding of the functional mechanism
as it is the prerequisite for realistic hypothesis development. Nevertheless, a comprehensive
clearing up of reaction mechanism on a molecular level, as a matter of fact, is based on the
structural information usually beyond the resolution of the methods listed above. Gener-
ally, biological processes take place upon involving a series of structurally different states,
such that a complete understanding of the reaction mechanism is based on the knowledge
of the initial and final states and of the intermediate species. The intermediate states iden-
tification and the elucidating of their molecular properties are only possible on the basis of
techniques providing the structural data as a function of time.

In all above mentioned considerations, Raman spectroscopy (RS) supplies a variety of
advantages:

1. Firstly, being chemically sensitive technique, RS can contribute to the elucidation of
details in the molecular structures and intermolecular interactions that go far beyond
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the resolution of even highly resolved crystal structures.

2. Secondly, RS is in principle not restricted by the size of the sample and thus can offer
valuable information for small biomolecules in addition to complex biological systems.

3. Thirdly, vibrational spectroscopic methods are applicable regardless of the state of the
biomolecule, they are applicable to study the biomolecules in solutions, in the solid
and crystalline state, or in monolayers, i.e. the technique accounts for the conditions
that are closely related to the physiological reaction environment of the molecular
event.

4. And the last, the universal character of the technique makes possible to combine RS
with various time-resolved approaches.

Thus, minute information related to the dynamics of biological systems is obtainable,
down to the femtosecond time scale. Apart from all the advantages presented, low in-
herent quantum yield of the RS, has been successfully overcome with the discovery and
development of Surface-enhanced Raman scattering (SERS). The magnitude of the Raman
scattering signal can be greatly amplified when the scatterer is placed in the very close
vicinity of the surface, which enables this phenomenon to be a highly sensitive analytical
technique [Kneipp 1998].

Providing molecular information due to high specificity of vibrational spectra from the
target analyte in aqueous solution is the most important advantage of SERS, which until
now has not been possible by any other technique [Xie 2011]. The great sensitivity and rich
structural information provided by SERS promotes its use in study the secondary structure
of macromolecules such as proteins and nucleic acids.

Interaction between different biomolecules, or between biomolecules and drugs, is usually
accompanied with molecular structural changes. Due to its temporal resolution enhance-
ment SERS can be employed to study the mechanisms of such interactions by providing real-
time structural information. Moreover, SERS has been widely applied to single-molecule de-
tection of cellular proteins due to high affinity of noble metals for different protein molecules
[Sujith 2009]. It is also worth to note that SERS-active NPs also have advantages over use
of fluorescent tags for detecting or tracking biomolecules. Use of such fluorescent tags suffers
from overlapping of fluorescence spectra, which are broader than SERS spectra, and non-
uniform photobleaching rates, thus leading to several potential complications [Cao 2002].
Thus, as it can be concluded, SERS has become a useful spectroscopic method in detection
and analysis of biomolecules.

There were a number of attempts to develop many new technological innovations in-
cluding high sensitivity chemical and biological detection systems, labeling schemes for
authentication and tracking purposes, and dual scanning-probe/spectroscopic techniques
that simultaneously provide topographical and spectroscopic information about an under-
lying surface or nanostructure. However, progress has been hampered by the inability of
researchers to fabricate substrates with the high sensitivity, tunability, robustness, and
reproducibility necessary for truly practical and successful SERS-based systems. These
limitations have been due in part to a relative lack of control over the nanoscale features
of Raman substrates that are responsible for the enhancement. With the advent of nan-
otechnology, new approaches are being developed to overcome these issues and produce
substrates with higher sensitivity, stability, and reproducibility [Banholzer 2008].

Guided by the current diversity of the SERS substrates synthesis, that is conventionally
could be subdivided into the couple of families (i.e. bottom-up and top-down), one is
supposed to find a compromise solution representing the unified advantages of both. The



simplicity of synthesis, robustness, high enhancement factor and long range spatial order of
plasmonic nanostructures (PNs) are the fundamentals for the receipt to be developed. And
only simultaneous presence of all of these factors could be regarded as the sufficient proof
of substrate’s applicability to the objects of our interest, namely: Red-Blood Cell (RBC)
membrane and pyrene.

Since the earliest times the red cell has been in a focus of scientific and medical investi-
gation. Furthermore, since the early observers Swammerdam and Leeuvenhoek saw discrete
corpuscles in samples of blood using the first microscopes, there has been a significant sci-
entific interest in the structure and function of red blood cells. The later discovery about
the real shape of red cells which is a biconcave disc introduced a scientific puzzle which is
still not completely resolved today, and identified the need for a detailed knowledge of the
plasma membrane composition and structure, and its interaction with cytoskeleton.

The non-nucleated red cell is unique among human cell type in which the plasma mem-
brane, its only structural component, accounts for all of its diverse antigenic, transport,
and mechanical characteristics. And the current concept of the red cell membrane envi-
sions it as a composite structure in which a membrane envelope composed of cholesterol
and phospholipids is secured to an elastic network of skeletal proteins via transmembrane
proteins.

Structural and functional characterization of the many constituents of the red cell mem-
brane, in conjunction with biophysical and physiologic studies, has led to detailed descrip-
tion of the way in which the remarkable mechanical properties and other important char-
acteristics of the red cells arise, and of the manner in which they fail in disease states.
Current studies in this very active and exciting field are continuing to produce new and
unexpected revelations on the function of the red cell membrane and thus of the cell in
health and disease, and shed new light on membrane function in other diverse cell types
[Mohandas 2008]. Thus, all current and future studies related to the red blood cell still
have a lot of enigmas to decrypt.

The second object of interest of the work is Polycyclic Aromatic Hydrocarbons (PAH),
namely pyrene. The approach used to detect the presence of the pyrene in water solution
is of great practical significance because of the environmental pollutant nature of PAH
formed during the incomplete burning of coal, oil, and gas or other organic substances
such as tobacco or carbroiled meat [Leyton 2004]. Furthermore, these compounds can be
found as a mixture of different related molecular components in air, soil, and water due to
both natural process and human activity. Because many of them have been reported to be
strong carcinogens [Guo 2004] it is very important to find an effective and selective method
to detect them. The main challenge in detection of the PAH by means of SERS is their
electronic structure. Although coupling of m-electrons of PAH with the metal substrate
should occur, this class of compounds does not present a specific functional group that
could act as a strong anchor to the surface of the substrate that would intensify the SERS
effect via a significant chemical mechanism. Moreover, in the presence of the substrates
traditionally used in SERS analysis, the PAHs were observed to decompose [Costa 2006].
Despite of these natural constraints the approach used here is supposed to be based on
three fundamental factors: physisorption, high enhancement factor, short signal exposition
(integration) time and moderate laser power.

Thus, the novelty of the experimental work performed here includes the following:

e the SERS substrates obtained, represent a compromise between high enhancement
factor (=~ 10°), excellent spatial reproducibility of the SERS signal (with standard
deviation around =+ 5% over a colossal scale (10x10 mm)) and ordered morphology
represented as an ultra-high density array of silver nanoclusters of uniform size and
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gap distance;

e for the first time (according to the current state in literature and to the best of
our knowledge) the hyperspectral imaging of the single red blood cell membrane was
performed,;

e the detection of the minute concentrations of pyrene was obtained basing exclusively
on the combination of physisorption and optimized experimental parameters of the
measurement (power of the laser and integration time).

The authenticity of the work results is based on the thorough examination of the syn-
thesized SERS substrates by means of different but closely inter-related experimental tech-
niques, such as: dynamic light scattering (DLS), small-angle X-ray spectroscopy (SAXS),
atomic force microscopy (AFM), UV-Vis spectroscopy, transmission electron microscopy
(TEM), and SERS. Thereby, each technique involved into characterization, both separately
and in connection with others contributed to the elucidation of the quality level of sub-
strates. Therefore, the factors essential for synthesized substrates’ applicability, such as
spatial uniformity (assuming the reproducibility of signal), sensitivity (high enhancement
factor) were ascertained.

Thus, the main objective of this work can be formulated as follows: to demonstrate
the applicability of the surface-enhanced Raman spectroscopy in revealing of the chemical
content of the red blood cell membrane, and to detect the minute concentrations of pyrene.

According to the objective stated, the work has been organized in the following way:

e first, a detailed overview of the state-of-the-art in the field of Surface-Enhaced Raman
Spectroscopy (SERS) and, in particular, SERS-substrates synthesis;

e development of the optimal SERS-substrate production protocol;
e SERS substrates synthesis;

e SERS substrates characterization and further optimization in line with our applica-
tion;

e application of the substrates: hyper-spectral imaging of the Red Blood Cell membrane
(RBC membrane), Polycyclic Aromatic Hydrocarbon compound (pyrene) detection.

Structurally the thesis is composed of 5 Chapters:

Chapter 3 introduces the brief theoretical description of Raman scattering, in particular
supplying also the additional information related to the Raman cross-section and Raman
scattering intensity. After the example of Raman spectra with peaks assignment of bi-
ological tissues supports an idea of the structural and spectral complexity of the ones.
Finally, the introduction to surface enhanced Raman spectroscopy is given, underlining the
plasmonic origin of the phenomena and providing the explanation of electromagnetic and
chemical enhancement mechanisms of SERS. At the end a short look onto the advantages
of SERS application in cells studies can be found.

Chapter 4 supplies the brief overview of the SERS substrates synthesis, focusing on both
advantages and drawbacks. The principle differences between "top-down" and "bottom-
up" are outlined. The conclusion on the "ideal" SERS substrate is presented, which in
short, can be reduced to the compromise between two major factors: reproducibility and
high-enhancement factor. Thus, satisfying the "SERS uncertainty principle". At the end,
results that the block-copolymer based self-assembled nanostructured substrates meet all
expectations posed previously, therefore satisfying the complex of our needs regarding the



SERS substrate, being a perfect combination of the long-order spatial uniformity and high
enhancement factors provided.

Chapter 5 contains the information related to the materials used and selected recipe of
SERS substrate synthesis (including its optimization) with subsequent description of the
testing techniques involved, providing both theoretical(general) and experimental details.
After the illustration of the experimental results is given. At the end the conclusion on the
quality and applicability of substrates is presented. The crucial criteria responsible for the
reliable results upon application are underlined.

In chapter 6 the application results of the SERS substrates synthesized are supplied. The
hyperspectral imaging of the single red blood cell is reliably provided. The comparison of
the spectral information obtained by means of SERS-technique with respect to the ordinary
Raman imaging if the red blood cell is done. The conclusion on the essential prevalence of
the spectral information provided by SERS spectroscopy upon the confrontation with the
Raman is given.

The results on the minute concentration of the pyrene are represented. As a result
the deduction on the SERS-substrates applicability to pyrene detection, even despite of
their extreme structural sensitivity to catalytically active surfaces (silver nanoclusters), is
provided.

Finally, Chapter 6 provides the prospects of future developments of the results presented.

Chapter 7 contains the general conclusion in a form the synthesis of all the results
obtained in their relation with the general aim (aforementioned as the main objective of the
work) and the intermediate tasks (aforementioned as the points of the work organization)
posed.

At the end the list of the references used is given.






CHAPTER 2

Theoretical Background

2.1 Theoretical overview of Raman Scattering

The polarization induced in a molecule by an oscillating electric field describes the classical
description of Raman scattering depicted in Figure 2.1. Depending on the quality of in-
teraction (with or without exchanging energy with vibrations in the molecule) the induced
dipole then radiates scattered light. The strength of the polarization induced, P, linearly
depends on the polarizability, a;, and the incident electric field, E:

P=aE (2.1)

~180° scattering

Figure 2.1: Polarization (P) induced in a molecule’s electron cloud by an incident optical
electric field F. Scattering may be in various directions, but 90° and 180° are shown.

Equation 2.1 is the base for both classical and quantum mechanical treatments of Raman
scattering. Note, that such treatments are very valuable and demonstrative in understand-
ing the effect and interpreting spectra. A classical treatment of the Raman scattering is
based on molecular vibrations and the polarizability, «, Eq. 2.1. Consider the incident
optical electric field to be governed by:

E = Eq cos 2wyt (2.2)

where 1 is the frequency of the laser light. The molecular vibrations are usually considered
to be composed of normal modes, Q;, of which there are 3N-6 (or 3N-5 for a linear molecule)
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in a molecule with N atoms:
Q, = Qj cos 2my;t (2.3)

where v; is the characteristic harmonic frequency of the jth normal mode. The polarizability
of electrons is modulated by the molecular vibration, so that

Oo

Therefore, the polarization is obtained by inserting Eq. 2.3 and Eq. 2.4 into Eq. 2.1:

a=a0+( )Qj+... (2.4)

(2.5)

P ot + 5o S0 ) 2 b0 1) es2 ()
00Q; 2

After assuming (classically) that the polarized electrons will radiate light at the fre-
quency of their oscillations, Eq.2.5 demonstrates that light will be scattered at three fre-
quencies. The first term is Rayleigh scattering, which is at the same frequency as the
incoming light, and has a magnitude proportional to the inherent polarizability of the
molecule. The second term is anti-Stokes Raman scattering, which occurs at vy + v;, and
the third term is Stokes Raman scattering at vy — v; (See Figure 2.2). Also it should be
noted that v; is the same frequency that would be observed with infrared (IR) absorption
for a given vibrational mode, if allowed by symmetry of molecule.

anti-Stokes Stokes

ey
»

v=2
hay, v=1 5
y=) ———

'

| RHG6G SERS spectrum
Laser: 633 nm

Raman intensity

Y |

-1500 -1000 -500 0 500 1000 1500
Raman shift [cm™]

Figure 2.2: Simplified Jablonsky diagrams of the anti-Stokes (top-left) and Stokes (top-
right) Raman processes. [Ru 2008]

Although Eq. 2.5 was derived classically and is incomplete it does provide some useful
insights.

First, polarization and scattering (both Rayleigh and Raman) intensities are linear with
the laser intensity. Nonlinear Raman scattering can occur at high values of Ey but is
generally not an issue in analytical applications.

Second, only vibrations that change the polarizability (and consequently da/6Q # 0)
yield Raman scattering see Figure 2.3. The last statement is the basis of the primary
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selection rule for Raman scattering and its effect is quite evident in the spectra of Figure
2.4. The polarizability of the C=C bond changes significantly with a vibration associated
with the stretch of the C=C bond.

00—=00 |C0=0-00|®—=C=® ?:o;o g

>
W™
(o]
o

q qquq

[Q} 0 (ﬂ] 0 [Q [{.’UJ =0
G g, 0 /g, oq 9 Jg,
(3) - (2) - (%), (2)
aq ), °q ), oq oq ),
Raman active Raman active Raman inactive Raman inactive
IR inactive IR inactive IR active IR active

Figure 2.3: The derivatives of polarizability (red) and dipole moment (blue) are schemati-
cally depicted for the normal modes of a two (a) and a three atomic molecule (b-d). Based
on these intuitive considerations, conclusions on the IR and Raman activity of the modes
can be drawn.

On the contrary, the Raman scattering from a C=C bond is strong, while that of a C=0
bond is relatively weak.

A third consequence of Eq. 2.5 is that Raman shifts may be both positive and negative.
Since anti-Stokes Raman intensity depends on the population of the first vibrationally
excited state, its intensity related to temperature by the Boltzmann distribution, given by
Eq. 2.6 for the case of a nondegenerate vibration:

IR(VO + Vj) _ (1/0 + I/j)4 6:[,’p<_hyj) (26)
Ip(vo —v;)  (vo—vy)4 kT

Fourth, 6o /0 Q;, may vary essentially for different molecules and for different modes, in a
given molecule, leading to wide variations in Raman scattering intensity. Fifth, although it
is not apparent from 2.5, §a/6@Q); is generally much smaller that ap, and Raman scattering
is much weaker than Rayleigh scattering (about 10 Rayleigh photons correspond to only
one Raman photon). The observed intensity of Raman scattering is proportional to the
cross section, o, with units of square centimeters per molecule. The magnitude of o, is
related to da/d @;- One consequence is the following Raman intensity Ir dependence on
the frequency:

In = plvo £ vj)"a @ (2.7)

where g is a constant. Although Raman intensity is conventionally expressed in watts,
in modern Raman spectroscopy it is usually measured in photons/second. Equation 2.7
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Figure 2.4: FTIR (upper) transmission and Raman scattering (lower) of oleic acid methyl
ester.

indicates that Raman intensity varies with the fourth power of the observed frequency for
normal Raman scattering, which, in turn, depends on laser frequency. The v* (or equiv-
alently %)factor is derived from the classical treatment of scattering from an oscillating
induced dipole, with the intensity expressed in watts. The expression of frequency in terms
of wavenumbers (in reciprocal centimeters) is conventional with respect to hertz, using the
symbol 7(7 = v/c = A~! with ¢ the speed of light and \ the wavelength. Accordingly, Eq.
2.7, becomes Eq. 2.8, with the factor of ¢* contained in the constant p':

Ig = 1 (U £ 7)*a3 Q@ (2.8)

The Raman shift 7; (in reciprocal centimeters) is sometimes labeled §7; in the literature,
while the scattered light occurs at an absolute frequency v, £ 7;.

2.1.1 Definition and magnitude of Raman cross-section

The number of factors, such as polarizability, laser wavelength, and empirical cross
section for a given Raman band ¢ in each particular geometry pre-determine the Raman
intensity observed, and this is adequate for signal strength estimating. Parameter o; is
proportional to the probability of an incident photon being scattered as a Raman-shifted
photon with a particular Raman shift. For a classical treatment, Eq. 2.9 relates the Raman
scattering (in watts) to the cross section, with laser intensity (Ip) in watts:

IR = Ioo'deZ (29)

where D is the number density of scatters (molecules per cubic centimeter) and dz is the path
length of the laser in the sample (or the spectrometer depth of field). In this case, o; would
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track 17;-1, as stated in Eq. 2.8. The frequency dependence depicted in Eq.2.8 is sometimes
used to determine a cross section that is independent of frequency [Schrétter 1979]. For
a scatterer that is not resonant or preresonant, and follows the classical 7* dependence, a
frequency independent cross section o; may be defined by Eq. 2.10:
o g
% o) 210
where o has the units of centimeters to the sixth power per molecule when 7y and v;
are expressed in wavenumbers (in reciprocal centimeters). Note that v; is the vibrational
frequency of the Raman mode, and 7y — 7; is the absolute frequency of the scattered light.
Upon the introduction of photon counting detectors into Raman instrumentation a com-
plication to the frequency dependence of o; arose. Virtually all modern spectrometedsrkflrs
are rather photon-counters than watts measures, and the two differ by a factor of hv. Nu-
merical considerations based on photons/second and photon counting are more consistent
with a quantum mechanical treatment where a cross section is effectively a statement of
probability, meanwhile the classical treatment is based on induced dipoles. If Eq. 2.9 is
rewritten for counting systems, Eq. 2.11 results:

Pr = Pyo’; Ddz (2.11)

Now, Py and Pgr have units of photons per second, and a;- has a different frequency
dependence than that of 2.10. Substituting o; from 2.10 into 2.9 and taking into account
that Ir = Prhe(Dy — 7;) and Iy = Pyhcip, one can derive:

CT; = 0;170(170 — 17]‘)3 (212)

Introducing Pg parameter as the measure of photons per second and taking into ac-
count that o; is the integrated cross section for Raman scattering in two respects: over all
directions from the sample, and over the wavelength range of an entire Raman band. But in
practice, only a relatively small range of solid angle is observed, in one of several scattering
directions from the sample. Thus, it is more useful to define the differential Raman cross
section, do;/dS), where Q represents the solid angle of collection. The symbol § will be
used for this differential cross section, as in Eq. 2.13:

_ oy

2 1 1—1 -1y _
B(cm“molecule™ st ") 0

(2.13)
The symbol §3 is used here rather than the more common do;/d} to explicitly distinguish
B from the integrated o; and from the cross section differentiated both with respect to
observation angle and with respect to wavelength(5’). 8° is analogous to o; and denotes
the differential cross section with units of centimeters to the sixth power per molecule per
steradian.

It should be taken into account, that o; is also integrated over the Raman bandwidth,
as is 5. However, the usual representation of a spectrum is scattering signal vs. Raman
shift, 7;, and the signal depends of 5 at a particular Raman shift. 3’ will be defined to
account for this fact (see also Figure 2.5), with:
wavenumber ') = ﬁﬂ 14)

8Q6(Ap)

Note, that 8’ depends both on observation direction and on Raman shift.

The generally accepted way for the Raman cross sections determination is the quantita-
tive comparing the Raman signal for an unknown to that for a standard with known cross

B’ (cm?molecule ™ 'sr?
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) HE B (one direction,
e p—— o cm’ molecule™! sr')
= 3
=
2%
§ § ol o (all directions,

% 'E" cm? molecule)
Q

E

2

Raman shift, cm”!

Figure 2.5: Definitions of 8, §’, and o for to a generic Raman band. (8’ is the cross section
at a particular Raman shift and direction; 5 is integrated over the bandwidth, and o; is
integrated over both bandwidth and direction.

section. As to the standard cross sections, they were determined by comparison to some
radiometric standard, with painstaking attention to collection variables and geometry. The
general procedure for the Raman cross section is based on comparison of Raman intensity
of an "unknown" to that from one of the standards. The ratio of the peak areas of two
bands adjusted for relative number density will equal the ratio of cross sections, provided
the measurement conditions are the same and the spectrometer response function is known.
Despite the similarity of experimental conditions, cross sections from different labs often
show significant (30 to 50 %) variations. Compared to competing processes of absorption
and fluorescence, Raman cross sections are nearly always very small. Normal Raman scat-
tering cross sections are often 6 to 8 orders of magnitude smaller than fluorescence cross
sections, leading to the common problem of fluorescence interference. Thus, many aspects
of experimental design are caused by the need to reduce fluorescence.

When the incidence light approaches an electronic absorption of the same molecule, the
resonance effects appears providing the great increase of the cross section also. Preresonant
scattering takes place when the laser wavelength approaches an absorption maximum but
is not yet within the absorption band. A pragmatic definition of preresonant scattering
is when the cross section begins to deviate from the v* dependence expected for normal
scattering [Asher 1985], [Schritter 1979]. However, the boundaries between normal, pre-
resonant, and resonance Raman are often blurred. The importance of resonance effect in
analytical applications is the large [ they generate, moreover, in some cases, resonance
effects can be used to selectively observe a particular scatterer in a complex matrix.

2.1.2 Raman scattering intensity

Considering the expressions of Raman intensity and taking into account that it is often
convenient to express the incident laser light in terms of power density (Pp, photons per
square centimeter per second) rather than power (photons per second), in which case Pgr
is generated by a beam with a 1 cm? cross section and a path length of dz, 2.11 may be
restarted in terms of 5:

Pr(photons st™' em™2 sec™!) = PpBDdz (2.15)



2.1. Theoretical overview of Raman Scattering 13

Should be noted that for a 1 ¢cm? beam, Ddz equals the total number of illuminated
molecules. There are many experiments where the total beam area cannot be observed, in
which case Pg is more usually stated as specific intensity, L:

L(photons st~ em™? sec™!) = Pp K (2.16)

If one considers a sample area that is evenly illuminated by some power density Pp, then
L is the number of Raman photons scattered from 1 cm? of the sample, into 1 steradian of
solid angle in 1 second; K is used to denote a geometric factor that depends on observations
geometry. Its significance is illustrated in Figure 2.6:

sample

laser spot, Ay

_—
laser —_—
(photons ¢m ™ sec™’) detected area,
Ap=1cm?
~

(‘/:Ql;/

L = P,BD(dz) —| — &z
(photons em! sr!sec™!)

Figure 2.6: Schematic representation of the specific intensity, L, where L is the photon/sec
scattered by a 1 ecm? area (Ap) into a 1 steradian solid angle (), assuming constant power
density over the illuminated area.

For the case of 180° backscattering geometry with a thin sample, K is the sample depth
observed by the spectrometer, in centimeters. Figure 2.6 demonstrates the specific intensity
for a large beam impinging on a sample and Raman observation at 180°; where Ap and
Qp are the sampled area and collection angle correspondingly.

The sample (3,D) and laser (Pp) variables are the main prerequisites that predetermine
the specific intensity as an important quantity, but not spectrometer parameters such as
collection angle, quantum efficiently, etc. Meanwhile L indicates "what the spectrometer
has to work with" while collecting and detecting scattered light.

Obviously, 8 and D are characteristics of the sample and are not variable by the analyst.
The laser power in its turn density can be increased, however, to a limit achievable by
the available laser or by sample radiation damage. Provided the longer path length can
be observed by the spectrometer a longer path length through the sample can increase
scattering. The main point here is the limitations imposed in the Raman signal by the
product PpBp. Ultimately, the upper limit on Raman signal, even for a 100 % efficient
spectrometer, is governed by variables of the sample (8 and D) and the maximum value of
Pp allowed by sample damage.

Finally, it should be noted that even very weak scattering, such as that from a single

molecular layer of benzene, generates about 10 photons cm~2sr~!'sec™!. Modern instru-
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mentation permitting single photon counting, provides the acquisition of the signals much
smaller than 10%, even of only a fraction 0.1 % of the available specific intensity is collected
and detected. For nowadays Raman measurements the size of the signal is a rare limitation,
but noise and background are the main issues to consider for the strength of the signal. In
the absence of background and noise, observation of very low light levels is straightforward
with modern equipment. Success in acquiring Raman spectra is often more dependent on
reducing noise (from the detector, laser, etc.) and background (from fluorescence, stray
light, solvent, etc.) than it is on generating sufficient signal.

2.2 Biological application of Raman spectroscopy: ker-
atins (wool, stratum corneum).

Raman studies of biomolecular polymers when compared to other spectroscopic methods
have demonstrated a number of advantages including minimal or no damage of the sample
and ease of sampling arrangements. Apart of the mentioned, such an important feature
as spectral sensitivity to a range of parameters affecting biomolecular structures becomes
an additional significant advantage for studies of environmental change, in particular, the
consequences of pH changes on tissue degradation, temperature, degree of hydration, or
bacterial or drug attack.

If the proteins are considered, first, it has to be underlined that Raman spectroscopy is
not applicable in establishing the sequence of the amino acids of the primary structure, but
it is useful in detection of certain types of amino acids, for example, the aromatic amino
acids tyrosine, tryptophan, phenylalanine, and histidine.

In case of the secondary structure of a protein, which is characterized by the spatial
arrangement of the amino acids in polypeptide chains of the protein, Raman spectroscopy
is of use, permitting to reveal the type of secondary structures present within a protein, the
geometry of certain bonds, and the environment of some side chains.

The peptide group (-CONH-) is the most characteristic functionality bond within a
protein. The one is considered to be near planar, and this is attributed to bond resonance
stabilization. The vibrations of the atoms give rise to a number of distinctive vibrational
features, namely, the amide I, II, III, IV, V, VI, VII, A and B bands. Because of different
selectron rules, the amide I, IT, III, A and B are observed in the infrared spectra of proteins,
whereas only the amide I, IT1I, A and B bands are detectable by Raman spectroscopy. The
vibrational modes of these bands are represented in Figure 2.7.

R 4 H R 4 H R 4 H b R H
\JS o/ \roy R - H \ /e

R S S

o' R o R o R o R O R

¥

Amide A Amide B Amide | Amide I Amide W

Figure 2.7: Vibrational modes of the peptide bond.

C=0 stretching vibration of the peptide group with a small contribution from N-H
in-plane bending is the origin of the amide I band. Meanwhile, the amide III band arises
from a combined N-H bending and C-N stretching of the peptide group. Both the amide A
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and B bands originate from Fermi resonance (a result of the interaction of the first excited
state of the N-H stretching vibration and the overtone of the amide II vibration). The
amide I, II and III bands are conformationally sensitive and are useful in identification of

the secondary structure type present in a protein (See Table 2.1).

Vibrations arising from amino acids can be classified into two groups: originating from
the CHy/CHj3 groups of amino acids and the vibrations originating from the aromatic rings
in phenylalanine, tyrosine, and tryptophan. The C-H vibrations of amino acids are observed
in both IR (weak) and Raman spectra (strong).

Finally, cystine, being a very important amino acid, in which oxidation of the thiol
groups results in disulphide bond formation, that ultimately leads to stabilization of the
protein structure. The bond is homonuclear and is therefore Raman active and IR inactive.
The disulphide bonds form crosslinks between adjacent protein chains or different part of
the same protein. The frequency of the vibration is dependent upon the arrangement of
the atoms, -C,-Cg-S-S-Cg/-Cqy-, involved in these crosslinkages [Gremlich 2000].

Below the couple of biological Raman spectroscopy application examples will be given.
Thus, direct interrelation between the sophisticated morphological structure and the com-
plex Raman spectral information will be underlined. This concept is of crucial importance
that will be discussed in the experimental part of the thesis.
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Figure 2.8: Raman spectrum of wool.

The first example is the wool. As it can be seen from see Figure 2.8 and Table 2.2, the
predominant secondary structure present in the wool is the a-helix; however, there are a
number of other protein conformations present, including the random coil, or amorphous
form, and the [-pleated sheet. The position of the certain bands, such as amide bands,
are characteristic of these various secondary structures, which are summarized in Table 2.1.
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a-Helix [B-Pleated sheet | Random coil
Amide I 1660-1645 1680-1665 1670-1660
Amide IIT 1310-1260 1240-1225 1260-1240
Skeletal C-C | 950-885 1010-1000 960-950

Table 2.1: Characteristic Vibrations of Secondary Structures.

The positions of the amide I amide band, at 1654 cm~!', and the C-C stretching vibration
of the skeletal backbone, at 931 cm™!, are indicative of an a-helical conformation. In
accordance with characteristic literature values, the position of an amide III band of an a-
helix would be expected within the region of 1310-1260 cm~*. A number of weak features
can be observed in the amide III region, and the feature at 1266 cm~! is assigned to the
a-helix structure.

The amide I vibration is a very complex region for most proteins, for a number of
reasons. The functional groups of the aromatic amino acids phenylalanine, tyrosine, and
tryptophan are observed within this region. The broadness and general asymmetry of the
band can be attributed to the presence of a number of secondary structures within the
protein. For instance, within one type of secondary structure the dihedral angles of the
peptide backbone chain vary over a wide range, and this leads to band broadening. The
secondary structures also have similar frequencies, which overlap - again resulting in band
broadening.

The second example of Raman spectroscopy application to biological tissues provided
here is the skin. Raman spectroscopy was first used to characterize human stratum corneum
in 1992 [Barry 1992]. The barrier nature of the stratum corneum is derived from the unique
morphology of its constituents, which are typically 75-80 % protein, 5-15 % lipids, and 5-10
% unidentified material on a dry weight basis; see Figure 2.9:
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Figure 2.9: "Bricks and mortar" diagram of the human stratum corneum (thickness 6-30
pum) showing lipid matrix and keratinized cell construction ([Edwards 1995]).

The predominant secondary structure of the corneocytes protein fraction is that of an a-
helix (approx. 70 %), with some f3-keratin (approx. 10 %) and cell wall envelopes (approx.
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5 %) [Elias 1983]. The high percentage of a-helical content is reflected in the position of
the conformationally sensitive amide and C-C skeletal backbone vibrations in the Raman
spectrum of human stratum corneum; see. Figure 2.10
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Figure 2.10: Raman spectrum of human stratum corneum.

A table of assignments for a couple of keratin proteins discussed, is given below Table
2.2, [Gremlich 2000]:

Thus, on the examples provided here, both the complexity of the morphological struc-
ture and, as a logical consequence, the richness of the Raman spectral information were
demonstrated. The general aim of this part was to form a clear idea about the sophisti-
cated nature of bio-molecules with the particular accent to their spectroscopic investigation
by means of Raman spectroscopy.

2.3 Surface Enhanced Raman Scattering

2.3.1 Introduction to SERS, its plasmonic origin

The work by Fleischmann and coworkers in 1974 [Fleischmann 1974], who observed enor-
mously strong and potential-dependent Raman signals from pyridine adsorbed on a silver
electrode that had been electrochemically roughened in potassium chloride aqueous elec-
trolyte, was interpreted as due to an increase in the effective surface area caused by the
roughening of the electrodes. Subsequent experiments [Albrecht 1977, Jeanmaire 1977] pro-
vided the demonstration that the observed signal levels could not be accounted for by an
increased surface area. In 1978 M. Moskovits [Moskovits 1978] proposed that the huge in-
crease in Raman cross section was a result of the excitation of so-called surface plasmons,
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Approximate assignment of vibrational mode | Wool | Stratum corneum
Amide A v(NH) 3308 -
Amide B B(CNH) 3057 3070
(CH3) asymmetric, v(CH) 2971 -
v(CHy) asymmetric 2931 2935
v(CHy) symmetric 2877 2882
v(CH3) symmetric 2848 2854
v(CH) 2732 2727
v(C=0) lipid - 1733
v(C=0) Amide I; g-pleated sheet 1670 -
v(C=0) Amide I; a-helix 1655 1651
Tyr, Trp v(C=C) 1614 1617
Phe ©(C=C) in phase 1604 1606
Phe v(C=C) symmetric 1585 1584
Trp 1553 1558
0 (CHz)(CHj) 1448 1443
Trp, 1420 -
(CHz),Trp 1338 1338
v(Ca-H) 1318 1316
Amide IIT ¥(CN) §(NH) a-helix 1266 1272
Amide IIT p-pleated sheet 1238 12537
Tyr, Phe v(C-C6H5) 1207 1208
Tyr, v(CH) in phase 1176 1177
v(CN) 1155 1158
v(CN) 1125 1128
V(CN) 1096 -
v(CN) 1080 1080
v(CC) - 1062
Phe v(CH) in phase 1032 1031
Phe v(C=C) symmetric 1001 1003
(CHz) 952 959
v(CC) skeletal a-helix 934 937
v(CC) skeletal a-helix 898 895
Trp skeletal and v(NH) pyrrole 881 -
Tyr (ring breathing) 851 855
Tyr (out of plane ring breathing) 828 828
Trp 757 7447
v(C-S) cysteine 661 -
Tyr (CC) ring twist 642 642
Phe (CC) ring twist 618 619
v(S-S) cystine trans-trans 545 -
v(S-S) cystine gauche-trans 532 -
v(S-S) cystine gauche-trans 519 -
v(S-S) cystine gauche-gauche 512 -

Table 2.2: Vibrational modes and assignments of wool and stratum corneum.
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responsible for the surface enhancement in SERS.

Surface plasmon resonance is found in materials possessing the negative real and small
positive imaginary dielectric constant (e.g. silver and gold). With the incidence of electro-
magnetic radiation on these materials a collective oscillation of surface conduction electrons
is induced. When surface plasmons are confined to nanostructure much smaller than the
wavelength of light, they are localized around the nanostructure with a specific frequency
known as the LSPR (Localized Surface Plasmon Resonance) (see Figure 2.11). The plasmon
resonant frequency is related to the metal dielectric dielectric constant that is measured as
a function of wavelength for bulk material.

In general, there are two different origins of surface enhancement which are currently
used [Moskovits 1985, Campion 1998, Otto 1992]. In one, the analyte is adsorbed onto or is
held in close proximity to the metal surface, and the interaction occurs between the analyte
and the plasmons (collective oscillations of free electron gas induced by external electro-
magnetic field). This is called electromagnetic enhancement. In the other, the adsorbate
chemically bonds to the surface. Excitation is then through the transfer of electrons from
the metal to the molecule and back to the metal again. This is called charge transfer or
chemical enhancement. By definition it can only be possible from the first layer of the
analyte attached to the surface whereas electromagnetic enhancement could occur from a
second or subsequent layer.

2.3.1.1 Relationship between the dielectric function and resonance conditions

In order to understand the LSPR resonance condition, it is important to underline the
physical meaning of the dielectric constant. It describes behavior of a material when it is
immersed in an electric field and is therefore also related to the polarity of the material. The
complex dielectric function demonstrates a way of how a material’s optical properties are
dependent in the incident wavelength of light and can be described by &;,=¢'+ie”, where
¢’ and €” are the real and imaginary dielectric functions. The Lorentz model [Bohren 1983]
describing these parameters gives just the dependence of the dielectric function on the
frequency of the incident field. But in case of the conductors possessing free electrons the
Drude model is valid. Being similar to Lorentz model, in Drude model the electrons are
supposed to move about freely, causing the absence of restoring force, such that wy is zero.
Thus, the equations for the real and imaginary dielectric functions are reduced to:

2

/ wp
1 2.17
Tl L@ 217
2
" Wy
=7 2.18
w(w? +v2?) (2.18)
here, the plasma frequency (w,) is described by
Ne?
2
= 2.19
R (2.19)

where m is the electron mass, e is the electron charge, and N is the free electron density. In
case w > «y, which is common for metals at room temperature, as could be seen from Eqs.
2.17 and 2.18, the real part of the dielectric function is negative when the plasmon frequency
is higher than the frequency of incident light. Thus, metals have a negative real dielectric
constant because of high density of free electrons leading to a high plasmon frequency.
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Figure 2.11: Sketch of an interaction of light with a spherical metal nanoparticle. (a)
General case. The field distribution in the nanoparticle is inhomogeneous, which leads to
a complex optical response. (b) Quasistatic regime. The upper part shows the proportion
between the nanoparticle and the wavelength. The lower part is an enhanced view, It
shows that, for sufficient small particles, the field distribution in the nanoparticle is, in a
first approximation, homogeneous.
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2.3.1.2 Quasistatic approximation

The quasistatic approximation allows an easy derivation of the optical properties of small
metal nanoparticles embedded in a dielectric matrix, and although it holds only under strict
limitations, it is essential for a fundamental understanding of the optical properties of metal
nanoparticles.
The internal field of a nanoparticle can be written as [Maier 2007]:
3Em

E=F——— 2.20
! O+ 2, (2:20)

and the external field

3n(n-p)—p1

Eewt - EO
AmeoEm TS

(2.21)

where r is the distance from the particle surface, p - is the dipole moment, and n the unit
vector in the direction of the point of interest. The size of the nanoparticle must be smaller
than the skin depth dgg, of the metal (dskin, = A/4m4/) because of exponential decaying
of the electromagnetic field in metals. For larger nanoparticles, the field distribution inside
the nanoparticle becomes inhomogeneous and the quasistatic approximation is no longer
valid. The extinction, scattering and absorption cross section in quasistatic approxima-
tion are derived considering a nanoparticle illuminated with an oscillating electromagnetic
field E(t)=Egexp(—iwt), which induces the time-dependent dipole moment p(t) (see Figure
2.11(b)). Analogously to the electrostatics, one finds:

p(t) = eoemaE(t) (2.22)

E—Em

Taking into account the Clausius-Mosotti relation o = 47 R? 22>, where ¢ is the dielec-
tric function of the nanoparticle material. Thus, the polarizability of a special nanoparticle
as well as its internal and external field show a resonance behavior whenever

le + 2e,| = minimum (2.23)
that is,

[eRe (W) 4 26m])° + [e1m(W)]* = minimum (2.24)

where €z, and €7, are the real and imaginary parts of the dielectric function of the nanopar-
ticle. With the linear limitations to the size of nanoparticle such as R<0.06), the induced
excitation due to the electromagnetic field can be described as Hertzian dipole, that is, an
antenna that effectively absorbs electromagnetic radiation. The absorption cross section of
a nanoparticle is given by [Kreibig 1995]:

abs = k- T — 4 3T E7%m 29
Oaps = k- Im{(w)} = 47kR m{6+2€m} (2.25)

and the scattering cross section by

k4 2

o 8mkRS | e—e,,
sca = L = e 2.26
Tca = G o) 3 |e+2em (2.26)
with the wave number k = (27/)). Equations 2.25 and 2.26 show that the absorption and
scattering cross sections exhibit a resonance behavior whenever Re{e(w)} = —2¢,,. The

sum of absorption and scattering cross sections yields the extinction cross sections, which
is usually determined in an experiment:
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w 13
C

B 2.27
[e1 + 2€m]2 + &2 (2.27)

Oext = Oabs + Osca = 12R35§n

Because of proportionality of the polarizability of a nanoparticle to its volume (see

Clausius-Mosotti relation), the absorption scales with the third power and the scattering

with the sixth power of the nanoparticle radius in the extinction cross section. Moreover,

in case R < 0.06, the scattering is very small compared to the absorption and it could be
written:

Oext = Oaps (2.28)

Thus, the quasistatic regime is characterized by the dominance of absorption over scat-
tering. The cross section of absorption of a spherical nanoparticle is given by Lorenz curve
[Vartanyan 2001]:

TR3yw? 1
abs (W, ) = P 2.29
Oun(, ) = T AR+ (/2 (2.29)
Since 2 = lwige the position of the LSPR depends on the dielectric environment.

Figure 2.12 displays the calculated extinction spectra of silver nanoparticles with R=10 nm
for different dielectric media. As can be seen the LSPR is clearly shifted to lower photon
energy for increasing ¢,,. Meanwhile, the increase of the extinction amplitude is due to the
dependence of the dielectric function on the photon energy.
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Figure 2.12: Optical spectra for spherical silver nanoparticles with a radius of R=10 nm
in different media (vacuum: e, = 1, quartz: e, = 2.311, sapphire: &, = 3.125, TiO,:
em = 7.023), calculated using the quasistatic approximation.

2.3.2 Electromagnetic enhancement

Due to the experimental discovering of the technique, many theories were proposed
[Arunkumar 1983, Arya 1984, Rojas 1993]. But, the main problem is that our ability to
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describe theoretically the bonding or adsorption of an organic molecule to a roughened,
probably corroded and oxidized metal surface in water is very limited. Essentially, most
authors now accept that there are two parts to the theory and that both have some va-
lidity. This promotes a working theory which enables experimental work to proceed with
little controversy over the nature of the effect. However, the true nature of the theory is
still a very active research field [Lombardi 2012].

As known, the effectiveness of Raman spectroscopy depends, among other factors, on the
intensity of the local electric field "seen" by the molecule. Thus, due to its’ inherent features,
plasmon resonance can result in huge magnification of the local field at the metallic surface.
Therefore, rough metallic surfaces or metal nanoparticles under plasmonic excitation are
acting as antennae, as it had been demonstrated before, achieving scattering cross section
enhancements of about eight orders of magnitude [Campion 1998].

The simplest description of electromagnetic SERS is based on models of a small metallic
sphere. Consequently, the simple sphere could be regarded as a first approximation to a
single colloidal particle even if it is known that aggregation of suspensions of these particles
gives much increased SERS. However, the sphere model is used to explain the much of the
basic process [Smith 2005]. When a small metal sphere is subjected to an applied electric
field from the laser, the field at the surface is described by

3
Er = Egcosf +g (a) Eycosf (2.30)

r3

FEr is the total electric field at a distance r from the sphere surface,

a is the radius of the sphere,

0 is the angle relative to the direction of the electric field,

e ¢ is a constant related to the dielectric constants such that,

9= (W)) (2.31)

El(l/L) + 2¢¢

€o and e; are the dielectric constants of the medium surrounding the sphere and of
the metal sphere respectively, vy, is the frequency of the incident radiation. From the last
equation is obvious that when the denominator is at minimum, the value of g goes to
maximum. ¢g is usually close to 1 and consequently this maximum usually occurs when
€1 is equal to -2. At this frequency, the plasmon resonance frequency, the excitation of
the surface plasmon greatly increases the local field experienced by the molecule absorbed
on the metal surface. In short, the molecule is bathed in a very freely moving electron
cloud and that movement intensifies the polarization of the surface electrons. The electrons
in the analyte molecule absorbed on the surface interact with this cloud causing greater
polarization around the molecule.

At the metal surface the total electric field is averaged over the entire surface of a small
sphere. At any point in the surface the electric field may be described by two components,
the average field perpendicular to the surface and the average field parallel to the surface.
Clearly, g is dependent on the dielectric constants of the metal and the surrounding medium
and also the laser frequency. Since the dielectric constant of the metal is generally about
1, it can be seen by substituting this into 2.30 and 2.31, that the electric field is greater
perpendicular to the surface than parallel to it. Thus, the greatest enhancement is observed
for a molecule adsorbed on the surface and polarized perpendicular to it. Further, as it
could be seen from the formula 2.31 the magnitude of SERS enhancement drops off rapidly
with distance from the surface.
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2.3.3 Charge transfer: chemical enhancement

Electromagnetic enhancement should be a nonselective amplifier for Raman scattering by
all molecules absorbed on a particular surface. In order to tackle the interpretation of
the observed SERS-spectra the effect of the electronic interactions between the metal and
the adsorbate should also be considered. As Otto [Otto 2005] wrote, "...without the EM
mechanism there would be no signal. But the chemical mechanism determines what is
observed." This causes the fundamental fact that the observed SERS spectra contains the
information about the adsorbate and its environment, in particular its interaction with the
enhancing nanoparticle, its spatial orientation and the polarization properties of the local
electric field [Aroca 2007].

Charge transfer or chemical enhancement [Otto 1992] associated with the overlap of
the wave functions of the electron in the metal and the electron in the adsorbate molecule
resulting in the tunneling of the electrons between the metal and the molecule. Thus, finally
the formation of a bond between the analyte and the metal surface occurs. This bond is
believed to produce a surface species which includes the analyte and some surface metal
atoms. This provides the charge transfer (electrons or holes) from the metal surface into the
analyte. The formation of this surface increases the molecular polarizability of the molecule
considerably due to interaction with the metal electrons. Fundamentally, the enhancement
is thought to originate from new electronic states which arise from the formation of the
bond between analyte and metal surface. These new states are believed to be resonant
intermediates in the Raman scattering. Thus, as opposed to the radiation being absorbed
or scattered through the plasmons on the surface, the radiation is absorbed into the metal.
A hole is transferred into the adsorbate metal atom cluster, the Raman process then occurs,
excitation is transferred back into the metal and re-radiation occurs from the metal surface.

Different charge transfer mechanisms have been proposed. The mechanism proposed by
Chang [Chang 1987] involves following four steps:

1. an incident photon with the energy w created an electron-hole pair in the metal,

2. the electron of this pair transfers to the excited state electronic level of the absorbate
via tunneling for physisorbed adsorbates or via hybridization for chemisorbed adsor-
bates,

3. the electron from the excited level of the adsorbate transfers back to the metal into
a state with lower energy in comparison with the electron simultaneously created
together with the hole, leaving the adsorbate in the higher vibrational level,

4. the recombination of the electron from this lower energy state with the hole resulting
in the emission of a photon with lower energy w’ < w.

Apart from the mechanism of Chang there are also other chemical effect mechanisms
with the transfer of an electron between the adsorbed molecule and the metal:

e The incident photon excites an electron from the molecular ground state upward
shifted and broadened due to the chemisorption (E,) to an unoccupied metal state
above the Fermi level by the intermediate of some excited molecular state (Figure
2.13a)

e The incident photon excites an electron in a partially filled molecular state (E,) in
the vicinity of the Fermi level Er to a vacant metal state through the intermediate
of the states in the occupied part of the initial partially filled molecular state (E,),
(Figure 2.13b).
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e The incident photon excites an electron from the metal with the energy near the Fermi
level Er to an excited state of the negative electron-molecule complex (Figure 2.13c).

(a)

(b)

(c)

Figure 2.13: Schematic illustrations for possible charge transfer excitation between adsorbed
molecule and metal.

In all the mentioned charge transfer processes the Raman polarizability is substantially
enhanced when the frequency of the incident or scattered photon become in the resonance
with the coupled molecule-metal system. Though of conceptual differences, an exact sepa-
ration of two distinct enhancement processes is extremely challenging and experimentally
very difficult, as any parameter easily changed in the experimental design results in influ-
ence on both mechanisms. A detailed understanding of the chemical enhancement and a
reliable separation from purely electromagnetic enhancement is thus not only relevant for
fundamental reasons but also crucial for the design of analytical tools. Taking into account
that both enhancement mechanisms are multiplicative, unexpected chemical enhancements
can easily lead to quantitatively and qualitatively wrong analytical conclusions. In order
to simply increase the Raman scattering cross-section, surface-enhanced resonance Raman
scattering (SERRS) can be used. In this case, the excitation wavelength is not only in
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resonance with the surface plasmon absorption but more importantly also resonant to the
electronic absorption of the adsorbed molecules. Thus, surface enhancement of the Raman
signal appears combined with the adsorbate intrinsic enhancement of the scattering due to
the dispersion of ‘;—‘;.

2.4 Advantages of SERS for studies in Cells

As it had been shown, the SERS-enhancement is restricted to the immediate vicinity of
a metal nanostructure. Nevertheless, SERS techniques extremely attractive for efficient
live-cell Raman approaches because of the independence from a specific laser wavelength
for excitation of the Raman scattering and the ability to probe many different kinds of
molecules.

Considering the development of such an approach, the local confinement of the SERS
effect is worthwhile to be kept in mind in order to be managed and converted into oneés
advantage. In-vivo SERS studies are conducted with individual probes positioned at dis-
crete locations in the cell. Thus, the nano-environment of these SERS probes becomes
the only origin of the spectral information. This is the fundamental difference from the
spectral information obtained in a "normal" Raman microspectroscopic experiment, where
all positions in a whole cell are probed.

The very sensitive detection, together with the confinement of the spectral enhancement
in SERS to the immediate vicinity of the nanoprobes makes SERS probes ideal tools for
the investigation of small morphological structures in cells. The excitation wavelength is
no longer a limit for the maximum lateral resolution, cause it is influenced by the metal
nanostructure used to provide the enhancement.



CHAPTER 3
Overview of the existing SERS
substrates synthesis techniques

3.1 Short review on traditional and non-traditional meth-
ods of synthesis

Due to the large body of existing methods for the synthesis of nanoparticles (NPs), as the
fundamental base of every SERS substrate, there are also slightly different classification
of synthesis methods that can be met. For example, they can be subdivided into tradi-
tional and non-traditional [Evanoff 2005]; or top-down and bottom-up [Hubenthal 2011]
(see Figure 3.1).
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Figure 3.1: The principal routes to obtain nanostructures: top-down and bottom-up.

Traditional, the most widespread ones are those solution-phase synthesis techniques (i.e.
related to the family of bottom-up techniques) that are based on various modifications of
the Lee-Meisel [Lee 1982] or Creighton [Creighton 1979] methods (being the oldest method
to synthesize metal NPs, now represent an extremely broad variety of synthesis routes and,
as consequence, an extraordinary variety of NPs that can be generated, including core-
shell, multi-shell NPs), i.e. are different variations of wet-chemical preparation techniques
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(e.g. colloidal methods), and there are a lot of examples in which different salts and agents
are used [Shirtcliffe 1999, Cason 2000, Li 2003, Sondi 2003]. Nanoparticle oxidation pro-
moted by the large positive reduction potential of Ag, is thermodynamically unfavorable
resulting in a quite stable aqueous and alcoholic suspensions without the aid of capping
ligands. Aggregation can be hindered either by steric hindering or by electrostatic repul-
sion. The last one is usually obtained by the chemisorption of charged species (usually
H* or OH™) at the NP surfaces [Cushing 2004]. For high ionic strengths or organic-phase
suspensions, capping agents such as self-assembled monolayers, [He 2001, Li 2003] surfac-
tants [Cason 2000, Sondi 2003, Maillard 2003], polymers [Chen 2002a, Velikov 2003] and
dendrimers [Esumi 2000, Crooks 2001] can be employed to protect the particles from aggre-
gation. If the synthesis is carried out in the presence of capping agents, however, anisotropic
particles may result due to the differing affinities of the ligands to the exposed crystal faces.
This is sometimes a desired effect and several researches have shown that various shapes
can be produced through judicious use of stabilizing agents [Chen 2002b, Maillard 2003].
Alternatively, NPs can be capped with desired molecules after the synthesis to facilitate
their transfer into non-polar phases or to tailor their surface chemistry.

The final size and shape of the NPs synthesized is determined in a sufficient way
by the amounts of the additives, concentration of reactants and the preparation con-
ditions [VIckova 1997, Si 2009]. For example, for golden NPs synthesized by Turkevich
method [Turkevich 1951] the appearance of different shapes is avoided if instead of cit-
ric acid trisodium citrate is used, which in turn promotes the relatively small size dis-
tributions with widths of Gaussian size distribution of only 0=10 %. It is worth-noting
that the reducing agent can be used both as the reducer and stabilizer simultaneously
[Duff 1987a, Duff 1987b]. As to characteristic advantages of wet chemical methods, the
most salient are:

1. no specialized equipment is necessary;
2. solution based processing and assembly can be readily implemented;
3. large quantities of NPs can be synthesized [Tao 2008].

Another valuable issue of the colloidal NPs application is their aggregation by addition
of an adsorbate and/or of a pre-aggregating agent, thus promoting the controlled clustering
of silver NPs, since the highest enhancement factors are expected in the nanosized gap
between two aggregated metallic NPs. Unfortunately, the pure aggregated colloids in some
cases show specific Raman modes assignable to citrate (reducing agent) or nitrate. Thus, the
detection of the molecules of interest might be hindered by the strong SERS contribution of
the aggregated metal colloids itself [Yaffe 2008]. Worth-noticing, that the parent chemically
prepared colloids are usually very stable. And the last as well as the mechanism of their
formation are influenced by several factors [Vlckova 1997]:

e the chemical nature of the adsorbate, which determines the type of adsorbate-surface
interaction (physisorption, chemisorption),

e concentration of the adsorbate, affecting the actual surface coverage,
e concentration of residual ions stabilizing the parent colloid,
e temperature,

e during the SERS experiment, the Ag colloid/adsorbate system can further be affected
by laser induced adsorption/desorption and aggregation/deaggregation processes.
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e possible chemical competition with the analyte (e.g. Methyl Orange)

e moreover, silver colloidal aggregates containing more than ca. 100 particles were
proved to be a fractal objects

Apart from the precautions listed, there are a number of works dedicated to the overcoming
the constraints presented to a considerable extent [Tantra 2007, Tao 2008, Jarvis 2008,
Zhang 2014]. At the same time solution chemistry methods typically consume a large
amount of organic solvents and hazardous chemicals that are considered environmentally
unfriendly. Therefore, addressing this issue, a number of the eco-friendly solutions has been
proposed in current literature [Nanda 2009, Fayaz 2010, Xu 2013]. Besides of the numerous
SERS advantages, unfortunately, it has had limited commercial success in routine trace
analysis due to the ’basic reproducibility criteria’ which have not been properly addressed
[Natan 2006]. And this is particularly the situation when colloids are employed as the
substrate. Despite such problems, the use of colloidal SERS is widespread as the substrates
are easy to synthesize at low cost and are highly dispersible also [Tantra 2007].

Non-traditional, synthesis methods (which are also related to the family of bottom-up
techniques) include Ag particle synthesis through high-temperature reduction in porous
solid matrices [Plyuto 1999, Wang 2002], vapor-phase condensation of a metal onto a solid
support [Jensen 2000, Zhao 2002, Malynych 2003], laser ablation of a metal target into a
suspending liquid [Mafuné 2000], photoreduction of Ag ions [Huang 1996, Abid 2002], and
electrolysis of an Ag salt solution [Kotov 1993, Zhu 2000].

Thus, all the methods listed, possess some inherent problems, and while each method
have certain advantages and disadvantages, the selection of a proper synthetic procedure
depends on the nature of the specific application. Considering traditional methods, the
major problem is often a limited flexibility in the size of particles that can be produced and
such methods are usually sold in their ability to make 10 nm particles. Again, depending
on the application, small particles, e.g. are desirable in catalysis, where the main emphasis
is on the surface-to-volume ration, but for optical applications, larger particles are often
necessary. Small Ag NPs do not interact with light nearly as efficiently as particles that are
in the 50-100 nm range and do not strictly through energy absorption. On the other hand,
the plasmon resonances in larger Ag NPs have a significant light-scattering component that
can be advantageously used in applications that require efficient optical labels, such as in
chemical assays. The major problems for the non-traditional methods often are:

e a wide size distribution,
e lack or particle crystallinity,
e the cost and scalability of the production.

Thus, the optimum synthetic method should address all of the above problems and
additionally yield particles with no extraneous chemicals that can potentially alter the
particle’s optical properties and surface chemistry. The above discussion, certainly, does
not exhaust a complete listing of the available synthetic methods, but most likely a variant of
a broad representation of what has been reported. Thus, further description of the synthesis
techniques will be based on two routes for NPs production: top-down or bottom-up.

3.2 Top-down techniques

Top-down technique, is dealing with dividing or structuring a macroscopic piece of ma-
terial in small parts (e.g. photolithography (see Figure 3.2) or particle beam lithography).
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The major obvious advantages of these techniques is the synthesis of high ordered NPs
with a narrow shape and size distribution on substrates. Also, it should be noted, that
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Figure 3.2: The variability of lithographic techniques.

laterally arbitrary shaped NPs also have been synthesized using lithographic techniques
[Lamprecht 1999, Aeschlimann 2009, Berndt 2009]. As to the drawbacks, photolithography
is diffraction limited and, in particular particle beam lithography (ions or electrons), is
extremely time-consuming and expensive, requires clean rooms and special nanofabrication
tools and often cannot be sufficiently up-scaled [Sanchez-Iglesias 2010]. Due to the free
individual selection of the lateral shape as well as the height of the NPs, the LSPPR of
the NPs generated can be easily tuned from the IR to the near-UV. This flexibility is the
prerequisite for a number of fundamental and practical applications. The main advantage
of photolitography is the parallel process technique, essential for mass production. However,
it suffers from the fact that it is limited by the Abbe-Rayleigh criterion:

A A
d,.in = 0.61——— = 0.61— 3.1
nsino NA (3.1)

where d,,;, is the minimal size of a structure illuminated with the point light source with
wavelength A, n the refraction index of the environment, o the aperture angle, and N A the
numerical aperture of the system. Therefore, for small structures, high numerical apertures
and short wavelengths have to be used.

Another weak spot is that the side walls of the generated structures are usually perpen-
dicular to the substrate surface. Thus, while laterally the shape can be chosen freely, the
side walls cannot. Nice example of this problem overcoming was presented by [Kontio 2009]
(see Figure 3.3). The solution based on the generation of the conical metallic nanostruc-
tures by applying a two-step lithographic process and exploiting the shadowing effect of
the deposited metal. The second step of the process is schematically represented in Figure
3.3(a). After the patterning of the poly methyl methacrylate (PMMA) resist and the sub-
sequent reactive ion etching to generate holes in it, the metal over the structure has been
deposited. Notably, that the germanium acts as an adhesion promoter. The generated deep
holes start to be overgrown by the metal during deposition. Thus, the clear cross section
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becomes smaller and nanocones are generated. The last step is lift-off of the PMMA resist
mask. As can bee seen from the Figure 3.3(b) the structures generated are highly ordered
and reproducible.

@) Ti/Au

Ge

PMMA

Substrate

Figure 3.3: Metallic nanocones prepared by an advanced lithographic technique.

Electron beam lithography is a direct writing and differs significantly from the
photolithography. It is a time-consuming serial process and an expensive technique. As to
the main advantage of EBL is the fact that extremely small nanostructures can be achieved.
Theoretically, nanostructures with lateral dimensions below 1 nm are possible due to the
short de Broglie wavelength of electrons [Berger 1991]. In reality, the resolution is limited
to approximately 10 nm because of the proximity effect, that is, the forward and backward
scattering of the electrons in the resist. As illustrated in Figure 3.4, the scattered electrons
penetrate in an area of the resist far away from the incoming electron beam. In the critical
case, a strong widening of the focused electron beam may occur, which results in dramatic
limitation of resolution. In the ideal case, EBL has a resolution of approximately 10 nm,
which allows in practice a preparation of NPs with lateral sizes down to 20 nm.

The fact that the dose at a certain moment is the sum of the dose of the incoming
and back-scattered electrons gives rise to another consequence of the proximity effect -
large illuminated structures are exposed to a higher dose as small areas (see Figure 3.4).
Therefore, when small and large structures are generated at the same time, the dose must
be adjusted during the illumination of the resist, taking into account the structure size
[Kratschmer 1981]. Thus, the dose must be predetermined in advance, on the base of the
proximity function, which is composed of the Gaussian intensity distribution of the incoming
and back-scattered electrons [Chang 1975]. Despite its limitations given above, EBL has
a significant advantage: almost any lateral shape of the nanostructures can be achieved,
e.g. nanostars [Aeschlimann 2009], heart-shaped NPs [Lamprecht 1999], cloverleaf-shaped
particles [Berndt 2009] (see Figure 3.5) to name a few.
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Figure 3.4: Influence of the scattered electrons on the illuminated area of the resist. The
dashed line indicates the area, affected from the scattered electrons.

Figure 3.5: Silver-coated silicon cloverleaf-shaped structure prepared by means of electron
beam lithography. [Berndt 2009]
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Nanosphere lithography, NSL, which was invented in 1980s by U.Fischer [Fischer 1981],
in contrast to the above-mentioned techniques, is inexpensive, allowing a high throughput,
able to generate highly ordered NPs with lateral sizes between 30 nm and several microm-
eters. But in the same time, NSL has a serious drawback: the approach is constrained
to triangular- or hexagonal-shaped NPs arranged in a defined order on the substrate (see
Figure 3.6).

Nanospheres
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Deposited
metal

Substrate
Step 2: Metal deposition

Remaining
triangular
nanoparticles

| Substrate

Step 3: Nanosphere removal

Figure 3.6: Schematic illustration of NSL.

Being one of the major step of the technique - self-assembly of the nanosphere mask, has
blossomed in a variety of approaches that have been successfully applied [Dimitrov 1996,
Matsushita 1997, Morarescu 2009]. Despite of this variability of preparation techniques for
NSL, the principal preparation steps are the same in all cases. It consists of three major
steps, as illustrated in Figure 3.6:

1. deposition of the nanospheres from a solution onto a carefully cleaned substrate. Thus,
by self-assembly, a monolayer of hexagonally ordered nanospheres on the substrates
is obtained.
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2. highly ordered nanospheres act as the lithographic mask during the subsequent de-
position of the metal (step 2).

3. the nanospheres are removed, leaving behind a highly ordered array of triangular NPs.

The driving forces behind the ordering of the nanospheres on a substrate are capillary
forces. The details of two-dimensional crystallization of the nanosphere arrays under the
direct influence of the capillary forces can be found in [Nagayama 1993, Kralchevsky 1994]

Spin coating, is a both an usual way to prepare a thin liquid layer on a substrate
applied in NSL for the preparation of monolayers of closely packed nanosphere on different
substrates [Hulteen 1995, Velev 2000, Wang 2004] and an independent technique used to
obtain thin films, e.g. of block copolymer [Cho 2012]. The parameters modulating the final
result are: the spin speed, the viscosity of the solution, and the solvent evaporation rate.

Tilt coating, (see Figure 3.7) which has been introduced by Micheletto et al. [Micheletto 1995]
is rather simple and frequently used by many groups [Morarescu 2009, Hubenthal 2009a].
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Figure 3.7: Principle of tilt coating.

The advantage of tilt coating, apart its simplicity, is that nanospheres with diameter
down to 50 nm can be arranged on the substrates. The only limitation of the method
is the necessity of very smooth and hydrophilic substrates, but this drawback has been
successfully overcome by using floating technique [Burmeister 1997].

Dip coating is another preparation technique which has been described by Dimitrov
and Nagayama [Dimitrov 1996]. In short, for the dip coating the substrate is immersed in
a solution with the nanospheres and then extracted with the constant velocity under con-
trolled humidity and temperature (see Figure 3.8). The formation of dense two-dimensional
nanosphere arrays requires a certain extracting velocity of the substrate v,,, which is equal
to the growth rate o*. Tt is given by ref. [Dimitrov 1996]:

k_ k Je®
~0.605 kd(1 — ¢)

The equation presented underlines one of the most crucial drawbacks of the method - a
long time - from several hours to few days -required for the layer formation of small spheres
due to the strong dependence of the growth rate on the inverse diameter of the nanospheres.

A general observation should be mentioned with respect to all coating methods. Since
the evaporation rate strongly influences the nanosphere formation, the evaporation process
has to be precisely controlled [Hubenthal 2011], by means of the temperature and humidity
supervision. So long as low temperatures and high humidity strongly reduce the evaporation

(3.2)

Vy = O
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Figure 3.8: Monolayer formation by means of dip-coating. Ref. [Dimitrov 1996]
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rate, the last in turn favors the formation of highly ordered nanospheres in a hexagonal array
due to the avoiding of agglomeration and defect formation.

Summarizing, NSL is an inexpensive technique to generate highly ordered NP arrays,
applicable to various materials and ready virtually for every smooth substrate. The optical
properties of triangular NPs are tunable from the visible to near IR region, simply by
changing the aspect ratio of the NPs. Moreover, NSL allows a high throughput and has
proven to be extremely useful for many principle studies, e.g. in SERS [Haynes 2003b,
Félidj 2004] or in biosensing [Haes 2002, Haes 2004]. Thus, NSL undoubtedly has a great
potential, but also a limitation: the lateral NP size and the distance between the NPs cannot
be chosen freely. Fortunately, modern literature provides the solution of this problem (angle
resolved NSL and thermal annealing), the details of which can be found in [Haynes 2002,
Haynes 2003a] and [Sun 2005, Tan 2005] correspondingly.

Focused ion beam technique. FIB is based on direct sputtering or milling of a thin
metal layer. In principle, an FIB can also be used to deposit material. But, this approach is
extremely time-consuming and thus practically not applied to generate NPs. Besides this,
the main advantage of structuring by means of FIB is the direct writing ability, which does
not need any lithographical or chemical processes. At the same time the major drawbacks
are the extremely time-consuming process and the high cost. That is why it is very rarely
applied to generate NPs.

3.3 Bottom-up synthesis techniques

The bottom-up synthesis of NPs is the central point of this thesis and in the recent past
these approaches have received an increasing interest, cause fundamentally based on well es-
tablished and universally recognized recipes [Turkevich 1951], [Lee 1982], [Creighton 1979],
[Leopold 2003].

The basis of bottom-up techniques is self-organizing processes of single atoms or molecules
where NPs are generated gradually. Using the techniques such as wet chemical synthesis,
gas-phase production, or deposition of atoms on substrates, NPs consisting of a countable
number of atoms (clusters), can be easily prepared. Moreover, laser evaporation techniques
and wet chemical synthesis yield a mass production of small NPs. The last is physically
unattainable by particle-beam lithography. As to the disadvantages of bottom-up tech-
niques, generally NPs ensembles with a broad size and shape distribution are generated.
Overcoming this drawback requires great effort [Ouacha 2005, Hubenthal 2009b]. The great
advantage provided by bottom-up techniques is the fact that they can be applied in gas
phase, in solution, on substrates and in matrices. During the past few years, mass pro-
duction of metal NPs by means of bottom-up techniques has become feasible due to laser
ablation and advanced wet chemical techniques.

Gas-phase synthesis One of the first secure bottom-up techniques of NPs preparing
was gas-phase synthesis. In short, a gas of the desired material is created and expanded in
a cooler atmosphere filled with an inert gas at reduced temperature. Because of adiabatic
expansion and collisions with the inert gas atoms, the metal atoms thermalize and start
to condensate. The vaporization of the required material is achieved typically by simple
resistance heating, electron-beam evaporation, ion-beam sputtering, electric discharge or
laser evaporation. Depending on the preparation technique, one distinguishes:

e adiabatic expansion of a supersonic jet,
e gas condensation due to evaporation in a cold gas atmosphere, and

e laser evaporation or erosion processes.
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The size as well as the size distribution of the NPs in adiabatic expansion of a supersonic
jet obtained can be determined by the preparation parameters. Several scaling laws can be
found in [Hagena 1981]. In general, adiabatic expansion of a supersonic jet has two major
limitations. First, it is suitable only for materials where the required high vapor pressure
is achieved easily. Second, the metal gas itself acts as a heat bath, merging the binding
energy. As a consequence, the size of NPs generated in supersonic jet is limited to radii
typically below R=0.5 nm. The last limitation can be overcome by utilizing an inert seed
gas that coexpands with the metal gas [Kappes 1982]. It has a typical pressure of 10° Pa,
while the metal vapor pressure is reduced to an order of 10* Pa. Together with its role as
a heat bath, the inert gas also influences the final size of the generated NPs. Generally,
the heavier the seed atoms, the larger the metal NPs, because heavier atoms can take up
more energy. For example the doubling of the size of the deposited NPs (from R=1 nm
to R=2 nm) takes place when instead of argon as a seed gas xenon is used [Hilger 2001].
Meanwhile, the NPs size are still constrained to the lower nanometer range.

Gas condensation Aforementioned limit of the gas-phase synthesis can be successfully
overcome by means of gas-condensation technique which dates back to the early 1950s
[Kimoto 1953] and let the relatively large NPs with sizes in the several 10 nm range to be
easily obtained [Pedersen 2007]. Apart of its simplest case which is based on an evaporation
of a metal in a vacuum chamber, filled with a small amount of a stationery inert gas, this
approach is less well understood due to a number of interdependent parameters, such as
temperature, pressure, gas velocity, pump speed, etc. influencing the NP growth.

Laser vaporization and erosion processes Being other commonly used methods to
generate NPs in the gas phase, both possess own obvious advantages with respect to other
techniques. Laser vaporization (which is distinguished from the laser ablation) became
extensively popular, because intensive beams of NPs of virtually all high-melting materials
can be generated in a very controlled manner. By means of inert gas pressure in the
evaporation chamber it is possible to tune the size of the NPs. So far as at high gas
pressures the supersaturated vapor in the plume expands slowly and preserves the condition
of supersaturation longer. As a result, larger NPs are generated. However, in the case of
the slow expansion of the plume, fractal or web-like agglomerates (see Figure 3.9) may form
[Li 1998].

Figure 3.9: SEM micrographs of the weblike agglomeration of the silicon nanocrystals from
ref. [Li 1998].
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Production type Used for Nanoparticle generation
by

Adiabatic expansion by a | Gases, liquids and solids | Adiabatic expansion, partly

supersonic jet with low melting point with seed beam

Gas condensation Materials that can be | Streaming cold inert gas

evaporated or sputtered

Laser evaporation and e | All solid materials Adiabatic expansion, partly

rosion techniques combined with supersonic jet
or gas condensation

Table 3.1: Characteristics of the three types of nanoparticle generation by gas-phase syn-
thesis

On the contrary, at low inert gas pressures, the plume expands rapidly in the envi-
ronment, got accompanied by a quick decrease of the density of the ablated atoms in the
plume, with subsequent formation of smaller NPs. The last, being rather powerful process,
creates very hot NPs, which in turn cool down by evaporation of surface atoms and colli-
sions with the inert gas. Similar processes take place during surface erosion by means of
heavy ion bombardment. The advantage of the ion-beam erosion is that it works with all
solids and liquids [Magnera 1990]. Both laser vaporization and the erosion techniques can
be combined with supersonic jet or gas condensation sources.

Obviously, that the main advantage of all gas-phase synthesis techniques is that the
chemically pure NPs without any influences of eventually reactive environment can be
obtained. However, for real-world applications, NPs on a support are desired. The easiest
way to deposit NPs from the gas phase is placing a substrate in the NP beam. Unfortunately,
the impact of the surface causes the deformation of NPs, thus revealing the drawback of
the method. Computer simulations and experiments demonstrate that NPs generated by
a supersonic jet, possessing typical velocities in the range of 10* m s~! (corresponding to
a kinetic energy of Ej;,=1 €V per atom), as well as the substrate undergo an essential
deformation. As works [Palomba 2008, Gracia-Pinilla 2009] demonstrate that the so-called
soft landing with kinetic energies below Fy;,=0.1 €V per atom is necessary to avoid a strong
nanoparticle deformation and surface damages.

Another variant for soft landing is known - preadsorption of a liquid noble gas layer
on a cooled substrate before NP deposition [Cheng 1994]. Gas layer, acting as an air-
bag, effectively dissipates the kinetic energy of the NPs without changing their morphology
[Bromann 1997]. In this case the kinetic energy of high-energetic NP can be reduced below
E}i»n=0.01 eV per atom, which warranties a soft landing. But, it has to be taken into account
that in the case of soft landing, the NPs will be deformed slightly because of the contact
with the substrate, namely surface tension effects. Another noticeable advantage of gas-
phase synthesis is that a stream of a reactive gas can also be added during the NP growth
and oxides, fluorides and so on can be easily generated. But, due to the statistical growth
process, a broad size distribution results. Separation techniques addressing the issue of the
NP ensembles with a narrow size distribution in the beam are applied due to the hampering
of determination of the properties of single NP sizes. So, being determined by NPs’ size
and its charge state, different methods available: mass separation techniques [Binns 2001],
crossing the helium and cluster beams (thanks to the dependence of the scattering angle of
the clusters on its size, but limited to small clusters), size-dependent velocity slip between
the inert gas and inert NPs during the expansion [Broyer 1987].

Vapor deposition technique Vapor deposition techniques are applied to prepare NPs
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on substrates under ultrahigh vacuum conditions. In general, three growth scenarios are
possible:

e Volmer-Weber or island growth;
e Frank-van der Merwe or layer-by-layer growth, and
e Stranski-Krastanow or layer with subsequent island growth.

The Volmer-Weber growth is the usual growth mode for metal NPs on dielectric sub-
strates [Henry 1998, Baumer 1999], the further exposition will be concentrated solely to
the first type of growth. As known, the nanoparticle growth on a substrate is a process
far from thermodynamic equilibrium. The kinetics of growth is prevalent with respect to
thermodynamics in terms of the final nanoparticle morphology. As a result of the growth
kinetics in the Volmer-Weber growth, the shape of the NPs is strongly correlated to their
size [Wenzel 1999, Ouacha 2005]. Starting from NPs with R., = 1 nm, which are nearly
spherical, up to more oblate with increasing R, [Hubenthal 2009b]. Consequently, the
LSPPR of NPs grown on substrates by deposition of atoms and subsequent nucleation is
shifted to lower photon energies, if the NPs increase in size [Nilius 2001a, Gonzalo 2003].
This situation is depicted in Figure 3.10.
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Figure 3.10: Optical spectra of silver NPs with different sizes on quartz substrate. A clear
shift of both modes is observed. The shift and increase of the extinction of the (1,1) mode
are less pronounced due to the influence of the interband transition, which damps the (1,1)
mode.

It is worth-noting that in case of gold and silver atoms deposited at room tempera-
ture on ideal defect-free dielectric substrates, an essential redesorption rate is expected
[Campbell 1997], and the sticking coefficient, defining the amount of nucleated atoms nor-
malized to the amount of deposited atoms, is significantly smaller than unity. On the
contrary, real dielectric substrates possess defect densities in the order of 10'2 to 10'* de-
fects cm ™2 and the sticking coefficient is close to the unity [Henry 1998].

The issue of great importance for the Volmer-Weber growth that the impinging atoms
have a low kinetic energy. Otherwise the implantation of the atoms or sputtering of the
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substrate may occur [Gonzalo 2005]. Both are the obstacles for the Volmer-Weber growth,
due do the prevention of the diffusion and subsequent nucleation of atoms at the surface.
To guarantee a diffusion of the atoms on the substrate surface, usually thermal atoms from
the gas phase are adsorbed in the surface [Nilius 2001b, Benten 2005].

Thus, there are several generation techniques for a low energetic atom beam are available
[Seal 2003, Guo 2003, Drachev 2004, Ouacha 2005]. Due to the statistical growth behavior,
the Volmer-Weber growth results in NP ensembles with a broad Gaussian size and shape
distribution with typical widths between 0=25% and 0=40% [Ouacha 2005, Resta 2006],
see Figure 3.11.
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Figure 3.11: TEM image of gold NPs with a mean equivalent radius of (R.,)=(4.7£1.3)nm
grown by the Volmer-Weber on a sapphire substrate. In the present case, the width of
Gaussian size distribution amounts to o = 27%.

As for the above-mentioned techniques, a broad size and shape distribution is an obvious
drawback for nearly all applications. Overcoming of this lack of order is based on selective
laser tailoring processes. In brief, laser light with a given photon energy is absorbed only
by NPs whose LSPPR coincides with this photon energy. After absorbed light is rapidly
converted into heat, causing the diffusion and evaporation of surface atoms. This selective
heating is exploited to tailor either the size or a shape of NPs [Stietz 2001, Ouacha 2005].
Whereas, size-tayloring of NPs on the substrates is based on a post-grown selective heating
of certain (undesired) NPs in an ensemble via their LSPPR [Safonov 1998, Bosbach 1999]
fulfilling the relation R<\; meanwhile shape-tayloring of supported NPs is achieved by
irradiating the NPs during their growth (laser-assisted growth). The core of mechanism is
the photon energy of the laser acting as a barrier for the LSPPR. The light adsorbed causes
a temperature rise in the NPs and stimulates mainly self-diffusion but also desorption
of atoms from the edges and perimeters of the particles. Both effects lead to a shape
change of the NPs toward more spherical. Consequently, the heat-induced reshaping of
the NPs toward more spherical competes with the decrease of the axial ratio due to the
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frown kinetics. In case of appropriately chosen fluence, the two competing processes are
balanced. Finally, by varying the photon energy of the laser light, different axial ratios can
be stabilized [Ouacha 2005, Hubenthal 2009b].

The essential advantage of laser tailoring is that it is a self-regulating process. The
interaction between the NP and the laser light proceeds only until the LSPPR of the NPs
does not coincide with the photon energy of the laser light anymore [Hubenthal 2009b].

Photochemical synthesis Apart the above wet chemical preparation technique pho-
toinduced processes have also represent the issue of increasing interest (see Figure 3.14).
These processes can be either photochemical or photophysical. The last one is also known
as laser ablation and will be discussed further. Photochemical synthesis is based on the
formation of neutral atoms M° under conditions that are not suitable for their precipitation.
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Figure 3.12: Sketch of the two routes for photochemical synthesis: a) direct photolysis and
b)photosensitization.

Irradiation light, which can be used to initiate the precipitation, provides the couple of
mechanisms, namely direct photosynthesis [Hada 1976, Huang 1996] and photosensitization
[Kapoor 2003, Esumi 2005, Scaiano 2006]. While the first one uses the formation of neutral
atoms directly from a metal salt or complex, thus being free of reducing agent and not
limited to NPs in solution; the second is a faster and more efficient for a photochemical
synthesis of metal NPs in solution due to a sensitizer used as the reduction process promoter.

Sol-gel technique The principle idea of this method is to generate NPs in a solution
and add this solution to a gel that transforms after several synthesis steps in a solid state.
Aging process, following the precursors mixing and gelation process, depending on the exact
conditions may last several minutes up to several days [Cushing 2004, Scaiano 2006]. In
addition, growth of the NPs in the gel is due to Oswald ripening!. The final step is the
drying of the gel during which the reactive groups of touching gel particles condensate.
Afterward, the gel has to be dehydrated and stabilized against rehydration. The advantage
of the technique is that NPs in a matrix can be generated easily and that these NPs are
well protected against the environment. The main limitation, concerning applications with

n the gel, usually NPs with different sizes exist. Since larger particles are energetically more favored
than smaller ones, a growth of the larger NPs takes place, drawing material from the smaller NPs which
shrink can occur. This process is known as Oswald ripening
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respect to surface-enhanced spectroscopies, is the broad size distribution, since not all NPs
are in resonance with an exciting laser wavelength. Furthermore, only a small fraction of
the NPs is close enough to the film surface, such that their field enhancement ranges outside
the sample and can be used for surface-enhanced spectroscopies.

Pulsed laser ablation Pulsed laser ablation is a versatile method for a mass produc-
tion of metal NPs in a size range between a few nanometers and 100 nm. The production
rate is enormous and for NPs in solution is in the order of several micrograms per sec-
ond. A particular advantage of the technique is that no chemical reactants are needed,
although they can be added to control the size as well as the size distribution of NPs in so-
lution [Amendola 2006, Barcikowski 2007, Zeng 2012]. Thus, the prepared material is free
of toxic impurities, which contrasts with standard wet chemical processes, where usually
toxic reactants are involved. Moreover, the synthesis in pure water promises the benefit
for medical applications. The main drawback is the extremely broad size distribution of
the NPs generated and, compared to gas-phase or vapor-deposition technique, the less well
controlled synthesis of NPs.

Flame spraying

Flame spraying is another technique allowing a mass production of metal NPs with-
out any toxic impurities. Production rates of several milligrams per second are usual
[Keskinen 2007]. The base of this technique is an evaporation (T=3000 K) [Mikeld 2004,
Keskinen 2007]) and decomposition of a liquid precursor containing the metal species, usu-
ally a metal salt (see Figure 3.13).
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Figure 3.13: Principle of nanoparticle generation by means of flame spraying.

The most critical parameter in this process is the flame stability. Thus, only a stable
burning flame warrants a controlled and reproducible generation of NPs. The size of the
generated NPs is determined by a variety of parameters [Keskinen 2007]:

e metal salt concentration;

e the precursor flow rate;

the flame temperature;

the environment;

the distance from the torch head at which NPs are collected;

The last is advantageous when a variety of extinction maxima are desired and col-
loids are easily aggregated using an electrolyte solution (e.g., NaCl). Ag colloid aggrega-
tion is an important technique used for SMSERS. Moreover, these methods often require
NP surface stabilizing or functional ligands that are not always necessary or beneficial
[Erin B. Dickerson 2008].
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3.4 BCP-based SERS substrates

3.4.1 BCP self-organization as the key feature for use in SERS

On the base of the aforementioned synthesis techniques analysis a detailed overview of
the state-of-the-art in the field of Surface-Enhanced Raman Spectroscopy (SERS) and, in
particular, SERS-substrates synthesis. Due to the specificity of the object of our inter-
est it has been decided to concentrate on the recepies for SERS-substrates production,
that combine both the simplicity and high-yield of bottom-up techniques with the spatial
ordering of the top-down techniques. Thus, finally the optimal solution developed was
based on block-copolymers self-assembly nanostructures. And there’s further optimization
in correspondence to our application, became the key component that lead to a successful
application of the SERS-substrates (as it will be demonstrated in Experimental section).

In the coarse of development of high-performance plasmonic substrates for imaging
and bio(chemical) sensing applications, it is equally important to provide strong signal
enhancement and reproducibility. In particular in SERS, insufficient reproducibility has
long been a major obstacle for the application of this analytical method in critical sensing
applications [Yan 2011].

As it has been shown before, when the reproducibility and the spatial ordering of the
SERS-substrate is of primary importance high resolution electron beam or focused ion beam
are not well-suited for large areas, thus, alternative strategies are required. In this sense
self-assembly techniques are attractive because of their highly parallel nature and enabling
of large-scale patterning rapidly and at very low costs. The flexibility of the technique
extends the use from highly-ordered nanostructures over large surface areas [Park 2008b,
Park 2008a] to generation metal NPs [Zhang 2006] and structured metal surfaces [Lu 2006,
Wang 2009].

Self-organization is a powerful route to the "bottom-up" fabrication of nanostructures.
The ability of soft materials such as block copolymers to form a rich variety of nanoscale
periodic patterns offers the potential to fabricate high-density arrays for use in different
applications [Hamley 2003, Segalman 2005]. The formed self-assembled patterns are con-
sidered both as nanolithographic masks and templates for the further synthesis of inorganic
or organic structures. Novel applications in fuel cells [Guo 2011], batteries [Young 2014]
and optoelectronic devices [Segalman 2009, Botiz 2010] rely on the inherent properties of
the blocks. All of these appliances depend on the extremely regular self-assembly of block
copolymers over macroscopic distances.

Block copolymers have received significant attention over the last few decades because
of their ability to self-assembly in the nanometer length scale [Hamley 1998, Hamley 2003].
This self-assembly is caused by both the incompatibility of the two polymer blocks and
their covalent connectivity.

Block-copolymers are generally defined as macromolecules containing two or more poly-
mer chains that are bound together through covalent bonds. The simplest block copolymer
is the diblock copolymer, which consist of two different polymer chains covalently attached
at their ends. In the melt, they are undergo segregation into a variety of ordered structures
due to repulsion of the immiscible blocks, much as in the case of a blend of immiscible ho-
mopolymers. More sophisticated compositions include triblock copolymers and mixed arm
block copolymers, where more than three polymer chains are covalently attached at a com-
mon branching point. In the case of a blend of two homopolymers, A and B, phase behavior
may be controlled by three experimental parameters: the degree of polymerization (N), the
composition (f), and the A-B Flory-Huggins interaction parameter (). The Flory-Huggins
equation describes approximately how these parameters affect the free energy of a blend:
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SO n(fa) + - In(fs) + fafax (33
the first two terms correspond to the configurational entropy of the system, and can be
regulated via polymerization chemistry to change the relative lengths of the chains and
fractions of A versus B polymer. In the third therm of Eq: FH, x is associated with the
non-ideal penalty of A-B monomer contacts and is a function of both the chemistry of the
molecules and temperature. In general,

a
= +b 3.4
X=5+ (3.4)

Experimentally, x can be controlled through temperature. Unlike macro-phase sep-
aration in blends, the connectivity of the blocks in block copolymers prevents complete
separation and instead the diblock copolymer chains organize to put the A and B portions
on opposite sides of an interface. The equilibrium nanodomain structure must minimize
unfavorable A-B contact without over-stretching the blocks [Bates 1990]. The strength of
segregation of the two blocks is proportional to Y N. A symmetric diblock copolymer is pre-
dicted to disorder (or pass through its order-disorder temperature (ODT)) when xN <10.
Below the ODT and when the volume fraction of block A (f4) is quite small, it forms sphere
in a body-centered cubic (BCC) lattice surrounded by a matrix of B. As f4 is increased
towards 0.5, the minority nanodomains will form first cylinders in a hexagonal lattice, then
bicontinuous double gyroid structure, and finally lamellae.

The size and periodicity of the nanodomains are also functions of the polymer size (N)
and the segmental interactions (x). Block copolymers with yN>>10 microphase separate
above their glass transition temperature, The resulting morphology depends largely on the
relative volume fraction of the components. Some of the more commonly seen morphologies
are lamellae, cylinders and spheres:

The length of the polymer chain is the determinative for the length scale of microdomains.
The thermodynamics of the structures have been extensively examined in bulk, and more
recently, in thin films [Harrison 2004]. Establishing the relationships between different block
copolymer phase diagrams and facilitating the comparison with theory, requires to specify
parameters in addition to xN and f.

First, asymmetry of the copolymer conformation breaks the symmetry of the phase
diagram about f=0.5. In case of AB diblocks, conformational asymmetry is quantified
using the "asymmetry parameter" e=(b?4/v4)/b% /vp) [Helfand 1975b, Bates 1994], where
by is the segment length for block J and v; is the segment volume. The phase diagram
is influenced by composition fluctuations also, and this has been taken into account for
theoretically via the Ginzburg parameter N=N0b%p?, where p is the number density of
chains [Helfand 1975a, Fredrickson 1989]. The extent of segregation of block copolymers
depends on the magnitude of xN. For small yN, close to the order-disorder transition
(up to xN=12 for symmetric diblocks for which xNopr)=10.495), the composition profile
(density of either component) is approximately sinusoidal. This case is named the weak-
segregation limit. At much larger values of yN(x/N>7100), the components are strongly
segregated and each domain is almost pure, with a narrow interphase between them. This
is the strong-segregation limit.

Block copolymer thin films are of particular interest due to the possibility of obtaining
two-dimensional patterns with very high registry and regularity [Segalman 2005]. In par-
ticular, they provide access to a length scale that is not available to traditional lithographic
techniques.

In general, the applications of block copolymers in analogy to plasmon structure syn-
thesis can be divided into two categories: top-down and bottom-up techniques. Where the
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Figure 3.14: Different phases formed by self-assembly of coil-coil diblock copolymers in the
bulk (when the intermolecular interaction is sufficiently large) as a function of the volume
fraction of one of the blocks (f4). Other phases have also been reported for diblocks, and the
phase diagrams of BCPs containing more than two blocks are considerably more complex.
Switching out one or both coil blocks with a conjugated block that adopts a semi-flexible
or rigid rod structure will also qualitatively change this phase diagram.

first kind refers to the traditional methods of the semiconductor industry in which pattern
transfer from the block copolymer is used to pattern an underlying substrate. In bottom-up
techniques, the active components are directly self-assembled.

sIntroducing the work [Lee 2011] authors specify, that each fabrication method for SERS
substrates is a compromise between enhancement factor, cost, active area, reproducibility,
and service life [Dick 2002, Natan 2006]. Being guided by these considerations it was un-
derlined that the method based on the block-copolymer self-assembly satisfy all the require-
ments listed. In particular, essential attention was paid to the tunability of the plasmon res-
onance, thus permitting maximizing of the enhancement factor in terms of specificity of the
Raman instrument (laser wavelength) and analyte. In addition, the substrates are providing
the reproducible EF over macroscopic sampling areas. The attributes taken together pro-
moting the fabrication process to appeal for mass production. Therefore, the self-assembly
of block copolymes promotes complex surface structures with nanoscale features whose pat-
terning depends on the tunable enthalpic and steric interactions between polymers, as well
as with the solid interface [Morkved 1996, Park 1997, Rockford 1999]. One of the most effi-
cient chemical strategies for the assembly of well-spaced and ordered nanoparticle arrays on
solid surfaces has been developed by Spatz and colleagues [Glass 2003] and has been called
"Block Copolymer Micelle Nanolithography" (BCML). Detalizing the synthesis procedure
[Spatz 1996, Spatz 2002], authors specify, that the accuracy of the position of the dot in the
center of the micelle may be as precise as the size of the particle itself [Spatz 2002], fairly
naming this method as "A Combined Top-Down/Bottom-Up Approach" to the Microscopic
Localization of Metallic Nanodots", hence, addressing the issue of the appropriate valuable
scales for SERS, namely down to sub-10 nm [Tseng 2005, Abu Hatab 2008].
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3.5 Conclusion

Finally, as it has been demonstrated, the block-copolymer self-assembly based SERS-
substrates represents an optimal solution both in terms of sufficient enhancement provided
and long-range order. Combination of both factors let us to pick out this approach and use
it as the base one.



CHAPTER 4

Experimental part

In the Chapter the details of the chemical protocol followed for our SERS-substrates syn-
thesis will be discussed. Moreover, all the techniques employed for their characterization
will be briefly described both in terms of theoretical and experimental aspects.

4.1 SERS-substrates synthesis

4.1.1 Materials

Polysterene-block-poly-4-vinylpyridine (PS-b-P4VP) copolymer (Polymer Source Inc., Dor-
val, Canada) with molecular weights of PS M,,—10.400 g- mol~! and P4VP M,,=19.200 g
mol ! correspondingly, with polydispersity index 1.27 without further purification. Tris(4-
(dimethylamino)phenyl) methylium chloride (Crystal Violet dye), and dye rhodamine 6G
(R6G) were purchased from Sigma Aldrich as well as toluene, tetrahydrofuran (THF), silver
nitrate (AgNO3) and sodium borohydride (NaBHy4).

4.1.2 Substrate synthesis

The fabrication of SERS substrates was based on partially modified procedure described
in [Cho 2012] for silicon-based and glass-based ones aiming to improve the nano-coating
spatial uniformity in accordance with our applications. With particular attention towards
the glass-based ones due to the back-scattering configuration used in all measurements.
The synthesis of the substrates consists of the following steps (see also Figure 4.1):

1. the formation of the PS-b-P4VP crew-cut micelles solution;

2. the incorporation of the silver precursor (silver ions) into the P4VP micelle core;
3. the reduction of the coordinated silver ions to silver NPs;

4. centrifugation and phase separation of the solution (original step);

5. spin-coating of the solution on the silicon and glass substrates;

6. polymer removing by UV-light exposure.

Further the detailed description of the synthesis procedure is provided. Due to the fact
that the recipe used in the work based on the use of crew-cut micelles, which are known
as hardly obtainable, the specific solution needed to be used. Namely, the combined use
of toluene and THF as the last is the selective solvent of PS block and favors to facilitate
the easy and stable formation of the P4VP micelles. Thus, crew-cut micelles solution was
based on the a mixture of THF (7.0g) and toluene (10.5g) (i.e. ratio 0.67 w/w), with a
total volume of 20 ml and PS-b-P4VP (94.5mg) in relative concentration of 0.54% w/w
under stirring at 700 rpm for 3h at 25°C, then for 2h at 67°C, before slowly cooling down
the solution at room temperature. After the micelles were loaded via coordination complex
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Figure 4.1: A) Plasmonic substrate, on-glass-coated, showed a green glow in backscattering
at ambient light; B) General scheme for substrate synthesis.

of the PAVP core with Ag™ starting from 198 mg of AgNQs, in molar ratio 2 : 1 with the
former, upon stirring (700 rpm) for 24 hours. Note, that the excess of material was filtered
with 200-nm PTFE syringe filters before the reduction procedure.

Experiment shown, that the amount of the reduction agent NaBH, affected dramat-
ically the quality of the metal-micelle nanocomposite suspension. The silver in micelles,
as was determined experimentally, is best reduced by 30 mg of fine dry powder of NaBH,
(dissolved in controlled atmosphere with low humidity) by stirring for 24 h. The matter
of crucial importance was the filtering of the reduced black solution (precipitated non-
coordinated silver ions) finally reached with 200-nm PTFE syringe filters to restore a large
aggregates-free solution. The final, perfectly limpid, solution was centrifuged at 11 krpm
for 20 min to separate the possible unloaded supernatant micelles. In a 1-ml eppendorf, the
volume of supernatant removed came to 300 ul. This leaved more concentrated solution of
nanocomposite micelles (equivalent to an initial copolymer of 0.77% w/w). The remaining
solution was sonicated for 22 min.

Before the spin-coating process synthesis, microscope coverslips and silicon wafers were
previously pretreated according the following procedure: soaking into ultrasonic bath (UB)
for 22 min at 60°C in acetone and then in milli-Q water solution with sonic bath soap (3
w/w), then rinsing first with milli-Q water in UB, and then again with isopropanol (same
procedure); finally they were dried with nitrogen pump.

A volume of 100 ul was left over the supporting glass for 30s before starting the spin-
coating at 1.0 krpm speed for 60s, in controlled ambient atmosphere. This allowed to
achieve an extremely uniform film coating with nanodomain gap < 5 nm (as will be shown
later). The film, thanks to the self-assembly, consisted of a spatially invariant high density
lattice of nanodomains characterized, because of micelle nucleation, by silver NPs’ (Ag-NPs)
clusters limited in size-dispersion.

Finally, UV exposure at 254 nm (Hg lamp Sankyo Denki G15T8) at a sample distance
of 6 cm with energy density of 1.7 mJ/cm? (for the details see Figure 4.2), for 24h, removed
the copolymer. The achieved reddish plasmonic film on glass appeared as a transparent
optical coating with a green backscattering glow. Note, that the film homogeneity and
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adhesion resulted unaffected when soaking into solutions of water, methanol, ethanol and
acetone, thus demonstrating the high quality of the adhesion between silver nanoclusters
and substrate surface.
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Figure 4.2: Specific power/distance dependence of Hg lamp Sankyo Denki G15T8.

4.2 Experimental techniques and instruments

4.2.1 Raman spectrometer

In this work the Witec alpha300 system has been used (see Figure 4.3). The system charac-
terized by combination of its Raman capability and a highly efficient Raman spectrometer
with a high resolution confocal optical microscope. This complex provides not only a Ra-
man spectrum acquisition but also to combine this chemical information with a lateral
resolution in the sub-micrometer regime. Using green excitation light, resolution down to
220 nm is possible. The microscope, as well as the spectrometer and the detectors are
optimized for the highest throughput and efficiency which gives to the instrument an unri-
valled sensitivity. In the system, the laser light is delivered through a single-mode optical
fiber. This type of fiber supports only a single transversal mode (LFPy;, Gaussian beam)
which can be focused to a diffraction-limited spot. The reflected (Raman scattered) light
is collected with the same objective and is focused into a multi-mode fiber, which directs
the beam to a spectrometer equipped with a CCD camera (see Figure 4.3).

Using the Witec alpha300 system with its Raman capability, a variety of Raman modes
are possible:

e Collection of Raman spectra at selected sample areas (Single spectrum):
Single Raman spectra can be collected at user-selectable sample areas with integration
times ranging from a few ms to hours. The position of the collected spectrum can
be fully controlled in 3D. The microscope Z stage (the focusing stage) has a step size
of 10 nm, while the capacitively controlled piezo-stage has a positioning accuracy of
only 3 nm in the lateral directions. This ensures that the point of interest will remain
fixed under the excitation focus. This issue is of crucial importance especially when
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Figure 4.3: Schematic illustration of the beam path for confocal Raman microscopy. Ul-
XY positioner; U2-Scan stage; U3-objective tarret with objectives; U6-Binocular tube with
ocular camera; U8-Fiber coupling unit optical output; U9-Pushrod; U10-Filter slider unit;
Ull-Laser coupling unit optical unit; Ul4-Microscope Z-stage with stepper motor; M9-
objective turret; M10-reflector slider; E1-Multi-mode optical fiber; E2-Single-mode optical
fiber; E3-Laser; E4-Spectrometer; Ll-collection objective of the inverted microscope; L2-
manual adjustment knob for the L Position of the inverted microscope; L3 - Motorized X,Y,Z
positioning unit of the inverted microscope; L4 - Deflection mirror; L5 - Laser coupling unit
optical input for Raman or confocal measurements with excitation from below; L6 - Filter
wheel; L7 - Tube lens (position adjustable version optional); L8 - Flip mirror; L9 -SMA fiber
connector; L11 - FC fiber feedthough for Raman or confocal measurements with excitation
from below.
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spectra with longer integration times for the best quality and signal to noise ratio are
to be obtained from extremely small sample volumes.

e Collection of time series of Raman spectra at selected sample areas: Time
series of Raman spectra can be obtained to analyze dynamic sample properties. Time
series of thousands of spectra can be obtained and analyzed with integration times
ranging from a few ms to tens of seconds.

e Raman spectral imaging: This is the most versatile mode of the alpha300 system
with its Raman capability. In this mode, complete spectra are obtained at every image
pixel. Images with a size of 512x512(=262144 spectra) or even more (limited only
by the computer memory) can be acquired. During data acquisition, images can be
calculated from the spectra by applying a large number of analyzing modes, such as
integrating over certain areas, calculating the peak position or determining the peak
width etc. in the spectra. As each spectrum is a fingerprint of the chemical species
at a specific image point, the distribution of different materials or local properties of
the same material (like crystallinity, and local stress) can be analyzed in 3D and with
a spatial resolution down to 200 nm.

e Collection of Raman spectra along a selected line (Line Spectrum): If
only the distribution along a certain line in a sample is of interest (cross section,
depth profile etc.), Raman spectra can be obtained along a user selected line in three
dimensional space. This sufficiently reduces the number of spectra compared to the
spectral imaging mode and allows longer integration times per spectrum.

Confocal Raman microscopy Confocal microscopy uses a point source (usually laser),
focused onto the sample. The reflected light (Raman, fluorescence) is collected with the
same objective and focused through a pinhole at the front of the detector (see Figure 4.4.
This guarantees that only light from the image focal plane can reach the detector, which
greatly increases image contrast and with the proper selection of pinhole size, slightly
increases resolution (maximum gain in resolution: factor v/2).

The enhancement of image contrast and depth resolution for Raman microscopy is
extremely important. Meanwhile an enhancement of the lateral resolution in confocal mi-
croscopy requires extremely small pinhole diameters and will therefore decrease the detec-
tion efficiency to a level usually unacceptable in most experiments (see Figure 4.5).

Pinhole size The size of the pinhole, in optical coordinates, should not exceed vp a0 =2.5.
This will avoid the loss in depth resolution. To obtain the highest lateral resolution, the
pinhole size should be below vp,q.=0.5.

In practice, the pinhole size can be up to vp ;=4 without significantly changing depth
resolution and up to vp;e=2 without significantly changing lateral resolution. In case
Vpmaz >4 at least the resolution of a conventional microscope remains. This is due to the
fact that for a large detector the resolution is always determined by the diameter of the
exciting laser spot. Only the depth resolution (and therefore contrast for a thick sample)
is lost in this case.

For the experiment, the relation

M > 7Td0

m " UPmazA
must be fulfilled, where M is the magnification, dy the diameter of the pinhole and N A
the numerical aperture of the objective. The left side of this equation is defined by the
objective and the beam path. In Table 4.1, the parameter % is calculated for several
typical objectives.

(4.1)
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Figure 4.4: Principle setup of a confocal microscope.
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Figure 4.5: Collection efficiency as a function of pinhole size normalized to the total power
in the image plane.

objective || 10/0.25 | 20/0.4 | 40/0.6 | 60/0.8 | 100/0.9 | 100/1.25 | 100/1.4
M/NA 53 50 67 75 111 80 71

Table 4.1: M/N A for different objectives.
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wavelength (nm) || 440 | 488 | 532 | 633 | 785
dp=10pm 29 26 24 20 16
dp=25pm 71 | 64 | 59 | 50 | 40
dp=50pm 142 | 129 | 118 | 99 | 80
dp=100pm 286 | 258 | 236 | 199 | 160
dp=200pm 571 | 515 | 472 | 397 | 320

Table 4.2: F ?E; for typical wavelengths and pinhole sizes.

The right side of Equation 4.1 is defined by the wavelength and the pinhole size itself
Table 4.2.

In actual experiments, as the matter of fact, it is necessary to find a compromise between
the highest resolution and collection efficiency. This fact acquires additional importance in
case of Raman microscopy due to the extreme weakness of the effect.

4.2.2 Description of characterization techniques
4.2.2.1 Dynamic light scattering

(DLS) is also known as photon correlation spectroscopy (PCS) or quasi-elastic light scatter-
ing (QELS). The nutshell of the technique is the measurement of the temporal fluctuations
of the intensity of scattered light. The numbers of photons entering a detector are recorded
and analyzed by a digital correlator. The separation in time between photon countings is
the correlation time, ¢t. The autocorrelation function of the intensity at an angle 6, Iy is
computed as

S—=0| s ' (4'2)

s
g(t) = lim [1/0 Ig(S)Ig(s + t)ds

Laplace transformation of Equation 4.2 yields the distribution of relaxation times, A(7).
The decay rates of the relaxation modes provide translational diffusion coefficients.

In polymer solutions, DLS is used to determine the hydrodynamic radius of the con-
stituent particles using the Stokes-Einstein equation:

RH = ]</‘BT/67T’I]1)7 (43)

where kp is the Boltzmann constant, T is the absolute temperature, n is the solvent vis-
cosity and D is the diffusion coefficient. DLS has largely been exploited to study diffusion
in polymer solutions. DLS also has been used to investigate relaxation modes in block-
copolymer melts, and the effects of the entanglements on diffusion. Because the intensity of
scattered light is z-weighted (zoccM,, where c=mass concentration and M,,—mass-average
molar mass), DLS in sensitive to low levels of high-molar-mass solutes.

4.2.2.2 Small-angle X-ray scattering

The technique is ideal for the investigation of morphology or ordered phases in block-
copolymer melts, solids and gels because length-scales are probed which are typical of those
of block-copolymer microstructures, i.e. 1-100 nm. In contrast to transmission electron
microscopy (TEM), the structure of the sample averaged over the macroscopic size of the
beam is probed. Scattering data are presented as a function of the scattering vector ¢ or
its magnitude, where
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4 sinf
T
The relative positions of a sufficient number of reflections arising from microstructural
periodicities enable unambiguous identification of morphology. Further information is ob-
tainable by means of preparing oriented specimens, and obtaining diffraction patterns fro
different orientations. For example, in an oriented lamellar phase with the beam incident
parallel to the layers, Bragg reflections at ¢*, 2¢*, 3¢*,..., where ¢* is the position of the
first-order reflection, are observed along a direction parallel to the layer normal.
Small-angle X-ray scattering (SAXS) is appropriate where the electron density contrast
between blocks is sufficient for the polymer to diffract X-rays [Balta-Calleja 1989]. This
is often possible with an intense source of X-rays, such a rotating anode generator or a
synchrotron source. The radius of gyration of block copolymer micelles in dilute solution
can be obtained from SAXS measurements using the Guinier approximation [Guinier 2013]:

I(g) = 1(0) exp (—¢*R> /3) (4.5)

q=lql = (4.4)

This is valid for small scattering angles, ¢y < 1. Small-angle scattering intensity in the
high angle (¢) region can be analyzed to provide information on interface thickness (e.g.
the lamellar interface thickness block in copolymer melts or core-corona interface widths in
micelles). For a perfectly sharp interface, the scattered intensity in the Porod regime falls
as ¢~ 4[Svergun 2013]. For an interface of finite width this is modified to

I(q) < (S/V)q~*exp (702q2) (4.6)

where S/V is the interfacial area per unit volume and o is an interfacial width.

4.2.2.3 Atomic Force Microscopy

Atomic force microscopy (AFM) has been demonstrated to be an invaluable technique for
characterization of nanoscale structures at the surface of block copolymer films. In this
method, the deflection of a cantilever due to repulsive electronic interactions of an attached
sharp tip with the surface is measured. The microscopic movement of the tip creates a
force which is measured to provide an image of the surface structure. Both contact and
tapping mode AFM have been employed for the investigation of surface topography, the
latter avoiding contact of the tip with the surface. The morphology measured by means
of AFM is a function of copolymer composition, temperature, film thickness and surface
tension of the blocks.

Pioneering contact mode AFM studies by Meiners et al. [Meiners 1995] show that
chemical sensitivity at the surface of thin polymer films can be achieved by measuring the
microscopic friction and stiffness for glassy block copolymers. This provides invaluable
information to complement topography on the nature of the block at the surface. Funda-
mentally the operation of an AFM is described by Lennard-Jones interaction between a
microscopic particle and surface (see Figure 4.6).

The force, F'(z), depends on the potential, U(z), by the relationship:

dU(z)
dz
Therefore in Fig. 4.6 can be distinguished two different regimes, separated by zg, the
distance corresponding to a stationary point of the potential, U(z), and hence to F(zy) = 0.
For z values larger than zg, the force will be repulsive. As the force is the derivative of the
potential, it can be deduced that, due to the difference in the potential slope of the two

F(z)=-VU(2) =

(4.7)
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Figure 4.6: Left: Lennard-Jones potential U(z) (blue) and the related force F(z) (red);
right: Distance dependence of Lennard-Jones potential and force vs. tip-surface separation.
The tip-surface separation ranges in the contact mode (CM), non-contact mode (NCM),
intermittent contact mode (ICM) are highlighted [Michele Giocondo 2012].

regimes, the attractive forces will be considerably weaker than the repulsive ones, as shown
in Fig. 4.6. The details on contact and non-contact AFM modes can be found elsewhere
(e.g. [Michele Giocondo 2012]).

In our work AFM measurements were performed in so-called tapping mode, thus the
further description is dedicated to this one.

The main characteristic of the mode is the vibrating cantilever 1+-10 nm above the
sample with a larger amplitude so that the tip hits the sample at the lowest point of each
oscillation cycle. Furthermore, in this operating mode, the cantilever is excited at a fre-
quency slightly lower than the mechanical resonance, and the topographical features are
extracted using the amplitude modulation because of the forces generated by the inter-
mittent interaction between the AFM tip and the sample. Tapping mode is possible at
ambient temperature; however, the non-contact and intermittent modes of operation are
easier in vacuum where the damping of cantilever oscillations is negligible, allowing for a
much sharper resonance peak of the cantilever and hence higher sensitivity while measuring
the shift in resonance frequency. Tapping mode is not disruptive for fragile samples since
it eliminates completely friction forces between the tip and the sample that are dominant
in contact mode. At the same time its resolution is better than in the no contact mode,
in which the tip is in average more distant from the sample. Further description of the
details related to the dynamics of an oscillating tip in proximity of a surface can be found
in [Michele Giocondo 2012].

4.2.2.4 Transmission Electron Microscopy

Transmission Electron microscopy is a technique in which the image formation of ultra-thin
specimen (the thickness of the order of 0.1 pm) is based on the interaction of electron beam
with the specimen compound with subsequent magnification by magnet lenses (objective)
and registration on fluorescent screen or CCD-camera. Theoretically maximum level of
resolution of TEM with respect to the optical microscopes is caused by the small de Broglie
wavelength of electrons. This gives rise to extremely high levels of resolution permitting
to examine even a single column of atoms. The absorption of electrons in the material
supplies an image contrast in TEM due to the thickness and composition of the material.
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At smaller levels of magnification TEM image contrast is due to absorption of electrons in
the material. Alternate modes of use allow to observe modulations in chemical identity,
crystal orientation, electronic structure and sample induced electron phase shift as well
as the regular absorption based imaging. The wavelength of electrons is related to their
kinetic energy via the de Broglie equation. And in case of electron’s velocity approaching
the speed of light [Scott 2007], the additional correction must be made to take into account
the relativistic effects see Equation 4.8:

Ae & h (4.8)

\/QmoE (1 + ﬁ)

where, h is Planck’s constant, mg is the rest mass of an electron and E is the energy of
the accelerated electron. The electron beam is formed on the base of a process known as
thermionic emission from a filament, usually tungsten, or alternatively by field electron
emission [Hubbard 1995]. The electrons are then accelerated by an electric potential and
focused by electrostatic and electromagnetic lenses onto the sample. The transmitted beam
contains information about electron density, phase and periodicity; this beam is used to
form an image also.

4.2.2.5 TUV-Visible spectrometry

The difficulty of the direct absorption measurement is the reason why a typical implemen-
tation of UV-Vis spectroscopy consists in measuring dependance of the power transmitted
through the sample.

The most general optical processes for molecules illuminated by an incident beam are
absorption (which can or can not lead to fluorescence) and scattering (elastic or inelastic).
Photons involved in these processes 'disappear’ from the incident beam and their energy is
either transformed into heat in the sample or is re-emitted as photons in a different direction.
The last reduces the power of the beam meanwhile it travels through the sample and results
in a transmitted power Pr,, smaller than the incident power Pr,.. The difference is called
the extinguished power Pg,;. If, as mostly, only optical absorption (absorbed power is
Payps) and scattering (scattered power is Ps.,) contribute to this extinction, the energy
conservation will be:

PEa:t - PAbs + PSca- (49)

An extinction cross — section, o gy, can therefore be defined, and we have:

Ozt = OAbs + 0Sca- (410)

From a measurement of the transmitted power, the amount extinguished is deducible,
being simply the sum of the absorbed and scattered power.

For molecules, scattering is negligible compared to absorption, and extinction is then
equal to absorption, i.e. 0gyt & 0aps. This is why UV /Vis spectroscopy is often referred
to an absorption spectroscopy, even if it should (strictly speaking) be called extinction
spectroscopy. But, this is no longer true for larger objects, and in particular for nano-
particles, where the extinction spectrum (and not the absorption spectrum) is measured
by UV-Vis spectroscopy. This is a particularly important distinction for metallic colloids,
which constitute an important class of SERS substrates used in applications.

The Beer-Lambert law
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For an incident power density S, [W m?], the power extinguished by a single molecule is
by definition of the extinction cross-section Pr,+=0g;+Sne- This single molecule expression
should be related to the case of an ensemble of molecules. If we will consider as the
solution concentration of these molecules ¢,, [M] and an elementary volume of length dL
[m] along the beam and surface area A [m?] across. Thus, the power entering this box
is therefore P = Sp,.A [W]. Using Avogadro’s number N4 [mol~!], the volume contains
dN = Njc, AdL molecules, each of which contributes to extinction with a cross-section
oEz resulting in an extinguished power dPgyi—=NA0E.:SinccmAdL. The power of the
incident beam exiting the box is therefore P + dP with dP<0 and dP = —dPpgy, i.e. we
obtain the differential equation:

ap
P

Naogzicm [m™] therefore represents the proportion of the extinguished power per unit
length, called also extinction (or absorption) coefficient of the solution.

The power Pr,, transmitted though the solution over a path length L [m] (which is
commonly 1 cm in typical experimental implementations) is then related to the incident
power by integration of the previous differential equation, i.e.

= —NogztcmdL (4.11)

PTT'(L - PInc eXp(*NAO'EthmL)- (412)

The transmittance, T', which is usually defined as the ratio of transmitted over incident
power, is then could be written as T = exp (NaoggicmL). Usually, the most relevant
quantity, and what is given as output in many UV-Vis spectrometers is the absorbance
defined as [Valeur 2012]:

Plnc NAJEI CmL
A = —log((T) = logy, Pr. = ln(lz)) (4.13)

The decadic molar extinction coef ficient, & [m? mol~! in SI., usually expressed in
cm~t M~1] of the molecule is defined as *:
_ NAaEmt
6= —-. 4.14
In(10) (4.14)
In analogy with the extinction cross-section, it depends on the excitation wavelength. It
is essentially an alternative measure of the extinction cross-section of a molecule, but from
an ensemble point of view rather than the single molecule approach. The absorbance then
takes form:

A= —logo(T) = cméel (4.15)

The absorbance is therefore proportional to both the concentration and the molar ex-
tinction coefficient (or extinction cross-section). For molecules, since extinction and absorp-
tion are almost equal, the molar extinction coefficient is also sometimes called the molar
absorption coef ficient or molar absorptivity.

UV-Vis spectroscopy consists in measuring the wavelength dependence of the absorbance.
For a solution of a known concentration, it is then possible to derive the decadic molar
extinction coefficient and therefore the extinction cross-section (equal to the absorption
cross-section for molecules). With this respect a useful expression could be easily derived
from Equation 4.14, is:

L& is sometimes quoted in units of M~1. Tt is implicitly that the length scale is 1 cm and should be

understood as ecm~! M1, It is also sometimes referred to as the molar extinction coef ficient.
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opet[em?] = 3.82 x 1072 (e[lem ™ M~1Y)), (4.16)

which gives ¢ in cm? for € in cm™! M~!. As an alternative, UV-Vis spectroscopy can be
used to determine the concentration of a solution of molecules (or nano-particles) of known
molar extinction coefficient.

4.2.3 Experimental details of characterization techniques

Following every step of experimental procedure the systematic characterization of samples
had been performed by means of aforementioned techniques, namely: Dynamic Light Scat-
tering (DLS), Small-Angle X-ray Spectroscopy (SAXS), Atomic Force Microscopy (AFM),
Transmission Electron Microscopy (TEM), UV-vis spectrophotometry and SERS. In this
section the experimental details will be provided.

4.2.3.1 DLS measurements

DLS measurements I have done using a home-made instrument composed by a Photocor
compact goniometer, an SMD 6000 Laser Quantum 50 mW light source operating at 532 nm,
a photomultiplier (PMT-120-OP/B) and correlator (Flex02-01D). All the measurements
were performed at (25.00+0.05)°C with the temperature controlled through the use of a
thermostat bath.

4.2.3.2 Small-Angle X-Ray Spectroscopy (SAXS)

SAXS data of the solution were collected using an evacuated high performance SAXS instru-
ment "SAXSess" (Anton Paar KG, Graz, Austria), which is a modification [Bergmann 2000]
of the so-called "Kratky compact camera" [Kratky 1984]. Data collection has been per-
formed in the slit collimation configuration with SAXSess camera attached to a conventional
X-Ray source (CuKa, wavelength o = 1.5418). The scattered radiation was recorded on
a BAS-MS imaging plate (Fujifilm) and is processed with a digital imaging reader (Perkin
Elmer Cyclone Plus Phosphor Imager) at a resolution in the small angle region of ~ 60
nm (= 20/qmin, With Q. the minimum accessible value of scattering vector permitted by
our collimation setup, equal to 0.1 nm~! and g—4wsind/\, 20 being the scattering angle).
After subtraction for the dark current, the empty sample holder and a constant background
due to the thermal density fluctuations, the slit smeared data in the SAXS region (for g<4
nm~!) were deconvolved with the primary beam intensity distribution using SAXSquant 2.0
software to obtain the corresponding pinhole scattering (desmeared) intensity distribution.

4.2.3.3 AFM and SERS measurements

The topography of the micelle thin film as well as SERS measurements were carried out
on the combined AFM/Raman commercial set-up Witec alpha300 (with 3D piezo-scanner
spatial up to 3 nm). The topography images have been elaborated via the software WSxM
5.0 (Nanotec Electronica SL) [Horcas 2007]. SERS characterization I have performed in
back scattering configuration using a microscope objective with magnification 60X (N.A.
0.8) in confocal mode (pinhole was provided by the core of the delivery optical fiber with
D=50um) and wd = 300um, and a deep-depletion, back-illuminated Andor CCD camera
(DV401A-BV-352) (1024x400 pixels) operating at -60°C. SERS spectra and spectral im-
ages were acquired with an excitation source at 532 nm, provided by a frequency doubled
Nd:YAG laser. All the spectra were acquired over the spectral range from 400 to 1800
cm ™!, with a spectral resolution ranging from 1 to 3.5 cm™!, as estimated by the FWHM
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of the 1001 cm~! polysterene band. To avoid sample photodamage, the power impinging
on the samples was limited to 60 pW. Integration time for single spectra acquisition was
10 seconds.

4.2.3.4 TEM measurements

Transmission electron microscopy images were obtained in bright field mode using a Philips
EM 208S TEM with an accelerating voltage of 100 kV. For TEM characterization, the thin
films were backed with a carbon film, floated off on water with the aid of a poly(acrylic
acid) backing, and mounted on copper grids.

4.2.3.5 UV-Vis measurements

Extinction spectra I have repeatedly acquired to check the correspondence between UV /Vis
measurements and SERS performances as indicator test, (Perkin Elmer UV-Vis-spectrometer
Lambda 35) before and after polymer removal. The experimental characteristics of the in-
strument are: working range - 190-1100 nm, double beam operation, variable bandwidth
0.5-4 nm, absorbance range 3.2 A.

4.3 SERS-substrates characterization. Experimental re-
sults.

The central aim of the section is to provide the sequence of the experimental results that
are closely inter-related to each other and support an idea of exceptional quality of the
synthesized SERS substrates regarding their application both in case of red blood cell and
PAH (pyrene).

4.3.1 Dynamic light scattering

Before the DLS measurements I have diluted the neat micelles solution down to the concen-
tration of 1 mg/ml. As the model parameters of viscosity and refractive index the ones of
toluene had been used, as the last is the major component of the initial solution. The mea-
surements revealed the narrow diameter distribution of micelles (see Figure 4.7) around an
average value of hydrodynamic radius Ry, = 18.64+0.5 nm (D 37.240.5 nm). Thus, the tech-
nique has shown the first experimental evidence of the quality of the micelles synthesized
both in terms of their narrow size distribution and the size of nanometric scale itself.

While the first factor can already be considered as an essential prerequisite to the quality
of the spatial distribution of the micelles upon film-coating, the second, taking also into
account the experimental procedure of SERS-substrates synthesis (namely the position
of the silver nanoclusters in the core of the micelle), gave us a preliminary idea of how
the nanoclusters can be spatially distributed. As it will be shown, all the complex of
measurements presented further just confirms these preliminary ideas.

4.3.2 Small angle X-ray spectroscopy

The quality of the micelles sphericity has been proved on the basis of SAXS measurements
of the silver charged micelle solution (see Figure 4.8). These measurements revealed the
quasi-ideal spherical composition so far as gyration radius is R4=13.7 nm and its ratio to
hydrodynamic one (R,/Ry) results in a spherical parameter 0.74 (whereas for ideal sphere
this parameter is equal to 0.75). Due to the fact that for spheres of radius R and uniform
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Figure 4.7: Hydrodynamic radius Rj, distribution.

electron density the relationship <R2>=3/5R? may be used [Kratky 1984], giving R=17.7
nm is obtained in good agreement with the radius of micelle established (see Figure 4.8 A).
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Figure 4.8: A: (a) SAXS desmeared curve of 0.25 wt% polystyrene-b-poly (4-vinyl pyridine)
(PS-P4VP) block copolymer in 60/40 w/w toluene/tetrahydrofuran silver NPs charged
solution obtained in situ by reduction of AgNO3s with NaBH,. Calculated scattering data
from independently scattering spheres with radius equal to 15.7 nm (b) approximating the
primary micellar aggregates present in solution. B: Guinier plot of experimental SAXS data
(dots) in the low q region. The linear fit corresponding to root mean square gyration radius
Ry — 13.7 nm is indicated.
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Therefore, as it can be seen, the information, obtained by this kind of characterization,
gives us another clarification in terms of the quality of the micelles. Thus, being considered
together with the DLS data and the technological step in substrate synthesis (namely,
centrifugation and phase separation) responsible for the solution densification, the outcome
obtained in the next section seems to be rather predictable than unexpected.

4.3.3 Atomic force microscopy

In fact, the morphology measurements of the micelles film spin-coated on silicon (see Figure
4.9, left panel), obtained by means of AFM in tapping mode and further data processing,
revealed the morphology, representing high degree regular hexagonal arrays of PS-b-P4VP
micelles. The theoretical details related to the microphase separation in diblock-copolymer
melts, in particular ordering of micelles can be found elsewhere (e.g. [Semenov 1989]). As
it could be seen (Figure 4.9, left and right panel) the single micelle diameter defined by
this technique D,,,(AFM) 354+2 nm are almost equal to the previously determined ones:
D,,(DLS)=37.2£0.5, D,,,(SAXS)=35.44+0.5. Thus, an additional confirmation of the quali-
tative and quantitative composition (quasi ideal spheres with narrow diameter distribution)
of the solution has been achieved. The only discrepancy of the sizes, which is along Z-axis
(Figure 4.9, right panel) can be explained by the incomplete collapsing of the micelles on
the surfaces during film formation, accompanied by partial fusion of the coronal blocks of
adjacent micelles with forming of "bumps" [Krishnamoorthy 2006].

30,43 mmn
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Figure 4.9: Left: Example of AFM morphological characterization of the micelle film on
the silicon substrate with the profile line with marked profile; Right: profile section of the
marked (green) one.

Thus, all the substrates’ characterizations performed up to now, represent closely inter-
related outcomes, and each of them stands as an independent indicator of the substrates’
quality. In analogy to the previous conclusion, the results obtained by means of TEM can
be considered as foreseeable also.
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4.3.4 Transmission electron microscope

The diameter and gap (spatial) distribution of the Ag-nanoislands were determined by
means of transmission electron microscopy (TEM). As shown in Figure 4.10, each silver
cluster contained several tiny (2-6 nm) NPs. The average size D of each nanocluster of
Ag NPs was estimated to be around D 264+2 nm. The gap between the cores was varied
from 20 nm to 1-5 nm by increasing the spin-coating speed and micelles’ concentration,
with the best SERS performances for the smallest gap. The preserved hexagonal order of
silver nanoclusters is predisposed by the hexagonally organized crew-cut micelles containing
reduced silver in the core.
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Figure 4.10: TEM micrograph of the plasmonic hexagonal lattice coated on glass and
transferred on TEM carbon grid.

The major results obtained in this part of characterization, namely uniform hexago-
nally ordered identical silver nanoclusters, are of primary importance in terms of Raman
hyperspectral imaging. Cause only in this case of uniform covering of the macro-scaled
areas (with respect to the object under investigation) by silver nano-clusters one can be
sure that the image acquired during the scanning is adequate and reflects the real chemical
information. The further measurements will provide the additional confirmations to this
concept.

4.3.5 UV-Vis spectrometry

SERS-substrates synthesis recipe, developed and adopted in the work enabled restoring of
Ag-loaded micelles close packing geometry and uniformity. As shown on the Figure 4.11,
the extinction curves that I have peaked around 430-440 nm and 470-500 nm, respectively
were revealed, with tails up to 650 nm. This red-shift of the plasmonic peak is explained
by the difference in dielectric constants of the media surrounding metallic NPs, i.e. higher
dielectric medium causing the red-shift of plasmon resonance peak [Schultz 2003].

The determination of the LSPR peak position had been used as an auxiliary mecha-
nism for optimization of the initial receipt for the SERS-substrate synthesis. Being used
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Figure 4.11: UV-Vis extinction of the plasmonic hexagonal lattice coated on glass after UV
irradiation: before and after UV-exposure.

as an indicator of the substrates quality, the method permitted us to gain the condition
when the laser excitation line matched the peak position of LSPR band [Tan 2013]. The
condition gained is a indicator of how effectively the Raman signal will be amplified, cause
the closer LSPR band to the excitation laser wavelength, the higher the level of amplified
electromagnetic field "seen" by the molecule.

4.3.6 SERS characterization

Prior to the SERS characterization of the substrates, there where several inter-related
auxiliary procedures performed, namely:

e Knife-edge like measurements sounding in the beam parameters determination, used
further in the Enhancement factor evaluation;

e Preliminary SERS characterization and crystal violet deposition, used after in the
micro and macro SERS characterization;

e Enhancement factor evaluation, procedure involved also in the section of the micro
and macro SERS characterization.

4.3.6.1 Knife-edge-like measurements

The probed scattering area on the sample, Ag.q¢, constrained by confocal detection in
backscattering collection, and scattering volume were accurately measured independently
by me with a knife-edge-like technique on a silicon wafer with sharp edge by using the
Raman intensity of the 520 ¢cm™! silicon band as probe. Three-dimensional (3D) nano-
positioning of the sample thanks to a piezo-scanner with an in plane resolution of 3 nm and
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axial resolution pf 0.2 nm allowed the 3D characterization of the scattering volume. The
best fit of Gaussian beam waist profiling resulted in a collection area equal to Ag.,;=0.44
pm?. By analogy with Rayleigh length estimation for the depth of field of Gaussian beams,
a 'Raman’ depth, or effective thickness, was estimated given by h.sy = 2.6£0.2m following
[Cai 1998], and in good agreement with the fitted 'Raman’ depth estimated of 1.4+0.2um
via knife-edge scan tomography.

4.3.6.2 Preliminary SERS characterization and CV deposition

Crystal violet was diluted into a milli-Q water solution to different concentrations, namely
0.3, 3.1, 34.6, 43.8, 150, 380, 4200, 54000 nM. Then the particular employed solution was
infiltrated into a cell constituted by two parallel substrates (24x24 mm?) distanced by silica
beads spacers of variable diameter depending on the desired thickness of the cell, from 4.8
pm (£4%) to 15 pm (£4%). For larger thickness, PET spacers were employed.

The planar cell was previously sealed at two of the external borders with UV glue. With
this approach, the liquid is infiltrated into a precisely controlled volume. The entrance
and flow windows retain the liquid to evaporate by the surface tension of water. Under
this condition, the water goes out towards the center of the cell (see Figure 4.12). No
inhomogeneity effect (coffee-ring) is visible at an optical microscopy inspection when high
concentrated solutions are infiltrated (= 5mM). In other words, the conditions provided
cause a nearly perfect uniform layer of molecules. Molecular diffusion takes place at the
borders of the evaporating water surface, which is represented by the water meniscus along
vertical sections of the planar cell. The water meniscus then move towards the center of the
cell as the liquid evaporates and leaves adsorbed molecules on the top and bottom surfaces.
The lateral surface of the parallelepiped is negligible because of the small thickness (=100-
200 pm) of the cell with respect to the width (=24 mm). Being top and bottom substrates
identical, an equal deposition of the molecules is foreseen on the two surfaces. Thus, the
spatial density of molecules on each substrate can be straightforwardly estimated. As it will
be shown later, the uniformity of the molecular distribution of SERS enhancement factor
as actually experimentally found for lower concentrated solution.

In a second phase, even more radical and simplified method of deposition was developed
relying on the water surface tension properties that led to same outcomes. The exploiting
of the surface tension of the water sustaining the top substrate if the cell permitted avoiding
the use of spacer and border sealing. In other word, a 100-ul volume was left in the center
and covered gently by the other glass that spread uniformly the liquid till the glass borders.
The thickness of the volume embedded within the two silver-coated coverslips changed along
water evaporation zone, always keeping a constant area of adsorption.

Preliminary the G, I have calculated assuming a number of CV molecules estimated
as described below. A volume of 100 pul of 380 nM solution of CV distributed over an area
24x24 mm?=576 mm?, doubled because of two adsorbing surfaces, produced a number of
molecules N, = 8683 within the scattering area of 0.44 pm?. Given the effective diameter
D¢y 1nm of the CV molecule covering an approximate area of 0.785 nm?, and the number
of molecules N,y estimated in the scattering area, the molecular filling fraction of the
probed area is only 1.5 % (less than one monolayer). Given D—=26 nm and an average g—3
nm, that corresponded to a number of molecules per cluster N, = 13. For the reproducibility
test a concentration of 4.2 pM was deposited with the same approach producing a number
of molecules in 0.44 ym? of 95990, with N,=145.
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Figure 4.12: Schematic view of the single cell with illustration of the CV-solution evapora-
tion.

4.3.6.3 Enhancement factor evaluation

The enhancement factor of the substrates was estimated under the condition of molecular
deposition described above, namely Ng,,r. Raman enhancements were evaluated using the
definition of the SERS substrate enhancement factor of [Ru 2009], namely as

G = Is /Nsurf
IR/Nvol ’
where I, and I are the enhanced and standard amplitudes of one Raman peak, respectively,

and Nyyury and Nyo are the numbers of molecules estimated in the scattering area and
volume respectively (see Figure 4.13), contributing effectively to the signal I, and 1.

Vi

h eff

(4.17)

et

Figure 4.13: Schematic representation of scattering volume and scattering area.

Integrating the radial intensity within h.sf, the scattering volume resulted is 2.01 pm?3.
Hence, for the G evaluation, the Raman reference signal Ir of CV was normalized to the
number N, following the procedure described in [Cho 2012] by measuring the average
scattering from the bulk CV powder. Unfortunately, the approach aforementioned led to a
value of G overestimated of 2 orders of magnitude. Mainly because the strong absorption of



66 Chapter 4. Experimental part

CV molecules at 532 nm [Korppi-Tommola 1981] and having a molar extinction coefficient
approximately of 0.5-10° cm~' M~!, causing the small amount of molecules from a volume
with an effective thickness of 30 nm, that could actually contribute to the Raman signal
detected (a fraction of 3% of our scattering volume).

The last was confirmed by measurements carried out in diluted water solution of 1.1.
mM and 5.3 mM CV which demonstrated an adequate and reliable normalization Ir/N,;.
Finally, the reference was acquired also for a solid layer, 30-nm thick, obtained by CV
deposition from a solution with concentration 100 pM. The instability of the reference
signal Iz caused all these precautions. In fact, as it was found experimentally, the detected
signal varied linearly with power and integration time only for power (impinging on the
sample) <200 uW and integration time below a few seconds. Above this threshold of power,
Ir started to decrease significantly for increasing power till reaching a kind of saturation
regime in the milli-Watts range. Comparing intensity signals upon normalization to the
incident power and integration time, often much larger in standard Raman (even orders
of magnitude) than SERS, would have led to irreproducible comparison attempts between
different experiments, as well as to underestimated values of IR. The experimental values
were then Ig=830 counts measured with an incident power P, = 12 yW and integration
time At=1s, from N, y=8.683. The reference was instead Ir= 216 counts with 69 ¢W of
power for 10 s and from an estimated number of molecules N,,;=4.07x 107, that is given by
a fraction of 3% of the bulk powder within the scattering volume. Thereby, I have estimated
a value G = 1.04x106+3.6% (error given as the mean value of spatial reproducibility of
standard deviation over the set of 25, 2.500-um? areas). This value was in a good agreement,
with what was found by the other determinations of the Raman reference.

4.3.6.4 Macro- and micro-scaled SERS characterization

SERS characterization had been implemented aiming the experimental confirmation of the
reasonable enhancement factor (allowing the detection of the minute quantities of the an-
alyte) and the signal’s reproducibility throughout the large area. The last fact, due to the
peculiarity of the application, has to essentially transcend the linear sizes of the red blood
cell and this condition is absolutely necessary in terms of performances equivalence of all the
areas that would be potentially involved in the SERS measurement of single red blood cell.
In other words, this examination is a checking test for the SERS-substrates’ constitution
regarding the uniform matrix of silver nanoclusters with equal efficiency.

Experimentally SERS characterization has been performed in a couple of scales: micro-
and macroscale. While the task of the first one was the determining of SERS productivity at
the scales comparable to the single RBC, the second one was organized at the macroscale
level with respect to the RBC size. In both cases mentioned, the measurements were
performed using the crystal violet as the analyte molecule (see CV’s SERS spectra in Figure
4.14) and revealed an effective amplification of the Raman signal also on glass, despite of
essential decrease of the Enhancement Factor (EF) due to the minor dielectric constant of
common borosilicate glass (e=4) with respect to the silicon wafer (¢=12) [Etchegoin 2010].

Enhancement factor uniformity has been estimated by measuring the SERS spectra of
probe Crystal Violet (see Figure 4.14) that was almost uniformly dispersed on the substrate
see Figure 4.15, 4.12. Enhancement factor estimated is to be in the range of 10° on glass.
As shown in Figure 4.15 a very large uniformity was experimentally demonstrated with the
standard deviation 0<10% over a large area of 6400 ym?, and a value of o 3% over an
area of 16 pum?.

The second 'macro’-characterization of the SERS intensity response of our substrates
had been organized in a following way: there were 25 raster scans performed spaced by 2
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Figure 4.14: Crystal violet SERS spectra with 1620 cm™! characteristic peak marked.
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Figure 4.15: Left panel: surface distribution of the 1620 cm™! peak over 80x80 um?
(1600 sampling points (pixels); right panel: Gaussian fit of the 1620 cm~! peak intensities
distribution.
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Figure 4.16: Left - Relative standard deviation (o/<EF>) distribution diagram; right - a)
- plasmonic substrate photo, appearing with a reflective green glow at ambient light; b)
hyperspectral representation that were selected from a regular grid (also depicted in a) of 1
cm?; ¢) the demonstration of an excellent reproducibility of the biosensor detection area: is
characterized by a normal distribution of the SERS intensity, collected by spatial sampling

multiple local regions of the nanotexture plane.

mm over the area of 1 cm? of 50x50 um? for each scan area sampled with 1-ym spacing

(See Figure 4.16). The resulted standard deviation o is in the range of 0.9-5.6% over the
all area. The local spatial fluctuation of the SERS signal is notably below any reported
data. The full area (1 cm?) standard deviation is <30% despite of the huge scale of char-
acterization. It is worth to note, that this characterization-dependent value, G 41 ~10° is
only a ’'perceived enhancement’, i.e. an operational estimate, and does not represent a
limit to the achievable enhancement. The experiments can undergo dramatic differences
in the measured enhancement and sensitivity capability in relation to different plasmonic
surrounding conditions, basically because of the high localization of the electromagnetic
field in the cluster-based substrate and change of molecular adsorption affinity.

The most significant result provided by these series of measurements is the uniform SERS
response of the plasmonic nanocoated glass. The last, being finely tailored for biological
applications, permits also an integral cell sensing without the spatial injurious convolution
of the SERS signal with typical position-dependent amplification. Thus, the fact of eventual
variations of the signal during the measurements can be ascribed exclusively to the molec-
ular dynamics and random spatial fluctuations of the cell membrane thanks to the deep
examining by the complex of SERS substrates characterization techniques. And of course,
as it will be shown in the next Chapter, this fact is of paramount importance. Additionally,
the standard deviation around the average SERS signal (<30%) over the colossal scale of 1
cm? allows acquiring thorough statistic information required for significant biological assays
on many cells on the same substrate and with extensive reliability and integrity.

4.4 Conclusion

Thus, as I have demonstrated, the SERS substrates obtained represent an optimal combi-
nation of features imposed to the high-performance ones, namely: high enhancement factor
and perfect SERS-signal reproducibility over an exhaustive area (with respect to the linear
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sizes of the objects under investigation). The features outlined are of crucial importance
in terms of reliability of the SERS measurements. In particular, spectra oscillations that
unavoidably take place during the experiment can be surely attributed exclusively to the
local composition of biological macromolecules that are directly interacting (or at immedi-
ate vicinity) with the SERS substrate nanoclusters. This fact, of course, is fundamental,
cause only in this way the chemical composition revealed is authentic and reliable in both
cases: RBC and pyrene.






CHAPTER 5
SERS substrates application.
Results and discussion

5.1 Red blood cell membrane hyperspectral imaging

In the numerous studies on cells, tissues, and micro-organisms, two major parameters de-
termining the meaning and usefulness of the vibrational information were defined:

1. the lateral resolution and, hence, the size, number, amount, and heterogeneity of
biological object(s) the information is obtained from;

2. the detection sensitivity, which is of consequence to the duration of the measurements
and therefore to sample integrity, time resolution, and in-vivo applicability.

Taking into account the outcomes of substrates characterization obtained previously,
one can deduce, that our substrates are in a strong coherence to the requirements posed to
vibrational information presented above. Thereby, the results on substrates characterization
presented in the previous chapter form a solid basis for the substrates to be used when
investigating red blood cell membrane (RBC membrane) and pyrene.

RBC is usually considered as an ideal system for single cell analysis since it is devoid
of nucleus and other organelles and consists of a lipid bilayer membrane with embedded
integral and peripheral proteins, and carbohydrates. The non-nucleated erythrocyte is
unique among human cells in that the plasma membrane, its only structural component,
responsible for all of its diverse antigenic, transport, and mechanical characteristics and
thanks to its high deformability, plays a crucial role in oxygen transfer from blood to
tissues in microcirculation. It is worth to note also that while much progress has indeed
been made in the understanding of the structural organization of the various lipid and
protein components of the normal red cell membrane, the current models are far from
comprehensive and continue to evolve. A study using state-of-the-art proteomic approaches
[Pasini 2006] has generated a comprehensive catalog of red cell proteins and has identified
more than 300 proteins including 150 integral membrane proteins. The current membrane
models account for fewer that 15 % of these molecules! [Mohandas 2008].

Therefore, when we are talking about the red blood cell membrane, every new approach
needs to be tested, and welcomed if the reliable and authentic information is obtainable.
The last prerequisite is undoubtedly satisfied condition in our case.

Considering ordinary Raman-spectroscopy, the spectra are dominated by hemoglobin
(Hb) (principal content of the cell) and therefore it is quite difficult to isolate the contri-
bution of the membrane. Meanwhile, SERS substrates with high spatial reproducibility
are therefore ideal to detect the amplified Raman response originated from the interac-
tion of the membrane with the plasmon excited in our self-assembled Ag-NPs. Below the
experimental details related to the red blood cell membrane characterization are given.

The raster scans on large area (up to 100x100 pm?) I have acquired to inspect the
substrate before systematically investigation of multiple-area SERS enhancement. This



72 Chapter 5. SERS substrates application. Results and discussion

last covered the full area of 100 mm? in the centre of the 576-mm? plasmonic coating. The
erythrocytes were collected from the blood stream and injected into normal saline solution
(0.90% w/v of NaCl, 300 mOsm/L) in ratio 50: 1,000 v/v, then infiltrated into a sealed
planar cell of thickness 20 pum formed by a top coverslip and a bottom SERS substrate.
After 30-60 min, the erythrocytes floating in Brownian motion were found in contact with
the bottom plasmonic surface. SERS chemical maps were acquired on several erythrocytes
per substrate, with a power incident on the sample in the range 1 - 42 yW, that is a laser
intensity comprised between a value as low as 2.3x10*> W/cm? and a maximum of 1 x
10* W/cm?. The integration time At was varied depending on the experiment from 0.02s
for statistical fluctuation acquisition u(7) up to 4.0s for time-averaged spatial signal S(x,
y). Important, that the experiments last typically less than 2h, taken together with the
moderate laser power and short integration times are considered as protective measures for
the prevention of the object degradation.

In the Figure 5.1 the main principle of our measurements is schematically represented.

RBC

AFM piezo-scanner
spatial resolution3 nm

NN

Microscope
SERS substrate based Objective 60 x
on self-assembly

Figure 5.1: The principle of the single red blood cell SERS-imaging.

On the left side an RBC brought in a close contact with SERS-substrate is schematically
depicted (without the scales compliance). On the right hand the SERS-substrate (with an
analyte) and microscope objective together with the 3-D axes are represented. Note, that
the spatial resolution is defined by confocal configuration and also by hot-spot/absorption
efficiency.

In the Figure 5.2 is the scheme of the experimental measurement of red blood cells
is represented both for Raman and SERS. The method based on the sequential scanning
along the Z axis from the Z= 0 position (the position of maximum signal) into the body of
RBC and in opposite direction (marked as in negative). As it has been found, in the case
of Raman all the spectra obtained are characteristic for hemoglobin. Moving along Z axis
only the intensity of the peaks changes, but the principle spectra is preserved. Thereby,
it can be derived that in Raman measurements the volume contribution of the main inner
RBC component is observed only.

On the contrary, in case of SERS measurements the maximum of signal is observed
when the impinging laser is focused on the RBC-SERS substrate contact interface (Z= 0
position), thus giving rise to the signals substantially different from the hemoglobin ones.
Whereas moving out from this point provokes an essential decaying of the signal, thus giving
a clear idea about the surface nature of the enhancement.
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Figure 5.2: a) The schematic representation of the experiment on the determination of the
Raman axial characterization curve (top); characteristic hemoglobin spectra revealed in this
mode (bottom); b)The schematic representation of the experiment on the determination of
the SERS axial characterization curve (top); characteristic example SERS spectra revealed
in this mode (bottom).

Thus, as the intermediate conclusion it can be stated that the SERS measurements of
the RBC membrane provide its components detection only and free from any contribution
of the cell’s inner part. The last, of course, is crucial in terms of the of investigations of the
RBC’s membrane.

Further, the scanning along preselected line on the surface of RBC membrane has been
performed (see Figure 5.3).

As it can be seen form the illustration the spectra changes from point to point. The
reason of such behavior, according to the previously performed tough characterization of
samples, can be explained by the molecular dynamics of the RBC constituents that are
currently in a direct contact with an illuminated part of silver nanoclusters only. Moreover,
this experiment provides an additional insight into the potentiality of these substrates to
be used in molecular dynamics measurements.

Both the complexity of the object (see Figure 5.4) and the high sensitivity of the SERS-
substrates cause the richness of the spectra acquired (see Figure 5.5) to a large extent.

Meanwhile, in SERS spectra, despite of the general complexity of the spectra acquired,
the presence of different cellular components can be directly demonstrated (for instance, see
Figure 5.6). In the same time pure Raman spectra can provide the evidence of hemoglobin
presence only (see Figure 5.7).

Hyperspectral SERS imaging obtained by projecting of particular spectral bands over
the scansion area revealed high correlation with the optical image acquired via microscopy
on the same cell. In Figure 5.8, example of the surface-enhanced spectral image obtained
from the typical band of protein group Amide I and the corresponding optical image of the
same cell are shown. Characteristic lipid bands have also been significantly associated with
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Figure 5.3: Example of the SERS spectra evolution during the scanning in XY-plane.
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Figure 5.4: Schematic illustration of RBC-membrane.
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Figure 5.5: The example of the SERS spectra acquired while performing the scanning in
X-Y plane.
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Figure 5.6: Confrontation between phospholipid bilayer measured using our SERS sub-
strates (green one) and the one taken from the literature [Ahmed 2011] (blue one).
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Figure 5.7: The confrontation of the experimental results provided using different tech-
niques: Raman and SERS.

the borders of the RBC where the interaction with the substrate is stronger because of the
biconcave shape of the RBC. According to our conclusion, such correlation is another clear
evidence of the membrane origin of measured SERS signal.

Figure 5.8: Confrontation between optical image (left) and SERS image (right).

In addition, as it can be seen also from the Figure 5.9, even if the only contributor to
the Raman spectra is hemoglobin, the 3D reconstruction of this component distribution
intensities correlates with the SERS-image given before.

Thus, on the base of the results supplied, I can definitely state again, that the origin of
the signal used in SERS-imaging of red blood cell belongs only to its membrane components.
Consequently, the first general aim of the work - to demonstrate the applicability of the
surface-enhanced Raman spectroscopy in revealing of the chemical content of the red blood
cell membrane - is achieved.
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Figure 5.9: 3D reconstruction of the Raman imaging of the RBC based on the intensities
of hemoglobin.

5.2 Tentative peaks assignment

A comparison of the typical spectra detected along the membrane scan with the Ra-
man spectrum of ghost erythrocyte membranes reported by Mikkelsen [Mikkelsen 1978]
pointed out an excellent agreement with the membrane average chemical signature. By
analysing the coincidence of recurrent peaks and correlation with the Raman bands reported
for molecular membrane constituents, i.e. glycoproteins and glycolipids [Morrison 1971,
Gahmberg 1973, Fukuda 1979, Gordon-Smith 2013], we were able to identify significant
features into the SERS spectra. At a deeper level, not only there was a strong evi-
dence of glucose [Cael 1974] and N-acetyl-glucosamine [She 1974] skeletal vibrational fin-
gerprint but also a perfect matching of the peaks in all the spectral range up to 1500
cm~!. Of particular relevance were considered the vibrations corresponding to 515, 533,
1008-1015, 1020-1026, 1036-1038, 1046-1050, 1089-1094, 1111-1113, 1150, 1263, 1334, 1432
cm™! belonging to investigated monosaccharides also constituting the units of the ery-
throcyte carbohydrate coat (please refer to [Cael 1974] for details). A comparative anal-
ysis with the Raman spectrum of galactose [Gahmberg 1973] also gave a good agreement
into several spectral regions. Concomitantly, given the highly structured nature of the
detected spectra in the frequency region <900 cm~! due to carbohydrates and C-S/S-S
modes of peptides and the intermittent presence of peaks in the spectral region 1600 &
1700 cm~! denoting the presence and conformation of the protein along with the amide
IIT correlated signature, it resulted very difficult to discriminate between the peptides
[Podstawka 2004, Kurouski 2012, Blum 2012] and carbohydrates contribution to the SERS
spectra. In fact, several evidences comprising the S-S bridge (500-550 ¢cm~!) and C-S
(600-670 cm~!) normal mode (cysteine) [Van Wart 1986, Qian 1992, Kurouski 2012] to-
gether with the population of the amide I [Podstawka 2004] and amide IIT [Lippert 1975]
ascribable to glycine, leucine, methionine, phenylalanine, proline, valine and tryptophan
(886 cm™1) led to the conclusion of detecting the SERS of both carbohydrates and pro-
teins. Besides, extremely intense and well defined peaks showing very large signal to



78 Chapter 5. SERS substrates application. Results and discussion

noise ratio were also matched with the phospholipid content (described earlier, see Fig-
ure 5.6) (C-C stretch in the region 1060-1130 cm~!, POj - stretch and CH, twist and bend)
[Lippert 1975, Wallach 1975, Gaber 1978, De Gelder 2007].

Remarkably, spectra acquired at low excitation power (<10 uW) were characterized
occasionally by the presence of a very simple structure of peaks (even consisting of only
two very intense peaks on a blank continuum). I believe that this could be due to the
particular sensitivity curve of the substrate that allowed detection only molecules in close
proximity to the SERS hot spots (therefore belonging to the carbohydrate coat on the
plasma membrane expressing integral and peripheral glycosylated proteins and glycolipid
rafts) and occasionally with a Raman gain so large to enable a true single-molecule detection
with very few frequencies of larger intensity.

In addition, although possessing the reproducible population of vibrational frequencies,
the main character of the experimental SERS detections was essentially represented by the
change in the relative intensities of the Raman modes along a raster scan. Thus, inferring
the conclusion of positional sensitivity to the local molecular population convoluted with the
Brownian fluctuations and molecular dynamics within the living erythrocyte membrane. By
collecting the SERS signal at the same positions in sequential mapping (also with different
spatial resolution) in selected region of the cell, I have found the spectra to be reproducible
and characterized by the same relative intensities despite the considerable time delay of
tens of seconds between subsequent acquisitions.

5.3 Polycyclic aromatic hydrocarbon (pyrene) detection

First, let’s briefly describe the nature of polycyclic aromatic hydrocarbons (PAH). PAH are
a group of different chemical compounds with a condensed multibenzene structure. As it has
been outlined, PAHs are important environmental pollutants formed during the incomplete
burning of coal, oil, and gas or other organic substances such as tobacco or carboiled meat
[Leyton 2004]. They can be found as a mixture of different related molecular compounds in
air, soil, and water due to both natural process and human activity. Because many of them
have been reported to be strong carcinogens [Guo 2004] it is important to find an effective
and selective method to detect them.

The main challenge in detection of the PAH by means of SERS is their electronic struc-
ture. Although coupling of m-electrons of PAH with the metal substrate should occur, this
class of compounds does not present a specific functional group that could act as a strong
anchor to the surface of the substrate that would intensify the SERS effect via a signifi-
cant chemical mechanism. Moreover, in the presence of the substrates traditionally used
in SERS analysis, the PAHs were observed to decompose [Costa 2006]. Despite of these
natural constraints the approach used here is supposed to be based on three fundamental
factors: physisorption, high enhancement factor, short signal exposition (integration) time
and moderate laser power.

The main reason for the application of the SERS technique for the detection as well as
the quantitative determination of PAH is the enormous enhancement of the intensity of the
Raman scattered radiation is due to the adsorption of the molecules of PAH on the metal.
Moreover, due to the enhanced sensitivity of the detection, measurements provided in this
section enabled the pyrene minute concentration (of the level of uM) detection (see Figure
5.10).

As it can be seen from the Figure 5.10, the intensity of the SERS signal, even with the
2,333-fold lower laser power, is much more pronounced with respect to the Raman one.
So, this example on the substrates application represent an obvious advantage when used



5.4. Conclusion 79

—— SERS of Pyrene (monolayer) [0.012 mW, 10s]
—— Standard Raman of Pyrene-bulk powder [28 mW, 10s]
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Figure 5.10: Confrontation between Raman and SERS spectrum of pyrene.

with this particular compound, despite the all precautions caused by its specific structural
composition.

Thus, in this part of the work the applicability of our SERS-substrates in the detection
of the minute concentrations of pyrene has been experimentally demonstrated. Due to
the exceptional combination of the fundamental properties of substrates enhancement and
reproducibility the detection of pyrene became possible. Therefore, the second general aim
has also been successfully achieved by demonstrating of the results given here.

5.4 Conclusion

Thus, on the base of the results obtained and presented in this chapter, the conclusion
on the successful applicability of our SERS-substrate to the investigation of the chemical
content of the RBC-membrane and pyrene can be straightforwardly deduced. The rich-
ness of the spectral information provided by SERS-technique is caused exclusively by the
molecular dynamics of the chemical content of RBC membrane. Therefore, on the base of
accurate peaks assignments with reference to the data available currently in the literature,
the method proposed possess all necessary in order to become a simple routine protocol for
the RBC membrane and pyrene investigation.

5.5 Future perspectives

Thus, on the base of fundamental demonstration of the applicative capacities and general
performance of our SERS substrates the following proposals for the future perspectives are
proposed: Regarding the RBC investigation:

e to perform the comparative analysis based on the confrontation of SERS spectra and
mechanical characteristics of RBC obtained by using optical tweezers system. Thus,
the possible correlation can be observed, based on the mechanical properties and
chemical structure;
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e to see at the molecular level the distribution of the chemical compounds of RBC
membrane in comparison with the healthy and ill donors.

Relating to pyrene detection future work will be concentrated on the further sensitivity
enhancement, thus enabling the detection of the trace concentrations of the pyrene.

Figure 5.11: Left: detail of the microstructured cladding of the Mercedes fiber. Right:
image of the microstructured fiber core with visible Raman back-scattering (through notch
filter).

The work is supposed to be based on the involvement of the fiber-based SERS sensors
(see Figure 5.11). The working surface will be created by infiltration of our SERS solution
within the air capillaries of a 3-hole suspended (non-commercial) core fiber, thus permitting
us to test the possibility of "signals’ accumulation along propagation" in order of further
signal enhancement. The preliminary works performed include:

e the on-going characterization of these novel fiber sensors;
e the optimization of the polymers’ removal through the thermal annealing;
e the effects of signal degradation because of the propagation losses;

e the functionalization of the active coating for improving the molecular affinity of the
target molecules.



CHAPTER 6

Conclusion

On the base of the results obtained throughout the work the following states are need to
be underlined:

1. the SERS substrates, based on block-copolymer self-assembly, representing a compro-
mise between top-down and bottom-up techniques and involving the advantages of
both has been successfully synthesized;

2. on the base of the sequence of different and closely interrelated characterization tech-
niques high enhancement factor (=~ 10°), excellent spatial reproducibility of the SERS
signal (with standard deviation around < 30% over a colossal scale (10x10 mm?)),
and ordered morphology in the aspect of ultra-high density array of silver nanoclusters
of uniform size and gap distance has been revealed.

3. the applicability of the ones has been successfully demonstrated on the example of
red blood cell membrane and pyrene;

4. due to the positive results obtained in the previous clause the future perspectives have
been sharply outlined.

Below the most significant details of the aforementioned items are presented.

The preliminary work related to the overview of the existing methods for SERS sub-
strates synthesis revealed the dilemma including the combinations of advantages and draw-
backs of two main synthesis families top-down and bottom-up. Basing on the detailed
analysis of the recipes finally it has been found, that the block-copolymer self-assembly
based approach represent a flexible method for the SERS substrate synthesis unifying the
advantages of both previously noted techniques, namely: simple synthesis, high enhance-
ment factor, high uniformity on small scale.

Further experimental testing of the substrates, synthesized under the experimentally
modified approach, has confirmed their excellent performance characteristics, satisfying
both aspects of "SERS uncertainty principle", namely: high enhancement factor and signal
reproducibility. Also, in correspondence with the complex of the characteristics revealed,
the conclusion on the signal’s origin has been deduced - the amplified Raman response
originates only from the interaction of the object analyzed with the plasmon excited in
silver nanoparticles of the substrate. Thus, the chemical content of the species is exclusively
revealed.

The quality of the outcomes listed above permits the further development of the mea-
surement, principle. Providing the combined examination of both chemical content and
mechanical properties of RBC’s, the technique is also supposed to be able to discern the
spectral content of the healthy and ill donors.

As to the further development of the approach in respect the pyrene detection, the
method is planned to be combined with the fiber-based SERS-sensors technique.

Finally, the work represents the successful attempt of synthesis and application of the or-
dered ultrahigh-density templates of nano-textured silver particles for the surface-enhanced
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Raman spectroscopy of red blood cell membranes and pyrene. Thanks to its unique com-
bination of the features, namely high-enhancement factor and signal reproducibility, the
spectral information revealed by the application of substrates is strictly authentic and re-
liable. Therefore, eventual variations of the signal can be then ascribed to the molecular
dynamics and random spatial fluctuations of the cell membrane. Thus, the substrates do
possess an optimal combination of characteristics to provide such a delicate, label-free, sen-
sitive and chemically specific measurements and an integral cell sensing with no spatial
injurious convolution of the SERS signal with typical position-dependent amplification. As
a consequence, the application of such SERS-active templates can find large employment
for biochemical and environmental sensing.
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