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Summary

In situ investigations of biological molecules using vibrational sum-frequency-generation
spectroscopy

The molecular-level understanding of biological molecules on solid surfaces is critical in
areas including medicine, biologically-based industry, and the development of biotechnologies.
In order to gain further knowledge of the orientation and organization of biological molecules
adsorbed on surfaces, we used the label-free, interface-specific technique of sum-frequency gen-
eration (SFG) spectroscopy. This technique has the distinct advantage of being able to be operated
in situ as well as ex situ, allowing for direct comparison of changes in biological molecules between
these two states. Films of surface-bound single-stranded DNA (ssDNA) on gold were chosen as
model biological systems due to their numerous applications in genetic profiling, nano-assembly,
and bio-computing, as well as their relative simplicity as biomolecular layers. Sensitivity and
proof-of-principle tests on simple surface-bound, short alkane chains demonstrated the ability of
SFG spectroscopy to detect molecular concentrations low enough to be useful in the investigation
of biological molecules and to accurately detect the interactions of water with model hydrophobic
and hydrophilic self-assembled monolayers. Investigations of multilayers of thymine, adenine,
and cytosine nucleobases alone revealed a high degree of order in the thymine layers, with the
signals from the methyl group unique to this base clearly visible. Films of both thiolated and
non-thiolated surface-bound DNA in air showed little and moderate orientation, respectively,
with the methylene stretches of the sugar-phosphate backbone dominating the spectra. Compar-
ison of the changes in signal intensity among thymine, adenine, and cytosine ssDNA films in air
and in H,O revealed differences in their solubility, which agreed with current ex situ knowledge
of the manner in which these differing DNA types adsorb on gold surfaces. These experiments
also revealed the appearance of nucleobase-specific spectra upon exposure to water, which was
tied to the higher mobility of the sugar-phosphate backbone under these conditions. Investiga-
tions of hybridized ssDNA films in air using SFG spectroscopy indicated that the hybridization
process in surface-bound DNA molecules does not necessarily correspond with an increase in
molecular order, as is known to happen with DNA molecules in solution, and furthermore that
even gentle processing of such hybridized samples for ex situ analysis can significantly disrupt
the hybrid structure. These results were confirmed using near-edge absorbtion fine structure
spectroscopy. Finally, the results obtained from the model DNA films were applied to a more
complex biomolecule, fibronectin, on gold surfaces. Experiments showed that SFG spectroscopy
could detect a fibronectin film even under a layer of fixed cells. Further tests on living cells over
alkanethiol self-assembled monolayers confirmed this observation. These results give new infor-
mation on the orientation and organization of DNA films on solid surfaces both in and ex situ,
and show how this knowledge can be applied to more complex biological systems. Furthermore,
this work contributes to a knowledge base for the application of SFG spectroscopy to future ques-
tions in which the label-free, in situ knowledge of surface-bound biological molecules is of critical
importance.
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Kurzfassung

In situ Untersuchung von biologisch relevanten Molekiilen mit Summenfrequenzerzeugungs-
Spektroskopie

Das Verstdndnis von Biomolekiilen auf dem molekularen Niveau auf Oberfldchen ist ins-
besondere in der Medizin, der biologischen Industrie und bei der Entwicklung von Biotechnolo-
gien essentiell. Die markerfreie und grenzflachenspezifische Summenfrequenzgeneration (SFG)
Spektroskopie wurde angewandt um Orientierung und Konformation von Biomolekiilen auf
Oberflachen zu bestimmen. Diese Methode kann sowohl in situ als auch ex situ verwendet wer-
den. Verdnderungen der Biomolekiile zwischen beiden Zustinden werden sichtbar. Auf Gold
gebunden Einzelstrang DNA (single-stranded DNA: ssDNA) wurde aufgrund der zahlreiche
Anwendungen bei genetischem profiling, Biocomputing und in der Nanotechnologie als biolo-
gisches Modellsystem gewé&hlt. Anhand von Messungen an selbstorganisierten Monoschichten,
bestehend aus einem unterschiedlichen Verhéltnis von deuterierten und undeuterierten Alkanthi-
olen auf Goldoberflachen, konnte gezeigt werden, dass bei der SFG Spektroskopie geringe Ober-
flachendichten, wie sie bei der Untersuchung von Biomolekiilen vorkommen, ein hinreichendes
Signal-Rausch-Verhiltnis ergeben. Gleichermafien wurden die Wechselwirkungen von Wasser
mit hydrophoben und hydrophilen selbstaggregierenden Monolagen bestimmt. Messungen an
Multilagen von Thymin, Adenin und Cytosin Basen ergeben einen hochgeordneten Zustand der
Thyminschicht, der sich von einem starken Signal der basespecifischen Methylgruppe ableitet.
Immobilizierung der ssDNA mittles Thiollinken resultierte in einem hohrer Ordgung im Vergle-
ich zu nichttiolierten DNA, dabei dominierten die Methylenstreckschwingungen des Zuckers das
Spektrum. Vergleich der Veranderungen des Signals von Thymin, Adenin und Cytosin ssDNA in
Luft und Wasser legten Unterschiede in ihrer Loslichkeit dar, welche mit dem aus der Literatur
bekannten ex situ Adsorbtionsverhalten der verschiedenen Nukleobasen auf Goldoberfldchen ko-
rrelieren. Dartiiber hinaus zeigten die Spektren in wéssriger Losung nukleobasenspezifische Ban-
den, welche sich durch eine erhohte Mobilitdt des Zuckerrtickgrats erkldren lassen. SFG Spektren
von hybridisierten ssDNA Filmen in Luft deuten an, dass der Hybridisierungsprozess von ober-
flachengebundenen ssDNA Molekiilen nicht notwendigerweise mit einem Anstieg der moleku-
laren Ordnung korreliert. Dieser Zusammenhang ist anders als es fiir DNA in Losung bekannt ist.
Ebenso kann selbst bei vorsichtigem Umgang von derartig Proben fiir die ex situ Untersuchung
eine signifikante Storung in der hybridisierten Struktur entstehen. Diese Ergebnisse wurden mit
Rontgen-Nahkanten-Absorptions-Spektroskopie (NEXAFS) besttigt. SchliefSlich wurden die zu-
vor gewonnen Ergebnisse aus den DNA Studien auf das komplexere Biomolekiil Fibronection
angewandt. Die Experimente zeigten, dass SFG Spektroskopie die Fibronektionfilme selbst durch
eine Schicht von fixierten Zellen hindurch detektieren kann. All diese neuen Erkenntnisse tiber
die Orientierung und Organisation von DNA Filmen auf festen Oberfldchen bilden die Grund-
lage fiir die weiterfithrende Anwendung der SFG Spektroskopie, bei denen markerfreie und ober-
flachengebundene Biomolekiile von grofier Bedeutung sind.
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Chapter 1

Introduction

1.1 Biomolecules on Surfaces

Nature makes extensive use of surfaces in order to control biological reactions. Interfaces
such as the cell surface/extracellular matrix (ECM), cell surface/protein, and ECM/protein are,
in fact, where most biological reactions occur [1, 2]. In our effort to control and adapt biologi-
cal mechanisms and processes to our own particular needs, surface science offers many unique
advantages.

First, employing surface functionalization techniques adapted from chemistry allows for
the fabrication of substrates for biological reactions that can be tailored to specifications such
as hydrophobicity, charge, or the presence of a particular functional group, thus enhancing (or,
in some cases, diminishing) the reaction in question. This advantage has been used to prevent
protein adsorption [3, 4], create simple biomolecular computers [5, 6], and control cell behavior
[7, 8]. Second, the use of particular surfaces can provide a measure to control the orientation
and ordering of adsorbed molecules, which can further facilitate their biological reactivity or
interaction with biological systems. This approach is currently being used in the developing field
of tissue engineering, where for example surfaces functionalized with the temperature-switchable
polymer poly(N-isopropylacrylamide)serve as a growth substrate for cells. The cells can be grown
to a confluent state on such surfaces, then removed as an intact sheet by changing the temperature
and inducing a conformational change in the polymer beneath [9, 10].

Finally, as immobilizing biomolecules generally involves fixing many molecules to a con-
fined space it becomes possible to localize in 2D space a biological reaction that would perhaps in
nature only occur in small amount spread out over a large and undefined 3D area. This strategy
is being used commercially in the case of protein [11, 12], antibody [12, 13], and DNA [14, 15]
arrays, where the immobilization of a large number of molecules together makes it possible to
easily visualize the fluorescent signal when labeled target molecules are introduced to the system
and binds.

In addition, the unwanted adsorption of biomolecules on surfaces is a major issue in a
number of areas. In global shipping and other marine industries, biofouling by Ulva spores and
other organisms causes significant increases in the costs associated with an increased need for
fuel [16, 17], an issue which has been at the heart of a recent research efforts [18, 19, 20]. In
the food industry, the formation of biofilms and colonization by bacteria causes problems in the
diary, meat, and even grain industries [21, 17]. In medicine, the buildup of proteins on an implant
surface can trigger an inflammatory response and the formation of fibrotic capsules around the
device, resulting in implant failure and possibly serious complications [17, 22]. A more complete
understanding of how biomolecules bind to surfaces and how they behave once attached may
also contribute to new technologies which are able to prevent adsorption in these situations.

Biomolecules which are intentionally immobilized on solid substrates generally fall into
one of five categories: proteins (including amino acids, polypeptides, and multi-protein aggre-
gates), lipids, saccharides, nucleotides (including DNA and RNA), or composite molecules con-
sisting of a combination of two or more molecules from the previously listed categories [1]. Yet
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Figure 1.1: Examples of areas in which biomolecule-surface interactions play an impor-
tant role. All images used are copyright-free and in the public domain.

despite this variety and the examples given above, the field of biointerface science is still relatively
new, and a number of limitations still need to be overcome before full realization of the potential
of these systems can occur.

Among the most pressing of these is perhaps the ability to understand on the most basic
levels what exactly occurs in systems where biomolecules are bound to a solid substrate [1, 2,
23, 24]. Biomolecules tend to be quite complex, and can give complex results in experiments.
Of the molecules listed above, DNA and RNA are some of the most simple. Furthermore, they
offer unique advantages due to their relative simplicity, versatility, and specific hybridization
properties. Thus these molecules offer a good starting point for a bottom-up approach to the
further understanding of biomolecules at interfaces.

1.2 DNA and Biotechnology

1.2.1 Applications

DNA (Deoxyriobnucleic acid) holds great promise as the basis for new nano-scale biotech-
nologies due to its unique recognition and coupling abilities [25, 26]. In recent years it has become
possible to order DNA sequences of any arbitrary sequence and of almost any length desired. This
technological advance has had significant effects on DNA biotechnology.

In solution, the exploitation of the sequence-specific recognition of DNA has resulted in
the creation of 3D scaffolds on which proteins can be immobilized in order to either position
them more effectively for use in enzyme and other reactions, or as a means to crystallize them
for structure determination using X-ray crystallography [25]. Relatively recently, P. Rothemund
demonstrated that DNA can be synthesized to fold into almost any arbitrary shape [27]. These

2



Introduction

Probe strand

= a

0 o = :
& = Hybridization : e
o /4
—4

S “

>
= S
= =
e —
= =

Target strand

Figure 1.2: Cartoon of hybridization in a surface-immobilized DNA film. The target
molecules are immobilized on the surface, and the probe molecules are introduced and
bind to the surface-bound moities.

technologies are based on the concept of a DNA "sticky end": a trailing DNA edge of a particular
sequence that will only bind with its compliment. Through a well-considered choice of the se-
quence of this end, its placement and thus the resulting shape of the overall DNA strand to which
it is attached, can be determined.

Surface-bound DNA has also begun to be more heavily used in biotechnological applica-
tions. Previously, the attachment of these molecules to a solid surface was done primarily in the
form of DNA microarray fabrication. DNA microarrays are detection tools which take advantage
of the specific binding properties of DNA and RNA. They are currently used in applications such
as measuring expression levels, assessing genetic variability, and disease profiling [28]. DNA
microarrays are created by attaching thousands of single strands of DNA of a known sequence
to a surface. When single stranded DNA (ssDNA) of an unknown sequence is passed over the
microarray, complimentary strands will bind (Fig. 1.2) and activate a fluorophore which can be
visually detected and quantified (Fig. 1.7) allowing for the processing of thousands of genetic
tests simultaneously [15, 14]. This useful technology continues to be heavily used in biological
applications, even as other uses for surface-bound DNA are being developed.

Mirkin and colleagues [29, 30] applied the "sticky end" concept to DNA strands immo-
bilized on gold nanoparticles. They showed that through this method they could control the
aggregation of the nanoparticles by controlling the length of the sequences used to decorate the
surface. The use of DNA-decorated nanoparticles for diagnostic purposes is currently a field of
active research [31].

Other fascinating developments in the field of DNA biotechnology have been the advent
of DNA computing and the use of DNA for the direction of cell settlement. DNA computing was
first demonstrated by Adleman, who used DNA in solution to solve a seven-point Hamiltonian
path problem [32]. Since then, this field has evolved to include using DNA immobilized on sur-
faces [5]. Using DNA patterning to control where cells settle on a surface requires attaching a
DNA strand with a "sticky end" to the membrane of a living cell. This was achieved by Fran-
cis and colleagues [33], who then proceeded to arrange these cells in a precise way using DNA
microarrays functionalized with the compliment strands [8, 7].

Further interesting properties unique to DNA molecules are also being discovered and
exploited. For example, research into the properties of the various DNA nucleobases has shown
that adenine and adenine-containing DNA strands have a relatively high preference for gold and
will adhere to it relatively strongly [34], even to the point of out-competing DNA sequences of
cytosine, guanine, and thymine, in that order [35]. Thymine in particular has shown to have only
a very weak affinity for gold [36]. Using this knowledge, Opdahl and co-workers [37] designed
DNA strands which consisted of a block of adenine followed by a block of thymine (called block
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Figure 1.3: Graphic example of an block-oligonucleotide with 2 thymine and 3 adenine
subunits. The molecule bends into an L-shape with the adenine adsorbed to the substrate
and the thymine extending away from the surface upon exposure to gold.

or di-block oligonucleotides). They demonstrated that these special strands would adsorb on a
gold surface in an L-shaped conformation, with the adenine block adhered to the surface and
the thymine block extending away into the ambient (Fig. 1.3). This had the effect of significantly
lowering the cost of DNA needed to make arrays, as these block-oligonucleotides did not need to
be functionalized in order to adhere to a substrate. This method also allows for a certain degree
of control over the density of the DNA in the film, a parameter which is of critical importance in
hybridization efficiency [38, 39, 40], through the shortening or lengthening of the adenine block.

1.2.2 DNA Structure

DNA is composed of repeating nucleotide units consisting of of a phosphoralated 5-D-2’-
deoxyribose sugar attached to one of four different types of nucleobase (monocyclic pyrimidines
thymine or cytosine, or bicyclic purines adenine or guanine) via a 8-glycosyl C;.-N linkage [41]
(Fig. 1.4). The nucleotide units making up the DNA strand are referred to as thymidine, adeno-
sine, cytidine, and guanosine, and are abbreviated (dT), (dA), (dC), and (dG), respectively. In
the case of the synthetic DNA primarily used in this work, in which the entire strand consists of
only one type of base, the total number of nucleotide units is generally given as a subscript after
the chain abbreviation, e.g. (dT)2s. Futhermore, when modifications such as the addition of a
thiol group are present in the DNA molecule, they are denoted by the chemical symbol after, e.g.
(dT)25-S.

A DNA nucleotide can twist itself in a number of ways. A list of the possible angles in
which torsion can occur (Fig. 1.5) and the atoms which create these angles are listed in Table 1.6.
Of the angles listed, o, , 7, €, ¢, which describe the rotation around the backbone, and x, which
describes the rotation of the base relative to the furanose sugar, would be expected to contribute
most significantly. The other angles listed (J, vo-v4) primarily describe potential areas of twist
within the 5-member ring, which is expected to be more constrained. However, it is known that
this ring is generally non-planar, with the atoms transitioning between an arrangement in either a
twist with two atoms displaced on opposite sides of a plane or an envelope with one of the atoms
in a different plane than the other four [41].

The plane of the nucleobase is generally approximately normal to the plane of the sugar.
The torsion angle describing the rotation of the nucleobase around the sugar, x, can be described
as either syn or anti. In syn, the six-member ring in purines or the O, group in pyrimidines are
positioned over the sugar, while in anti they are pointing away [41]. The angle ~ relates the
position of the Os: atom relative to the line of the C3/ and C4 atoms in the sugar, and can be used
to describe the rotation of the phosphate group relative to the sugar moiety. This angle can rotate
360°, and so is most often described using three terms: +sc or gauche-gauche, in which 7 is less
than 90°, ap or gauche-trans, in which  is between 90° and 180°, and -sc or trans-gauche, in which
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Figure 1.4: Chemical structure of a single DNA strand with a thymine, an adenine, a
cytosine, and a guanine nucleobase. The atom numbers for each base are shown. The
color scheme for the various nucleobases in this figure are used throughout the rest of
this work.

«v is greater than 180° [41]. Previous studies have shown that some oligonucleotides in solution
can stabilize via hydrogen bonding between the backbone and nucleobase in conformation in
which x is in the anti position and v in the +sc position [42].

When adhered in an upright conformation on a surface, a single nucleotide in a DNA
strand is generally assumed to take up approximately 0.34 nm vertically and approximately 1 nm
laterally [43, 41]. Nucleobases in solution, in the solid state, and immobilized on surfaces have
been shown to stack [41, 44], giving rise to stable, single-stranded helices, with purine-purine
stacks being the most stable and pyrimidine-pyrimidine stacks the least [41]. These stacks are dy-
namic in solution and can transition back and forth between a stacked and unstacked state. The
stabilization of these stacks is mainly through permanent dipoles in the C=O or C-NH; groups of
the nucleobases which superimpose over the m-electronic systems of the adjacent bases [41].

Given the high number of ways in which a single strand of DNA can bend, it is convenient
to discuss its flexibility in terms of persistence length. Persistence length in polymers is a measure
of rigidity, and is defined as the length before the molecule begins to bend away from its original
direction at any given point. Reports on short (100-200 base pairs, bp) double-stranded DNA
(dsDNA) adsorbed in mica have reported persistence lengths of 80 nm. Persistence length can
also depend on nucleobase composition, temperature, and ionic strength of the environment of
the DNA strands. Mills et al. measured persistence lengths of 0.31 nm and 0.78 nm for 100-
200bp (dT) and (dA) homo-oligonucleotides, respectively, measured at 4°C. They attributed this
difference to an improved base-stacking of adenine at these temperatures [45]. Tinland and co-
workers found that the persistence length for single-stranded DNA (ssDNA) in solution appeared
to increase almost exponentially with a decreasing solution ionic strength [46]. For a 3000 bp
sequence at room temperature, they measured a persistence length of approximately 8 nm at
0 M salt concentration. A more recent study done by Murphy and colleagues using fluorescence
spectroscopy systematically investigated the persistence length of short-chain (dT) (between 10
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and 70 bp) in solutions of increasing ionic strength reported a persistence length ranging from
1.5 nm in 2 M NaCl to 3 nm in 25 mM NaCl [47]. For ssDNA adsorbed on solid surfaces there
is significantly less information available on the persistence length, and a length of 2 nm derived
from the solution data is therefore generally used [48, 49].

DNA can be attached to solid surfaces through either covalent attachment using a gold-
thiol interaction or a silanization procedure, physical adsorption relying on non-covalent interac-
tions such as hydrogen bonding or electrostatic effects, or through the use of other specific molec-
ular interactions such as biotin-streptavidin [50]. As a result, DNA films have been reported on
such diverse substrates as gold [51, 52], diamond [53, 54], silicon [55, 56], glass [57], platinum
[58] and amorphous carbon [59]. However, of these, the immobilization of ssDNA on gold is
frequently used due to the ease of film formation when the ssDNA molecules are modified with
a sulfur-terminated short-chain alkanethiol linker. Furthermore, this approach to DNA immobi-
lization has been found to produce more dense and highly ordered films due to the self-assembly
effects of thiolated molecules on gold substrates.

Assuming a cylindrical geometry with a 1 nm cross section, the theoretical upper density
limit for a film of tightly-packed, vertically-oriented DNA strands on a solid surface is approxi-
mately 1x10** molecules/cm?. However, achievement of such high densities is nearly impossible
due to such things as the relatively high electronegativity of the sugar-phosphate backbone [41].
For this reason, very high salt solutions are necessary when fabricating dense ssDNA films. Petro-
vykh et al. further showed that the cation valence has a significant effect on immobilization den-
sity, with buffers made with divalent cations producing significantly denser films [60]. Molecular
re-organization also plays a role, as ssDNA molecules tend to initially adsorb flat on the surface,
requiring time to re-arrange themselves into a more upright conformation in order to permit the
adsorption of further molecules [60].

In the producing of dense ssDNA films, nucleobase composition also plays an important
role. Experiments by Kimura-Suda and co-workers showed that adenine ssDNA would out-
compete guanine, cytosine, and thymine ssDNA for adsorption sites on a gold substrate [35].
In further work examining the nucleobase composition on immobilization of thiolated versus
non-thiolated ssDNA, Gorgiadis and co-workers observed that nucleobases with higher affinities
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for gold, such as poly(dA), tended to adsorb to the surface initially by both the thiol and the nu-
cleobases and remain in that conformation, hindering the further adsorption of other poly(dA)
molecules and resulting in overall lower ultimate densities. Conversely, DNA strands composed
of less strongly-binding bases, such as poly(dT), tended to adsorb most strongly through the thiol
bond, ultimately leading to the formation of more densely-packed films [52].

The usefulness of ssDNA adsorbed on solid surfaces comes from its ability to be hybridized.
DNA hybridization occurs when cytosine bases hydrogen bond to guanine bases, and adenine
bases hydrogen bond to either thymine (in DNA) or uracil (in RNA). In solution the hybrids
may adopt a number of forms, the most common of which are A-DNA with 11 nucleotides per
turn and an axial rise of 2.56 , or B-DNA, with 10 nucleotides per turn and an axial rise of 3.3 to
3.4 [41]. It is known that hybridization causes the DNA molecules to become stiffer and more
highly ordered, with a persistence length of around 45 nm [61, 46]. Hybridization in films of
surface-bound oligonucleotides is less well understood and has been an area of active research
for the past two decades. During this time it has been found that the efficient functioning of these
systems is highly dependent on a variety of parameters including density [62], location of the
nucleation site [63], length of the surface-bound DNA strands (targets) and incoming hybridizing
strands (probes) [63], target orientation [64], and degree of target mismatch [65]. Of these, packing
density and molecular orientation of the surface-bound strands are probably the most important
factors [38, 39, 40].

1.2.3 Characterization Techniques

In order to gain more sophisticated and detailed knowledge of systems such as DNA at
interfaces one needs efficient experimental tools which not only give specific information about
the composition of the molecules at the surface, but also their orientation and relationship to the
molecules and environment surrounding them.

Over the years there has been a significant amount of research energy dedicated to finding
ways to answer these questions, involving many different techniques [1, 2]. The challenge still
remains, though, to develop techniques with high sensitivity and resolution that can be operated
in situ and provide information in real time on ordering and orientation as well as composition
and structure. This list of desired properties is long enough that no single technique can fulfill
all of them, but there are several promising candidates that are currently in the process of being
refined or developed.

1.2.3.1 In Situ Techniques

Formation, hybridization, and interaction of DNA films with different environments can
be monitored by a number of in situ techniques. Of these, fluorescence imaging is probably the
most common [66, 67, 15, 68, 47], making use of fluorescent markers to track the formation of
hybrids and even DNA conformation [47]. Radiometric labeling can also be used to detect both
probe density and hybridization efficiency [38, 69].

Label-free methods are currently favored in the scientific community due to the lack of
complications or artifacts stemming from the use of labels. One of the most popular methods is
surface plasmon resonance (SPR) spectroscopy and imaging [70, 71, 72, 73, 39, 74], which uses
light to excite plasmons which can then be detected. The plasmon is very sensitive to optical
changes at the metal/liquid interface and can thus be used to detect adsorption or desorption
of molecules to the surface. Similarly, quartz crystal microbalance with dissipation can be used
to measure DNA attachment to surfaces [75, 76], although this process becomes difficult in the
high salt concentrations needed for high density film formation. Electrochemical procedures such
as cyclic voltammetry and chronocoulometry have also been used to infer adsorption of DNA
molecules onto electrode surfaces [77]. In situ ellipsometry can also be used to gather information
about the thickness of DNA films through a layer of solution [2, 1, 78]. Electrochemical in situ
scanning-tunneling microscopy [79] and atomic force microscopy [80] have also been used to
visualize DNA molecules immobilized on solid surfaces.

However, it can often be difficult to deduce specific, molecular-level information from these
techniques, especially in terms of the orientation of particular parts of the molecule. For such
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Figure 1.7: An example of the use of fluorescence in detecting DNA immobilized on
surface: a DNA microarray showing a fluorescent signal at the sites of hybridization.

information, researchers generally turn to more specific ex situ techniques.

1.2.3.2 Ex Situ Techniques

Ex situ molecular spectroscopy generally does not require any labeling and probes individ-
ual functional moieties and structural motifs within the DNA molecules. A number of vacuum-
based techniques have been employed to investigate thin films of DNA on solid surfaces, includ-
ing X-ray photoelectron spectroscopy (XPS or ESCA), near edge x-ray absorption fine structure
(NEXAFS) spectroscopy , and time-of flight secondary ions mass spectrometry (ToF-SIMS). XPS
can be used to quantitatively determine the elemental composition and chemical state of a sam-
ple by measuring the kinetic energy of electrons ejected from the sample after irradiation with an
x-ray beam. It has been used to examine the changes occurring upon the adsorption of DNA to a
surface, particularly in the N 1s peak [64, 81, 39, 82]. In 2003 and 2004, Petrovykh and colleagues
devised a way to calculate the density of DNA molecules on gold surfaces using the attenuation of
the gold signal and the atomic percent of nitrogen calculated from the XPS spectra [60, 51]. Since
then, XPS has proven valuable as a quality control measure for DNA films [44, 74, 40, 83, 84, 37].

NEXAFS spectroscopy samples the electronic structure of the unoccupied molecular or-
bitals to provide information about the chemical identity of a thin film. A further benefit of this
technique is that information about orientational order in the system can be obtained by examin-
ing the difference between spectra obtained using different angles of incidence for the incoming x-
ray beam [63]. This technique has been used to examine the overall orientation of the nucleobases
in films of ssDNA [44, 39, 85, 83]. Examining the orientation of thiol-modified DNA strands ver-
sus unmodified strands, Lee et al. concluded that the thiolated strands were oriented upright with
the nucleobases stacked parallel to the surface, while the unthiolated strands were lying down on
the surface with the nucleobases adsorbed in a more or less perpendicular orientation [39]. Petro-
vykh et al. compared thymine ssDNA with long ([dT]25) and short ([dT]s) chain lengths. They
found that the short-chain DNA had a higher degree of overall order than the long-chain, which
they attributed to the increased flexibility of the longer strands [44].

ToF-SIMS relies on the analysis of secondary ions ejected from the surface of a film after
sputtering with a focused primary ion beam, and can give information on the composition of a
film as well as, in some situations, orientation. Lee and co-workers used ToF-SIMS to examine the
effects of impurities on the formation of thiolated ssDNA films, detecting an excess of sulfur used
as a reducing agent in the molecule preparation process which apparently had a strong tendency
to remain in the final film [86]. Other work has presented this technique as a way to verify the
immobilization of DNA onto surfaces functionalized with other polymers such as ethylene glycol
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[87]. Other applications for this technique include DNA sequencing [88] and imaging [89].

Vibrational spectroscopic analysis of solid/liquid interfaces and thin films in situ holds
great potential for answering some of the most crucial questions in the fields of environmental,
biomedical, and materials sciences [1, 2, 23, 24], in part due to the fact that it can be operated
under ambient conditions. Of these techniques currently applied to DNA, Fourier-transform in-
frared (FTIR) spectroscopy is one of the most convenient. Probing the absorption of infrared light
by molecules over a range of 400-4000 cm~!, FTIR gives distinct signatures from the four nucle-
obases in the amide I region [81] due to the distinct structures of these bases. This has made it
useful for determining the composition of a surface-adsorbed DNA film after competition exper-
iments between different types of homo-oligonucleotides [35], as well as determining the orien-
tation of (dT) films by examining the intensities of peaks attributed to chemisorbed C=0O versus
non-chemisorbed C=0 [44, 37].

Raman spectroscopy, which examines changes in the inelastic scattering of laser light unique
to particular molecules, can also be used to detect DNA on surfaces. Like FTIR spectroscopy, Ra-
man spectroscopy on DNA samples gives unique peaks, primarily in the amide I region, which
are related to the composition of the nucleobases [90]. Although for the most common forms
of Raman spectroscopy rather large quantities of DNA are needed in order to generate a signal,
making analysis of thin films of DNA using the setups most commonly available not possible.
This can be overcome, however, by using surface enhanced Raman spectroscopy [91, 92], which
makes use of rough metal surfaces to increase the Raman signal. One particular benefit of this
approach is that it can be used both in situ and ex situ [91]. However, the use of a rough metal
surface compromises the formation of a well-ordered films made through self-assembly mecha-
nisms [93]. Recently tip-enhanced Raman spectroscopy has been proposed as a way to overcome
these limitaitions [94].

Most of methods offer a substantial understanding of the chemical composition, surface
density, orientation and ordering of DNA films under non-aqueous conditions. However, the
ability to characterize ssDNA films in aqueous environment is important because it allows for the
examination of these films in situ - the conditions under which they are actually used. Further-
more, the ability to compare results obtained in situ and ex situ can provide a way to determine
whether the results obtained in air or under vacuum conditions are applicable in aqueous en-
vironments. SERS can be operated in sifu, however it requires the use of rough metal surfaces
which may disrupt the natural organization of the DNA molecules in a film. In order to over-
come this limitation and still retain the ability to compare in situ and ex situ states in DNA films,
the technique of sum-frequency-generation (SFG) spectroscopy can be used.

1.3 SFG Spectroscopy

The technique of sum-frequency-generation (SFG) spectroscopy relies on the frequency
mixing that when two pulsed laser beams achieve temporal and spacial overlap at an interface.
The light emitted at the sum of the two incident frequencies can be resonantly enhanced when
the frequency of one of the incoming beams matches a resonant frequency of vibrational modes
of the molecules located at the interface [95]. SFG spectroscopy has emerged as a tool well-suited
to the investigation of liquid/solid interfaces, due to the surface sensitivity arising from the par-
ticular selection rules of this technique, a molecular-level detection capability, and the ability to
function under ambient conditions [96, 97, 98, 99]. Furthermore, this technique offers the poten-
tial for probing the same sample in air and in liquid [84, 26, 10], making it possible to bridge the
gap between measurements in situ and those that need to be performed under ultrahigh vacuum
or other non-standard conditions. The selection rules of SFG dictate that a signal can only be
generated in a non-centrosymmetric environment, resulting in the suppression of isotropic bulk
signal (see Chapter 2). This feature makes SFG spectroscopy inherently surface specific [100]
with submonolayer resolution, allowing for the tracking of subtle modifications even in ultra thin
films. Being an all optical technique, SFG is also non-invasive and non-destructive, making this
technique useful for the characterization DNA films both in situ and ex situ.

Only a few measurements of ssDNA films by SFG spectroscopy have been reported [26].
Sartenaer et al. used SFG spectroscopy to probe thiolated ssDNA immobilized on platinum in



1.3. SFG Spectroscopy

Figure 1.8: Example of DNA helices with a right-handed twist (left) and a left-handed
twist (right) such as the samples investigated by Stokes et al. in Ref. [57]

the CH stretching region. They found a strong disordering in the films with the SFG spectra
dominated by the linker group anchoring the ssDNA strands to the surface [58]. However, the
densities of these films were not quantified and were likely very low, given that sulfur does not
have as high an affinity for platinum as it does gold. Furthermore, that the buffer solution used
in these experiments was only 10uM, which does not completely electrostatically shield the DNA
molecules and causes them to repel each other, decreasing the film density, as discussed in Sec-
tion 1.2.2.

Asanuma and co-workers used SFG spectroscopy to examine the effects of metal cations of
different valencies on the overall order in a ssDNA film on silicon in air. They reported that the
divalent cations Mg?" and Ca?" produced a greater degree of disordering than the monovalent
cations K* and Na™, which they attributed to a greater affinity of the divalent cations for the
highly charged phosphate groups in the backbone of the DNA molecules [101]. Stokes and col-
leagues used polarization-resolved SFG spectroscopy to examine the handedness of DNA helices
immobilized on silica in air. By comparing spectra taken with light polarized +45° relative to
the plane of incidence. They were able to see differences between dsDNA hybridized to have a
right-handed rotation and those hybridized to have a left-handed rotation [57] (Fig. 1.8).

However, despite the potential of SFG to be used to compare DNA films in situ and ex situ,
to date there has only been one report of such an experiment, carried out by our group in 2008
[84]. In that work, (dA) and (dT) films were compared in air, D, O, and buffer in the CH and amide
I'regions. A more thorough analysis is needed in order to establish this technique as a viable tool
for the examination of DNA and other biological molecules in situ and to fully understand how
these systems change in different environments.
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1.4 Aims of this work

The overarching goal of this work was to obtain molecular-level, label-free information
about the organization and orientation of the biological molecules immobilized on a solid sur-
face, especially pertaining to how they change in situ and how this knowledge can be further
applied to more complex systems. This goal was achieved by using DNA as a model biomolecule
and by reaching the following smaller aims:

[i] Gaining label-free, molecular-level information in air about DNA molecules immobi-
lized on solid surfaces using SFG spectroscopy

[ii] Comparing results in air to results in situ to obtain an understanding how these films
change when exposed to liquid

[iii] Furthering the understanding of the more complex system of hybridized DNA, specif-
ically gathering more information about the level of order in these systems before and after hy-
bridization

[iv] Beginning to apply the knowledge obtained by the relatively simple biomolecular sys-
tems of DNA to understanding more complex biological systems such as the extracellular matrix
under a layer of cells

These goals were accomplished by first testing the sensitivity of the SFG instrument to
confirm that the detection level was low enough for ssDNA films and by testing the accuracy of
this technique when comparing model hydrophobic and hydrophilic self-assembled monolayers
(Chapter 3). Then, the way in which SFG detects nucleobases alone, unmodified DNA, and mod-
ified DNA in air were measured in order to gain a solid understanding of these systems ex situ
(Chapter 4). Next, thiolated DNA films were measured in situ in buffer, D,O, and extensively in
H>O (Chapter 5). Further tests were then done on hybridized DNA samples in air, using both SFG
and NEXAFS to confirm changes seen in ordering (Chapter 6). Finally, more complex systems of
cells on surfaces were measured (Chapter 7).
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Chapter 2

Materials, Methods, and Instruments

2.1 Film Preparation

2.1.1 Chemical Acquisition and Control Parameters

Alkanethiols used in these experiments were ordered from Sigma-Aldrich Chemie Gmbh
(Munich, Germany), while deuterated 1-dodecanethiol for sensitivity determination (98.9% deuter-
ation) was ordered from C/D/N Isotopes (Montreal, Canada). Thymine, adenine, and cytosine
powders were also purchased from Sigma-Aldrich.

HPLC-purified custom thymine, adenine, or cytosine homo-oligonucleotides (ssDNA) were
purchased from Operon Biotechnologies (Cologne, Germany, VBC Genomics (Vienna, Austria),
or Sigma-Aldrich (Taufkirchen, Germany). Oligos modified with a C6 linker and thiol group on
the 5" end ordered from Operon were received with a H5-(CH)¢OH protective group attached
to the thiol linker, while thiol-modified oligos from Sigma were deprotected with dithiothreitol
(DTT) by the vendor prior to shipping, and trace amouunts of these molecules remained present
in the final product. All DNA were used as-received with no further purification. It is possible
that the trace DTT in the films made with the oligonucleotides purchased from Sigma disrupted
the layer formation to some extent, as previous studies have shown that this can be the case [86].
However, examination of these films with XPS showed no significant amounts of excess sulfur in
these films, and comparison of the SFG spectra of these films and those made from Operon oligos
showed no significant differences between the two, and density calculations remained constant.

Upon receipt, DNA concentrations were verified using a Thermo-Fischer NanoDrop UV-
vis spectrophotometer (NanoDrop, somewhere)and separated into aliquots to be frozen until use.

2.1.2 Gold wafer parameters and cleaning procedures

Gold films were fabricated at the in the lab of Dr. M. Bruns using radio frequency mag-
netron sputtering. Silicon wafers (Si-Mat Silicon Materials, Kaufering, Germany) were covered
with a chromium adhesion later, followed by a gold layer to produce a 100 nm-thick polycrys-
talline gold film. The resulting metal films were polycrystalline, with a predominant (111) orien-
tation. Wafers were cut into appropriate sizes and cleaned either by submersion in warm piranha
solution (70% H2SO4 / 30% H20O,) for 10 minutes or by exposure to UV /ozone (UV cleaner 42-
220, Jelight) for 2.5 hrs. All wafers were rinsed thoroughly with HPLC-grade water or ethanol
immediately prior to film deposition.

2.1.3 Film Deposition

Alkanethiol SAMs were made by placing the clean gold wafers into 3 mM solutions of the
molecules in ethanol and incubating them at room temperature for at least 18 hrs. Samples were
then removed from the solutions, rinsed in ethanol, dried under flowing No.

Nucleobase multilayers were fabricated according to the procedures outlined by Ostblom
et al. [102], using 50 yum solutions of adenine, thymine, and cytosine dissolved in pure ethanol. A
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drop of the nucleobase solution was placed on the gold wafer and allowed to evaporate, forming
the multilayer.

For DNA film formation, gold wafers were placed in 2 mL of 1 M phosphate buffered
saline (PBS) solution or 1 M CaCl; solution with 10mM Tris-HCI and 1mM EDTA[74] (CaCl,-TE)
at pH 7.3 and containing 3-5 1M DNA. Samples were incubated at either room temperature or
37° for between 24 and 40 hours. After the incubation, all samples were rinsed with flowing
HPLC-grade or Mili-Q water (resistivity > 18.2 m{) for 1 min to remove excess buffer salt and
dried under flowing nitrogen. Using these procedures, DNA densities of between 7 x 10'? and
7 x 10'3 DNA molecules/cm? were generally achievable.

Films were hybridized by placing them in 1 M NaCI-TE solution containing 10mM Tris-
HCl, 1 mM EDTA, and 3 uM target solution for 6-8 hours at room temperature, followed by
rinsing for 1 min with 1 M NaCl and dipping briefly in HPLC water to remove excess buffer salts.
The extent of hybridization was generally confirmed using the N 1s signal.

2.2 X-Ray Photoelectron Spectroscopy (XPS)

2.2.1 Instrument Specifications

XPS measurements were performed on one of two instruments in the laboratories of Dr.
Michael Bruns of the Institute for Applied Materials at the Karlsruhe Institute of Technology
(KIT). The first was an ESCALAB 5 spectrometer equipped with an Alpha 110 hemispherical
electron energy analyzer (ThermoFischer Scientific). Measurements on this instrument were per-
formed at pressures of <109 bar using non-monochromatized MgKa radiation. A pass energy of
20eV with an energy resolution of ~ 1 eV was used. The second instrument was a K-Alpha XPS
spectrometer (ThermoFisher Scientific, East Grinstead, UK). Data acquisition using the Thermo
Avantage software is described elsewhere. All DNA and SAM thin films examined using this in-
strument were analyzed using a microfocused, monochromated Al Ko X-ray source (400 ;sm spot
size).

All photoelectrons were detected at a take-off angle of 0° relative to the sample surface
normal. In addition to survey scans to detect unexpected species, spectra of specific areas were
collected in the Au 4f, C 1s, and Ols regions. The N 1s and P 2p regions were monitored for
samples containing DNA, and the S 2p region was examined for samples made with thiolated
molecules. All spectra were referenced to the C 1s peak at 285.0 eV binding energy and the Au
4f; /2 peak assumed to be at 84.0 eV. No charge compensation was needed. The Au reference
spectra used to calculate the DNA density of the layers were obtained by sputter-cleaning the
films in situ using Ar ions.

2.2.2 Data Processing Procedures

The spectra were fitted with one or more Voigt profiles using UNIFITii [103] (BE uncer-
tainty: +0.2eV) and Scofield sensitivity factors were applied for quantification. The number of
peaks was chosen according the work published by Petrovykh and co-workers [60]. The peaks
were fit simultaneously with the background, which consisted of a combination of Shirley and
linear functions.

After fitting the peaks, the surface density of the DNA molecules was determined accord-
ing to the procedures of Petrovykh et al. [51] The thickness ¢ of the DNA film relative to the Ar
sputter-cleaned gold was calculated by:

I
t= —m[ DNA} x L 2.1)
IAu

where Ipn 4 is the intensity of the DNA film, 14, the intensity of the sputter-cleaned gold,
and L the estimated practical effective attenuation length for electrons in Au with a DNA over-
layer [51]. Once the layer thickness had been determined, the relative DNA coverage Ig—ju could
be obtained by applying the formula:

13
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NN
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DNA density npn 4 expressed in molecules/cm?was determined using the equation:

where is the atomic density relative to Au. From the relative coverage, the absolute

On y 5.892 x 1022
Niu ~ 10x 107 x ny

where npy 4 is the number of nitrogen atoms per DNA strand in the film. The factor 5.892 x
10?2 is the atomic density of gold and 10 x 10~ accounts for the film thickness expressed in nm
[51]. It should be noted that this approach assumes that a minimal amount of signal is stemming
from contaminants at the surface. This assumption was further supported by examining the C
1s spectra, which showed a major peak at 285 eV for samples that were heavily contaminated, as
opposed to a major peak at 287 eV for samples that were composed primarily of DNA.

(2.3)

NDNA =

2.3 Infrared Reflection-Adsorption Spectroscopy (IRRAS)

2.3.1 Instrumentation

Infrared reflection-adsorption spectroscopy (IRRAS) was performed at the Institute for
Functional Interfaces (IFG) at KIT on a Vertex 80 Infrared spectrometer (Bruker Optics, Ettlin-
gen, Germany) using an A518 IRRAS sampling stage with an 80° fixed-angle gracing incidence.
The signal was recorded by a D313 narrow-band MCT detector cooled by liquid N». Background
measurements were performed with 1024 scans, and suppression of the water signal in samples
was usually achieved between 1000 and 3000 scans. Baseline correction and data evaluation were
performed using the Opus 6.5 IR software package (Bruker Optics).

2.4 Synchrotron Measurements

2.4.1 High-Resolution X-Ray Photoelectron Spectroscopy

The high-resolution x-ray photoelectron spectroscopy (HRXPS) experiments were performed
at the D1011 beamline (bending magnet) at the MAX II storage ring of the MAX-lab synchrotron
radiation facility in Lund, Sweden, by Prof. (apl.) Dr. Michael Zharnikov and members of his lab
group. The spectra were acquired in normal emission geometry at photon energies (PEs) ranging
from 350 and 580 eV. The energy resolution was better than 100 meV allowing a clear separation
of individual spectral components. The energy width of the individual emissions was close to the
intrinsic energy spread of the respective core-level photoemission process. The binding energy
(BE) scale of every spectrum was individually calibrated using the Au 4f7/2 emission line of the
underlying Au substrate at 83.95 eV [104], which is the value given by the ISO standard. HRXPS
spectra were fitted by symmetric Voigt functions and a Shirley-type background. The fits were
performed self-consistently: identical fit parameters were used for the same spectral regions.

2.4.2 Near-Edge X-Ray Absorption Fine Structure Spectroscopy

The near-edge x-ray absorption fine structure (NEXAFS) spectroscopic experiments were
also performed by Prof. Zharnikov at the same beamline as the HRXPS measurements. The
spectra acquisition was carried out both at the carbon and nitrogen K-edges in the partial electron
yield mode with retarding voltages of 150 and 300 V, respectively. Linear polarized synchrotron
light with a polarization factor of 95 percent was used. The energy resolution was better than
100 meV. The incidence angle of the light was varied from 90° (E-vector parallel to the surface
plane) to 20° (E-vector nearly normal to the surface) in steps of 10°-20° in order to monitor the
orientational order of the target molecules within the films.
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The raw NEXAFS spectra were normalized to the incident photon flux by division through
the spectrum of a clean, freshly sputtered gold sample. Furthermore, the spectra were reduced
to the standard form by subtraction of a linear pre-edge background and normalization to the
unity edge jump (as determined by a nearly horizontal plateau 40-50 eV above the respective
absorption edges). The energy scale was referenced to the most intense 7* resonance of highly
oriented pyrolytic graphite (HOPG) at 285.38 eV [105].

2.5 Density Functional Theory

Density Functional Theory (DFT) was performed by Dr. Robert Maul in the group of Prof.
Dr. Wolfgang Wenzel at the Institute for Nanotechnology at KIT and were used to provide supple-
mental information on peak positions for some alkanethiol films. DFT as implemented in the Tur-
bomole simulation package [106] using a localized basis set and effective core potentials to model
the electron-ion interaction was used. The Kohn-Sham equation was solved for a given exchange-
correlation (XC) functional for the valence electrons, and the well-established PBE-functional was
used [107]. To take into account van-der-Waals interactions between alkanethiols and water, the
DFT+D approximation [108] was employed incorporating the long-range dispersion contribu-
tion to the XC-functional. The vibrational frequencies were calculated in the framework of the
frozen-phonon method [109]. Calculations for alkanethiol molecules in H,O were made using a
single molecule of water. Simulations were performed assuming a single molecule in a vacuum
and neglecting the presence of a metallic substrate, therefore a deviation between calculated and
experimental values of up to 20 cm~! was considered acceptable.

2.6 Sum-Frequency-Generation Spectroscopy (SFG)

2.6.1 Theory

SFG spectroscopy probes vibrations of molecular groups at interfaces through a non-linear
response. It is a relatively new technique as it requires the use of reliable high powered lasers
which first became available a few decades ago. The first reports of the detection of molecular
vibrations via SFG spectroscopy were by Shen [110, 111] and Harris [112] in the late 1980s.

In general, an electric field E induces a dipole moment ;. in atoms or molecules, which can
be described by:

1= po+cE (24)

in which p is the permanent dipole of the atoms or molecules and « the polarizability [95]. The
sum of the dipole moment per unit volume or bulk polarization P induced by the E field is given
as:

P =cox\VE (2.5)

where ¢ is the vacuum permittivity (8.854 x1072 C/V-m) and x(! is the macroscopic average of
«a, also known as the first-order or linear susceptibility. When the E field is increased to the point
at which it is comparable to the E field experienced by the electrons in a molecule, as is possible
with high-power, coherent laser beams, the polarization can be expressed as a Taylor series:

P =co(x'VE + xPE2 + yOE + ) (2.6)

In this equation, x® and x® are the second- and third-order non-linear susceptibilities,
respectively [95]. P can be expressed as a convolution of its first-, second-, and higher-order
components (Fig. 2.1). If two incoming E fields, E; and E, oscillating with frequencies of w; and
ws are considered, the second-order term of the polarization, P® can be expressed as:

P® = EoX(Q)(Elcoswlt + Escoswat)? (2.7)
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Figure 2.1: Graphic illustration of the oscillations of the first-, second-, and third order
polarizability with respect to time
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Figure 2.2: Energy levels associated with the generation of an SF signal. |g) represents
the ground state, |v) the excited vibrational state, and |s) any other higher state

Equation 2.7 can be expanded to give four terms: one describing a DC field with no fre-
quency dependence (optical rectification), a term in which the frequency of the emitted light is
doubled (second harmonic generation), a term in which one frequency is subtracted from the
other (difference- frequency generation) and one in which one frequency of the emitted light is
added to the other (sum-frequency generation) [95]. In SFG spectroscopy we measure the latter.

When SFG light is measured from a sample on a gold substrate, its intensity can be de-
scribed as:

292 2|
Ispa o ‘P( )‘ x ’X( )‘ Irrlvrs (2.8)

in which I;z and Iy ;g are the two incident beams at a tunable IR and a fixed 800 nm visible !
wavelength. In this equation, x(?) consists of two different contributions: one from the substrate
(non-resonant) and one from the adsorbate (resonant) [113]:

2 _ 2 (2)

=XNr T+ XR ' (2.9)

X

(wir —wy) + il

(2 )

where the non-resonant contribution x5 is generated by electronic inter-band transitions oc-

curring within metal substrates [114]. The resonant contribution Xg) is generated from molecular
vibrations and modeled as a sum of Lorentzian oscillators with resonance frequency wy, linewidth

I'x, phase difference ¢y, relative the non-resonant contribution, and strength A;. The term Ay, is a

1. Although technically in the near-IR region, this beam has historically been called "visible" to distin-
guish it from the tunable IR beam.
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Figure 2.3: Graphic illustration of the selection rules governing the generation or sup-
pression of an SFG signal

Table 2.1: Incident beam polarization combinations and the elements of x(?) which they
probe. Polarizations are listed in the order of decreasing frequency: SFG,VIS,IR. Adapted
from Ref. [95]

2

Polarization combination Probed elements of x; ik

2)

pbss Xzyy
(2)
sps Xyzy
2)
SSp Xyyz
2 2 2 2
pbpp X,(zz)z/ X,(zz)x/ ngz)zr thx)z

complex third-rank tensor dependent on the Fresnel factors as well as the IR and Raman transi-
tion moments of the probed material [114]. The SFG signal is resonantly enhanced when (wyp is
equal to w, (Fig. 2.2).

The second-order non-linear susceptibility Xg})c (where i, j, and k& has a total of 27 possible
components which can the non-linear response of of a molecule to all polarization combinations.
However, in a molecule containing a C,, rotation axis only 4 of these components contribute
[95] (Table 2.1). Further information about such molecules at the surface may be gathered by
changing the polarization of the incident E field, as different polarization combinations probe
different elements of x(2). For instance, the E field of s-polarized light has a component solely in
the y-direction, resulting in only those elements with transition dipole moments perpendicular
to the plane of incidence giving rise to an SFG signal. The E of p-polarized light, on the other
hand, has components in both the x and z directions, resulting in SFG signals from elements with
transition dipole moments both parallel and perpendicular to the plane of incidence [23]. More
complex molecules do not have a perfect C, axis of rotation; however, even for these species
more elements will be probed in ppp polarization than in ssp polarization.

The surface specificity of SFG spectroscopy arises from the fact that in a centrosymmetric

environment, the elements of XEJZ;)C must be equivalent in all directions, giving:

X’EJQI)C = X(Ei)fjfk = _X(,Qi),j,k (210)
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Figure 2.4: Setup of the optical table. The labels denote: (1) Millenia Pro, (2) Tsunami,
(3)Empower, (4) Spitfire, (5) Topas, and (6) delay stages. The VIS and Signal/Idler beams
are represented by red and white solid lines, respectively. For clarity the beams paths are
only illustrated up to purge chamber (clear box).

This can only be true when Xz(jz,)C = 0, rendering the process of SFG signal generation for-
bidden in centrosymmetric media such as air or water [23, 95]. At interfaces, however, the cen-
trosymmetry is broken and SFG can occur (Fig. 2.3).

2.6.2 Instrument Specifications

SFG measurements were performed on a home-built spectrometer located in the Institute of
Toxicology and Genetics (ITG) at KIT [115]. This laser consists of a fs regenerative amplifier (RGA)
(Spitfire Pro 35F XP, Spectra-Physics; sub-35 fs, 1 kHz) seeded by a mode-locked Ti:sapphire os-
cillator (Tsunami 3941-MS, Spectra-Physics; sub-30 fs, 80 MHz) with a tunable wavelength cen-
tered at 800 nm. The regenerative amplifier and seed laser are pumped by frequency-doubled
Q-switched Nd:YLF (Empower 30, Spectra-Physics; 30 W, 1 kHz, 527 nm) and Nd:YVO, (Mil-
lenia Pro 5s, Spectra-Physics; 5 W, 532 nm) solid-state lasers, respectively. The RGA generates
120-fs duration pulses centered at 800 nm with a repetition rate of 1 kHz and an average power
of 4 W. The amplified output beam is then split up and the larger fraction (80%) is used to pump
an automated optical parametric amplifier (OPA) (TOPAS-C, Light Conversion) coupled to a non-
collinear difference-frequency generator (NDFG) (Light Conversion). This generates broadband
(FWHM~-70-200 cm ™) IR pulses which can be tuned from 2.6 to 12 um. The signal and idler
beams are spatially separated and spectrally filtered by a Ge plate (Crystec). The remaining frac-
tion of the output beam (20%) is fed into an air-spaced Fabry-Perot etalon (SLS Optics; spacing
d = 12.5 um, free spectral range FSR = 398.29 cm ™!, effective finesse F.;y = 57.48 at 790 nm)
which gives narrowband (FWHM-~1 nm), asymmetric ps 800 nm (VIS) pulses. A 3D graphic of
the optical table setup is shown in Fig.2.4.

The linearly-polarized IR and VIS beams were independently directed and focused on the
sample surface with incident angles (relative to the surface normal) of 60°, 68° and 70°, respec-
tively. These beams were then spatially (through the use of mirrors) and temporally (through
the use of delay lines) overlapped at the sample surface within a spot ~200 ym in diameter
(Fig. 2.6). The elliptical shape is due to the angle of incidence of the beams. Maximum energies
of ~30 uJ/pulse for the IR beam and ~40 pJ/pulse for the VIS beam can be obtained immedi-
ately before the sample. However, for these experiments the incoming beams were adjusted by
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Figure 2.5: 3D image of the sample stage area. The labels denote: (1) input mirrors, (2)
input lenses, (3) breadboard, (4) measuring cell, (5) kinematic plates, (6) 1-axis goniome-
ter, (7) 3-axis rolling block, and (8) output mirrors. The IR, REF, SFG, and VIS beams are
represented by white, purple, green, and red solid lines, respectively. The reflected IR
and VIS beams are not shown for clarity.

Figure 2.6: Beam profile of the VIS pulse at the sample stage. The scale shown is in um
units. This image was acquired using a microscope mounted above the sample stage.

pinholes to a maximum of ~7 pJ/pulse for the IR and ~5 1] /pulse for the VIS to prevent bubble
formation or sample ablation.

The outgoing SFG beams is collimated by lenses, filtered through a short-pass filter (3rd
Millenium 770SP, Laser Components), and dispersed in an imaging spectrograph (Shamrock SR-
301i-B, Andor Technology; focal length f = 303 mm, 1200 grooves/mm grating blazed at 500 nm)
equipped with both a photomultiplier (R9110, Hamamatsu) and an air-cooled, back-illuminated
high-resolution CCD camera (iDus DU420A-BR-DD, Andor Technology; 254 x1024 pixels). Us-
ing this setup, it was possible to obtaine SFG spectra with reasonable SNR on a time scale of ms to
s. For alignment, spectra were recorded in real-time (every 0.1s) allowing more accurate intensity
optimization and frequency adjustment. Spectra were taken with either ppp, ssp, or sps polariza-
tion combination for the SFG, VIS, and IR beams, respectively, acheived by the rotation of the IR
and VIS beams through the use of half-wave plates and /or a periscope.

Films in liquid were probed using a liquid cell inspired by the IR spectroscopy cell of Skoda
et al. [116]. The cell, designed by V. Kurz, consists of a hemicylindrical CaF; prism with optically
polished curved and basal surfaces (Crystec; 10 x 20 mm), a Teflon® base and prism adapter, and
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Figure 2.7: Measurement cell for in situ characterization of liquid/solid interfaces. The
surface is probed through a half-cylindrical CaF; crystal located on top of the sample.
The liquid is entrapped between the crystal base plate and the sample surface.

a threaded rod to hold the prism on place on top of the sample [115]. In this setup, the sample is
placed on the Teflon® base with a drop of liquid on its surface. The prism is then placed gently
on top of the liquid, creating an aqueous layer located between the sample and an IR-transparent
prism thin enough for the beams to reach the surface and be reflected back without significant
energy loss (Fig. 2.7).

A custom-built purge chamber was used in order to collect spectra more accurately in re-
gions where water absorption is a problem. This acrylic glass-enclosed, air-proof chamber covers
the optical path of the IR beam from the NDFG module to the spectrograph. The air inside the
chamber is air-dried (< 1% RH) by an FTIR purging gas generator (75-45-12VDC, Parker-Balston;
14 L/min) coupled to two additional coalescing pre-filters to remove air particulates and hydro-
carbon residues. The humidity and temperature in the chamber are monitored by a thermohy-
grometer (Hytelog-USB, Hygrosens) mounted on the top panel. Using this setup, near complete
elimination of the signals arising from water vapor in the air is achievable.

2.6.3 Data Processing Procedures and Considerations

SFG spectra from samples on gold consist of a convolution of the signal arising from elec-
tronic transitions of the gold substrate and vibrational transitions from the sample, as shown in
Eq. 2.9. These spectra can therefore be presented either as (i) a full, raw spectrum consisting of a
combination of the non-resonant and resonant components, (ii) as background-subtracted spectra
in which the non-resonant background emanating from the gold is assumed to have a Gaussian
shape and is divided by the spectrum, or (iii) as a background-suppressed (BGS) spectrum in
which a small shift in the temporal overlap of the VIS and IR beams minimize the contributions
from the NR background (Fig. 2.8). Very noisy data can also be smoothed with either averaging
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or Savitzky-Golay routines, generally using between 5 and 15 data points.

Analyzing the raw spectra (type [i]) minimizes the errors associated with data processing,
however spectra presented in this way are often difficult to understand with those not famil-
iar with SFG spectroscopy, as the non-resonant background contributions are significantly more
prominent than the resonant contributions from the sample (Fig. 2.8i).

To obtain background-subtracted spectra (type [ii]), the raw SFG output can be fitted by
Eq. (2.8) using a Gaussian shape for the non-resonant contribution (reflecting the fs IR profile) and
Lorentzian oscillators for the resonant contributions (Fig. 2.8ii). The major drawback associated
with this type of presentation, however, is the fact that the phase of the resonant contributions
relative to the non-resonant background, ¢y, are unknown. This could potentially cause compli-
cations in numerical analysis of such spectra, as in order to fit the SFG spectra using Eq. (2.8)these
phase values must be assumed. However, for purely qualitative comparison purposes, presenta-
tion of the SFG data as type (ii) can be highly useful.

Background-suppressed (BGS) spectra (type [iii]) are generated by shifting the incidence
timing of the VIS beam slightly with respect to the IR beam. In 2007, Dlott and colleagues [117] in-
troduced a method by which the non-resonant contributions coming from a metal solid substrate
such as gold could be suppressed, allowing the resonant contributions to become dominant in the
spectrum. This method relies on the fact that electronic transitions that create the non-resonant
background signal have a much shorter lifetime than the vibrational resonant contributions [117].
By shaping the VIS beam through the use of a Fabry-Perot étalon, it becomes possible to create
an asymmetric beam profile with a 100fs rise and a smooth 1ps ring-down [117]. When this
pulse is overlapped with the IR pulse with a time delay of 300fs, a spectrum is obtained in which
the large Gaussian peak observable in the raw spectra is nearly gone, leaving behind only the
resonant contributions (Fig. 2.8iii). If theoretically modeled and plotted over time, it can be seen
that the NR background disappears slowly as the delay is increased, with the resonant contribu-
tions becoming more prominent at approximately 300 fs before receding as the delay difference
between the two beams continues to lengthen.

In a BGS spectrum, the phase of the peaks is no longer an issue. This is due to the fact
that when considering a spectrum with only one resonant contribution, the SFG intensity can be
expressed as:

@

‘X(z)\ +’x2)‘ 2\ e (2.11)

Isrg ‘XNR + Xgr

where § is the phase difference between the resonant and non-resonant components. In
this picture, when the non-resonant component of the spectra is very large, the cross-term is also
large and the phase plays an important roll in the spectra. When the non-resonant component is
small, however,

Ispa o [xiTh + W] « | K[ (212)

leading to a suppression of the cross-term as well as the non-resonant background and

effectively removing all phase contributions. This has the added benefit of facilitating the iden-

tification of peak positions, especially in complex molecules such as DNA. The peak positions,

used in conjunction with the raw SFG data, can then be used to determine fit phase simultane-

ously with the other peak parameters such as intensity and width. In this work, a Voigt function
was used to fit the BGS peak positions to the raw SFG spectra.
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(i) (ii) (iii)

Total SFG Intensity (a.u.)
Fitted Resonant SFG Intensity (a.u.)
P —
Resonant SFG Intensity (a.u.)

'S

Y y T T T T T
2800 3000 2800 3000 2800 3000

wavenumber (cm-1) wavenumber (cm-1) wavenumber (cm-1)

Figure 2.8: The raw SFG spectrum of DDT SAM (i) consists of a large, Gaussian non-
resonant contribution with smaller Lorenzian resonant contributions appearing as peaks
with a 180° phase difference distorting the Gaussian shape. The Gaussian peak can be
fitted, divided through the spectrum, and the resonant contributions inverted to give
a background-subtracted SFG spectrum (ii). When a delay between the incoming VIS
and IR beams is introduced, however, the non-resonant contribution can be suppressed,
leaving the resonant contributions behind in a BGS spectrum (iii). The labels of r*, r''%,
and r~ stand for the CH3 symmetric, Fermi-resonant, and asymmetric vibrations, respec-
tively.
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Chapter 3

Sensitivity and Proof-of-Principle
Experiments

3.1 Summary

When dealing with a new system of measurement, it is important to have a firm grasp
on limitations of the system in order to avoid incorrect interpretations or overstatements of the
acquired data. Sensitivity tests of this system yielded a signal-to-noise ratio of 100 at a surface
coverage of 0.2 molecules per nm?. It is also essential to have simple proof-of-principle experi-
ments in which the expected outcome is known in order to confirm that the system is operating
in a predictable way. For this, hydrophilic and hydrophobic self-assembled monolayers of alka-
nethiols were examined in air and in water. Hydrophilic films showed significant changes in peak
intensity and position upon exposure to water, indicating extensive interaction of water molecules
with the film, as expected. Spectra of hydrophobic films were similar in air and water, indicating
no interaction of water with the film, also as expected. Density Functional Theory (DFT) calcula-
tions were also performed to identify the vibrational modes contributing most significantly to the
observed effects. These results confirm that SFG spectroscopy can be used to accurately detect the
interaction of water with molecules in thin films at interfaces.

3.2 Sensitivity Measurements

3.2.1 Experimental Details

In order to experimentally determine the lower detection limit of the SFG system, mixed
SAMs consisting of increasingly deuterated molecules were fabricated via solution deposition
and measured in the CH stretching region. Silicon wafers sputter-coated with 100 nm of gold
were cleaned by a UV /ozone cleaner for 2.5 hrs as described in Chapter 2 Section 2.1.2. The
clean wafers were rinsed and placed in either pure or mixed 3 mM solutions of 1-dodecanethiol
(Sigma-Aldrich) and deuterated 1-dodecanethiol (98.9% deuteration) in ethanol and incubated at
room temperature for 18 hrs. Samples were then removed from the solutions, rinsed in ethanol,
dried under flowing N3, and immediately measured. SFG spectra were accumulated for 1 min,
smoothed with a Savitzky-Golay routine using 15 data points, analyzed according to the back-
ground subtraction procedures outline in Chapter 2 Section 2.6.3 and plotted as the resonant
contributions without the non-resonant background. The resonant SFG intensity as a function of
surface coverage of the undeuterated dodecanethiol was then calculated (Fig. 3.1). X-ray pho-
toelectron and IR spectroscopy measurements were also performed as outlined in Chapter 2 to
ensure sample quality.
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Figure 3.1: Spectra of DDT SAMs for calculation of the lower detection level of the SFG
system. (a) Spectra of a fully deuterated SAM (0%, bottom trace), a fully undeuterated
SAM (100%, top trace), and mixtures in between (from top: 50%, 16%, 12%, 10%, 8%, 7%,
6% and 4%). (b) Magnified spectra of the four lowest surface coverages highlighting the
decrease in the CH3z symmetric stretch. (c) Unsmoothed spectrum at 4% surface coverage
for SNR determination. (d) Intensity of the symmetric CHj3 vibration as a function of
surface coverage with the corresponding quadratic fit. The peak area was quantified
using Lorentzian fits of the resonant SFG spectra.

3.2.2 Results and Discussion

The residual peaks present in the spectrum of the fully deuterated monolayer can be as-
signed to CHj, vibrations and are related to incomplete deuteration. However, the peak at 2880 cm.™
arising from the symmetric vibrations of the terminal CHj group could be used to accurately as-
sess the SFG intensity as a function of concentration, and hence the sensitivity of the spectrometer.
Note that this peak was completely absent in the fully deuterated monolayer but still present in
the mixed monolayer with the lowest undeuterated content tested (4% surface coverage, corre-
sponding to 0.19 molecules per nm? assuming 0.21 nm? per alkanethiol molecule [118]) (Fig. 3.1b).
The intensity of the SFG signal can be expressed as:

Isrg o< N2|(B)|? (3.1)

where (f3) is the average molecular hyperpolarizability and N the molecular surface coverage.
This quadratic relationship was supported by the experimental data. Ultimately, the lower detec-
tion limit of this system was found experimentally to be 4% with an SNR of 100. Theoretically,
it should be possible to achieve a signal at 2% coverage with an SNR of 25, or even at 1% cover-
age with an SNR of 6.25. This detection limit is lower than previously reported values for other
homodyne-detected systems (10% coverage) and comparable to heterodyne-detected systems,
with lower reported limits of 1% coverage [119].

In this work, DNA films with an experimentally calculated density between 7 x 10'? and
7 x 10'® DNA molecules/cm? were used. Given that oligonucleotides consisted of at least 5
nucleosides, this translates into a lower CHy or CHj oscillator density of 4.5 x 10'3 and 4.5 x
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10 oscillators/cm?, above the experimentally demonstrated lower detection limit of 2 x 10'3
oscillators/cm? from these experiments.

3.3 Proof-of-Principle Experiments: Model Hydrophilic and Hy-
drophobic SAMs

3.3.1 Background

Analyzing in situ SFG spectra of larger molecules or dynamic processes can be difficult,
not only because of the inherent complexity of the molecules and processes themselves, but also
because the coupling of water molecules to polar groups in samples in situ can lead to conforma-
tional changes which alter the resulting spectra. Due to the relatively recent appearance of SFG as
an in situ spectroscopic technique, however, there is currently comparably less literature available
which examines these changes [120, 121, 122, 123, 124, 125]. Furthermore, there is little informa-
tion on these changes in basic contrasting systems - simple hydrophobic- and hydrophilic- func-
tionalized surfaces - despite the fact that this information could be highly useful in interpreting
in situ spectra of more complex samples such as biomolecules and polymers.

Self-assembled monolayers (SAMs) of alkanethiols often serve as model systems due to
their relative simplicity and ability to be used to easily create hydrophilic and hydrophobic sur-
faces [? 126]. To date, there have been many theoretical and experimental studies performed on
SAMs with methyl-terminated hydrophobic and hydroxyl-terminated hydrophilic tail groups.
The majority of these studies have focused on structural and dynamic properties of water at the
interface, and have found a substantially reduced water density in the direct vicinity of methyl
terminal groups for hydrophobic films and a partially solvated state for hydroxyl terminal groups
in hydrophilic films [127, 128, 129]. However these studies did not examine the effect of water
interaction on the internal structure of the film itself. Bain and coworkers investigated the re-
lationship between macroscopic contact angles and molecular-level details in methyl-terminated
SAMs in air and in increasingly polar liquids. In order to vary the water contact angle between 77°
and 112°, they used alkanthiols with oxygen atoms at varying distances relative to the terminal
methyl group [120, 121]. Other studies have focused on structural changes within the SAMs, al-
though using more complicated molecules [125, 123, 130]. Here we examine hydroxyl-terminated
alkanethiol SAMs in air and in water using broadband SFG spectroscopy. These molecules are
often employed as a protective group in the manufacturing of a variety of thiolated biomolecules
including DNA [83, 84, 58, 131] and are also used as backfilling molecules to increase order in
films of biological molecules [39]. Furthermore, we compare these results to hydrophobic methyl
terminated SAMs and use Density Functional Theory (DFT) calculations to support peak assign-
ments for both systems.

3.3.2 Experimental Details

Gold-coated wafers were placed in solutions of 1-dodecanethiol (DDT) (Fig. 3.3) to form
hydrophobic surfaces or 11-mercaptoundecanol (MCU) (Fig. 3.5) to form hydrophilic surfaces
(Sigma-Aldrich) in accordance with the methods outlined in Chapter 2 Section 2.1.3. Contact
angles reported in literature for hydroxyl-terminated SAMs were < 10° and 112° for methyl-
terminated SAMs [132]. After 36 hrs of incubation at room temperature samples were removed
from the solutions, rinsed thoroughly in ethanol, and dried under flowing N». Sample quality was
verified via X-ray photoelectron and infrared spectroscopy. SFG Spectra were recorded using the
femtosecond SFG spectrometer described in Chapter 2 Section 2.6. All spectra were recorded in
ppp polarization in the order of increasing wavelengths (SFG, visible and infrared). Each sample
was first measured in air, then in H>O. The spectra were then background corrected, smoothed
using a Savitzky-Golay fit (5 points) and normalized to the spectral profile of the broadband IR
pulse as described in Section 2.6.3

Density Functional Theory (DFG) calculations were made according to the procedures de-
scribed in Chapter 2 Section 2.5. In order to permit direct comparison between experiments and
theory we calibrated the calculated frequencies to match those observed for the symmetric and
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Figure 3.2: SFG spectra of a self-assembled monolayer of hydrophobic, methyl-
terminated 1-dodecanethiol SAM on gold in air (above) and in water (below). No sig-
nificant changes in relative peak intensities or positions were observed upon exposure
to water, indicating that there is only a weak interaction (e.g. induced dipole, van-der-
Waals) between water molecules and the film.

asymmetric CHz vibrations of the methyl terminal group in the DDT film. This yielded a redshift

of the calculated spectra by 99.5 cm~!.

3.3.3 Results and Discussion

3.3.3.1 Hydrophobic SAMs

Fig. 3.2 shows the SFG spectra of self-assembled monolayers of methyl-terminated DDT on
gold in air (orange, upper trace) and in water (blue, lower trace) in the region between 2800 and
3000 cm~!. The major bands present in these spectra are attributed to vibrations of the methyl
terminal groups (located at 2880, 2940, and 2968 cm™1) [133, 134]. Vibrations from methylene
groups within the alkane chain can not be observed in the SFG spectra, with the exception of
minor contributions from the methylene groups adjacent to the sulfur atom (located at 2885 and
2928 cm™1!) (Tab. 3.1).

This is due to the selection rules for second order nonlinear optical processes which dictate
that only molecular arrangements with broken inversion symmetry can contribute to an SFG
response. In air, the close-packed DDT film is assumed to have a highly ordered structure with
an all-trans conformation of the alkane chains [135]. In this configuration a center of inversion is
located in between the methylene groups in the alkane chain, leading to the suppression of the
corresponding SFG signal. Indeed, the DFT calculation for the all-trans conformation reveals that
none of the collective alkane chain CHj; vibrations in the observed spectral range are both Raman
and IR active. Note, that according to group theory, (SFG active) vibrations with broken inversion
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a) CHyS
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Figure 3.3: Graphic of a single DDT molecule as used for DFT calculations. a) molecule
as used for calculations in air and b) molecule as used for calculations in water.

symmetry must be both Raman and IR active. In addition, the absence of bands originating from
gauche defects in the alkane chain (see Tab. 3.1) confirms the presence of an ordered SAM.

Furthermore, the CHj as vibration has both in-plane (ip, 2965 cm ') and out-of-plane (op,
2955 cm™ ') contributions. In the polarization combination used in these experiments (ppp, in the
order of increasing wavelength - SFG, visible, and IR), the observed SFG intensity of the vibra-
tional modes with a component of the IR transition dipole moment perpendicular to the interface
is maximized, while this polarization combination does not sample modes with transition dipole
moments oriented parallel to the surface. The presence of the ip vibration and absence of the
op vibration in these spectra indicate that the methyl groups are oriented perpendicular to the
substrate, as is expected for a highly-ordered film of this type [135].

It was observed that placing the DDT films in water (Fig. 3.2, lower blue trace) did not
significantly change the spectrum in either band position or relative intensity, in agreement with
previous results [120, 121]. This indicates that the water molecules have only weak interactions
with terminal methyl groups of the film and that the orientation of the methyl groups of this film
remains the same. As a high density or close proximity of water molecules near the methyl groups
would cause a change in the vibrations and thus a change in the spectra, these findings support
previous results obtained by MD simulations [127], neutron [136], and x-ray-relfectivity [128, 129],
suggesting a reduced water density near the surface of this hydrophobic film [127, 128, 129].

3.3.3.2 Hydrophilic SAMs

In Fig. 3.4, SFG spectra of the hydrophilic, OH-terminated MCU SAMs are shown. Accord-
ing to our DFT calculations, the only Raman and IR active bands in this region are collective CH,
vibrations mainly located at the second CHy group from the OH-termination (CH2(2)) and the
CH; group adjacent to the sulphur atom (CHj-S). (Tab. 3.1 and Fig. 3.5). A peak at 2964 cm™!
is also apparent in the MCU spectra in both air and water, but as this peak was not present in
the DFT calculations we refrain from assigning it here. Collective vibrations located primarily
at the first group from the OH-termination (CH(1)) are found to be located in the region below
2800 cm ™!, which was not probed in these experiments. The high overall intensity of this spec-
trum and presence of peaks due only to terminal or near-terminal groups indicate that this film
also has a high degree of order, as the alkane chain methylene vibrations are suppressed (see
discussion in the previous section on symmetry arguments in an all-trans conformation).

When this film is exposed to water, however, drastic changes occur (Fig 3.4, lower blue
trace). First, the overall intensity of the peaks decreases significantly compared to the peaks in air
(both spectra were normalized to the nonresonant background). Second, the relative intensities of
these peaks are substantially changed. Third, new peaks attributed to CH; vibrations from further
down the alkyl chains appear at 2909 and 2945 cm~!. These are now visible due to the appearance
of gauche defects caused by the water molecules interacting with this film and causing a change
in the orientation of the hydroxyl terminal groups. This assignment is supported by the DFT
calculations showing that these vibrations are only present in CH, groups adjacent to a kink in
the alkyl chain. It should be noted, however, that the positions of the peaks assigned to CHj-S
vibrations remain unchanged. This indicates that while the interaction with water is disrupting
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Figure 3.4: SFG spectra of hydrophilic, hydroxyl-terminated 1-mercaptoundecanol in air
(upper trace), and in water (lower trace). Peak positions changed drastically upon expo-
sure to water, as did both relative and overall intensities, indicating significant interaction
of the water molecules with the film.
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Figure 3.5: Graphic of a single MCU molecule as used for DFT calculations. a) molecule
as used for calculations in air and b) molecule as used for calculations in water.

the upper part of the film, it is not disrupting lower part of the film, as would be expected for a
well-formed SAM.

In summary, hydrophobic methyl- and hydrophilic hydroxyl-terminated self-assembled
monolayers in air and in water using SFG spectroscopy were examined. Hydrophobic SAMs
with methyl terminal groups showed similar spectra both in air and in water, demonstrating that
these films do not change in either conformation or orientation upon exposure to solution, in
agreement with previous results and supporting the concept of a reduced water density in close
proximity to the hydrophobic interface suggested by other techniques. Hydrophilic SAMs with
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DDT MCU
Assignment Positions Position
Air HQO Air HQO
Exp. Calc. Lit® Exp. Cale. Exp. Cale. Lit® Exp. Calc.
CHgas,ip 2965 2957 2968 2965 2952 - - - - -
CHs s, FR 2940 2946 2940 2939 2929 - - - - -

CHs s 2880 2864 2880 2876 2865 - - - - -
CHy-S as 2928 2939 - 2928 2933 2928 2938 - 2929 2934
CH»y-Ss 2885 2877 - 2885 2877 2885 2877 - 2882 2870
CH2(2) as - - - - - 2911 2919 2910 - -
CH>(2) s - - - - - 2865 2866 2956 - -
CHy gauche - - - - - - - - 2945 2955
CH; gauche - - - - - - - - 2909 2924

Table 3.1: Peak positions and assignments for DDT and MCU monolayers in air and in
water. s: symmetric, as: asymmetric, FR: Fermi resonance. The CH»(2) group in MCU
indicates that this resonance is centralized 2 carbon atoms away from the OH terminal
group as depicted in Fig. 3.5. “Ref.[135] *Ref.[58]

hydroxyl terminal groups revealed substantially different SFG spectra in air and H>O, attributed
to a significant decrease in order and interaction of water molecules with the film. DFT calcu-
lations made for these molecules substantiate the peak assignment and the presence of gauche
defects in the alkane chain when the film is exposed water.

3.4 Conclusions

Both the sensitivity measurements and the proof-of-principle results from model SAMs
yield results that indicate that the technique of SFG can be used to examine and obtain accurate
information about DNA films. The sensitivity measurements show that the current experimental
setup can detect as few as 2 x 1013 oscillators/cm?, which is below the lowest calculated den-
sity for DNA films used in these experiments, 4.5 x 10'3 oscillators/cm?. The proof-of-principle
experiments have shown that SFG can give accurate and predictable information about SAMs
measured in air versus in water, lending confidence to the analysis of the more complex systems
of DNA through similar changes in environment.
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Chapter 4

Surface-Bound DNA in Air

4.1 Summary

Thymine, adenine, and cytosine ssDNA and nucleobases immobilized on gold were ex-
amined in air in the CH stretching region using sum-frequency-generation spectroscopy. It was
expected that the methyl group in thymine would give clues as to the changes in orientation of
these molecules adsorbed on the surface as either ssDNA or nucleobase multilayers, with adenine
and cytosine ssDNA and nucleobases acting as controls. Multilayers of the nucleobases alone
showed clear peaks from the methyl group in thymine that were not visible in adenine and cyto-
sine. Comparison of these peaks using different polarization combinations suggested an average
orientation that was not completely planar with the sample surface, in agreement with previous
results. Examination of films of unmodified short-chain DNA revealed a high degree of similarity
among the spectra of thymine, cytosine, and adenine homo-oligonucleotides, indicating that the
methylene vibrations of the sugar-phosphate backbone were the primary contributors to these
spectra and suggesting that the DNA molecules on the surface were oriented in a way that was
independent of nucleobase composition. Films of thiol-bound DNA, known for their relatively
high degree of ordering, also showed highly visible differences between thymine, adenine, and
cytosine ssDNA. This result suggested that, as was the case for the unthiolated films, the methy-
lene vibrations from the backbone as well as the methylene groups from the thiol linker attaching
the molecules to the substrate were dominating the spectra. The origin of these signals was veri-
fied by inducing order in the films through continuous wetting and drying, revealing increases in
similar peaks for thymine, cytosine, and adenine ssDNA films. These results show that overall,
the CH groups in films of surface-immobilized DNA are initially mostly disordered, likely due to
the flexibility of single-stranded DNA molecules.

4.2 Background

Orientation and ordering in films of ssDNA immobilized on gold are essential to the op-
timal use of these systems [137]. In order to more accurately gather information on these pa-
rameters, we employed a bottom-up approach in which multilayers of the nucleobases were first
examined, followed by unmodified DNA, and finally the more highly-ordered layers of thiol-
modified DNA in air. Such an approach has been used before, most notably by Stokes et al. [57]
who examined both individual DNA components as well as complete DNA molecules on glass
using SFG spectroscopy. However, in those experiments the density of the DNA molecules was
relatively low (on the order of 10'? molecules/cm?, which is usually associated with a low de-
gree of order). Furthermore, only thymine and its derivatives were tested. In these experiments,
adenine and cytosine nucleobases and ssDNA were also tested for comparison.

The goal of these experiments was to gain a clear understanding of which CH oscillators in
the DNA molecules gave rise to which signals, and to use that information to deduce order pa-
rameters from the samples tested. Although spectra in the Amide I region were also taken, these
experiments focused mainly on the CH stretching region, as it was hoped that the CH3 group
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unique to thymine would be distinguishable and would yield clues as to the level of alignment of
the nucleobases either alone or in a DNA strand. Previous work on the tilt angle of methyl groups
in simple CH3-terminated SAMs has shown that this information can be inferred by a comparison
of the intensities of the asymmetric (r~) to the symmetric (r") stretch [138] in ppp polarization or
by comparison of the intensities of either the symmetric stretch in ssp to ppp polarization or the
asymmetric stretch in ppp to ssp polarization [139]. However, both of these systems were devel-
oped assuming constraints based on alkanethiol chains, including the average degree of tilt of the
entire chain (¢) relative to the surface normal, the rotation of the molecule around its axis (¢), and
the average degree of tilt of the methyl groups (¢) relative to the surface normal which is generally
either 27°, for chains with an odd number of C atoms), or 58°, for chains with an even number
of C atoms [138]. The fact that the latter dictates that the methyl groups are roughly pointing
away from the sample surface means that the phase is generally assumed to be 180° relative to
the surface normal [113, 125].

While some of these parameters may also be generally applicable to a methyl-containing
thymine nucleobase in a DNA molecule, due to the flexibility of DNA strands there are also many
more parameters that may influence the methyl peaks, including the rotation of the nucleobase
relative to the pentose sugar, the rotation of the nucleobase and sugar relative to the phosphate
groups, and kinks in the sugar-phosphate backbone which may result in the displacement of
one nucleobase with respect to the others [41]. Furthermore, multiple studies using NEXAFS
spectroscopy to determine the average orientation of thymine nucleobases relative to the substrate
in films of thymine ssDNA on gold have revealed that they adopt an overall parallel orientation,
although the degree of order is not extremely high [85, 44, 83]. Such an orientation would place
the methyl groups in the thymine nucleobases nearly parallel to the sample surface, a condition
which is generally not seen in the investigation of alkanethiol SAMs.

4.3 Experimental Details

All films were formed on 100 nm polycrystalline Au(111)-coated silicon wafers described
in Chapter 2. Films were UV-cleaned for 2.5 hours and rinsed thoroughly with either pure ethanol
or Mili-Q water prior to deposition.

Nucleobase multilayers were formed by placing a 50 ym solution of adenine, thymine,
or cytosine dissolved in pure ethanol on a clean gold wafer and allowing the excess solvent to
evaporate as described in Ref. [102] and in Section 2.1.3. DNA films were fabricated by placing the
freshly cleaned gold wafers in 1M CaCl,-TE buffer and incubating them at 37° for approximately
40 hours as described in Ref. [74] and Section 2.1.3. Following incubation, DNA films were rinsed
for 1 min under flowing Mili-Q water to remove residual salt and excess DNA, then gently dried
with flowing No.

IRRAS measurements were performed on all films according to the procedures outlined
in Section 6.11. XPS measurements were peformed for the DNA layers using the ESCALAB 5
spectrometer described in Section 2.2. SFG measurements were gathered using the broadband
SFG setup outlined in Section 2.6, using output powers of no more than 5 uJ and 7 pJ for the VIS
and IR beams, respectively. Data were processed according to all three of the methods detailed in
Section 2.6.3.

For films that were exposed to wetting and drying cycles, a drop of HPLC-grade water
was placed on top of the sample, then allowed to dry in the purified, filtered air of the purge
box surrounding the SFG sample stage. Measurements were taken after the drop of water had
completely evaporated.

4.4 Results and Discussion

4.4.1 Nucleobase Multilayers

Nucleobase multilayers were examined first, as it was expected that they would provide
the simplest spectra and facilitate the assignment of the peaks stemming from the methyl groups
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Figure 4.1: IRRAS spectra of thymine, cytosine, and adenine multilayers on gold in the
amide I region.

in the bases. Multilayers were chosen instead of monolayers for this purpose as they contain a
high nucleobase density and thus provide more signal due to more contributing oscillators. Fur-
thermore, multilayers of DNA nucleobaes can condense on gold substrates into highly ordered
structures [36, 140].

Multilayers were first measured with IRRAS in the amide I region in order to verify the
sample quality. Results yielded peak positions in agreement with previously published results
of different nucleobases [81, 35]. In Fig. 4.1, the spectrum of thymine shows a large peak at ~
1759cm™1, which is assigned to the vibrations of the C=O at the C2 carbon, while the peak at
1678cm ™1 is attributed to the C4=0 and C=C vibrations. The major peak in the cytosine spectrum
at 1686cm ™1 is due to the C2=0 vibrations, while the two adenine peaks at 1647 and 1606 cm~!
are assigned to NHj; and N3-C4/C5-C6 stretches, respectively [102]. Examination of adenine and
thymine nucleobase multilayers in the CH stretching region between 2800 and 3000 cm ™! using
IRRAS revealed a sharp peak at around 2940cm™1 for the thymine film, which was assigned to
the asymmetric CHj3 stretching vibration [141]. Adenine films showed no such distinguishing
characteristics (Fig. 4.2).

In the raw SFG data in the CH region, the thymine multilayer showed a sharp peak at
2935cm~!, while the adenine and cytosine multilayers showed only small, broad peaks which
distorted the shape of the non-resonant background (Fig 4.3). Spectra for these films in the Amide
I region were also collected, however it was found that peaks from these molecules in the Amide
I region, although relatively strong in IR spectroscopy, appear to be only weakly present in SFG
spectra. In particular, the C=O stretch at 1700 cm~* for thymine, which is quite prominent and
often used as a marker of quality for thymine homo-oligonucleotide films [37, 51], is not sig-
nificantly Raman active [102], and thus does not appear in the SFG spectra. Upon background
suppression, a number of small peaks became visible that were common to all three types of
nucleobases, as well as two unique peaks for the thymine multilayer: one large contribution at
2935cm~! and one small contribution at 2905cm~! (Fig. 4.3).

The peaks that are common to all three multilayers could be due to contamination that
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Figure 4.2: IRRAS spectra of thymine and adenine multilayers on gold in the CH region.
The thymine film shows a sharp peak at approximately 2940 cm ™!, which was assigned to
an asymmetric CHj stretch. The adenine nucleobase multilayers showed no such strong,
sharp contributions, only broader and weaker peaks between 2750 and 3000 cm™*.
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Figure 4.3: SFG spectra of thymine, adenine, and cytosine nucloebase multilayers in the
CH stretching region. Data are presented as (a) raw spectra (b) background-suppressed
spectra
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Table 4.1: Parameters obtained from a fitting of the raw SFG data shown in Fig. 4.5 with
Voigt functions using phase as one of the variable parameters. Positions are given in
cm ™! and phase in degrees. Proposed peak assignments are also given.

PPP SSp
Position Area Phase Position Area Phase Assignment
2895 0.26 98 2899 0.06 142 CHjssym
2928 010 148 2929 014 162 CHjsasym

was present in the deposition solution, or contaminating molecules that adsorbed onto the film
during the process of making the films. It is also possible that these peaks are due to overtones of
vibrations in the amide region. Each of these nucleobase types shows a number of peaks between
1400 and 1500 cm ™! in the IRRAS spectra (Fig. 4.1 which would give overtones in the region
between 2800 and 3000 cm ™. However, given that the smaller peaks look nearly identical among
the layers, which is unlikely to be the case if these are indeed caused by overtones, as the different
structure of the nucleobases should yield unique spectra. Therefore, contamination is the more
likely explanation for these peaks.

It is interesting to note the low intensity of the peaks above 3000 cm™!, which is typically
the region in which strong ring vibrations are expected [141, 57]. However, other studies on films
of nucleobases using SFG have also noted either absent or very weak peaks in this region [57].
This may indicate that the ring vibrations of thymine have either a very small IR cross-section or
a very small Raman cross-section, as the SFG signal is the product of both of these [95]. Hommel
et al. found the major benzene ring vibration at 3070 cm ™' decreased significantly when the rings
were substituted with methyl groups [141].

The peaks for thymine at 2935 and 2905 cm ™! are assigned to the asymmetric and symmet-
ric methyl stretches, respectively. This is in agreement with SFG, IR, and Raman measurements
performed on methylated benzene rings at the air/water interface, in which major peaks in the
SFG spectra were found at 2980, 2945, and 2915 cm~ ! and assigned to a symmetric (at 2915 cm™1)
and two asymmetric (at 2945 and 2980 cm ') methyl stretches [141].

Stokes and co-workers [57] examined spin-coated films of thymine nucleobases on glass
slides and found a peak with a negative phase at 2943 cm~! and three peaks with positive phases
at 2908, 2880, and 2861 cm~!. They assigned these peaks to a methyl asymmetric stretch, a methyl
Fermi resonance, a methyl symmetric stretch, and either a second methyl stretch or residual
methylene from the deposition solution, respectively. The peak observed in these experiments
at 2908 cm ™! is quite similar to the peak assigned to a Fermi resonance by Stokes et al., however
based on the fact that there are only two clear peaks in these spectra, we believe that an assign-
ment of a symmetric stretch is more accurate. An assignment of a Fermi resonance for this peak
would suggest that the symmetric stretch for the methyl vibration in thymine is not visible in
either of the polarization combinations tested, which is unlikely.

The highly visible CH3 asymmetric stretch in the thymine multilayer suggested that this
film might have a relatively high degree of order. In order to test this, we examined this film
using both ppp- and ssp-polarization combinations. A ppp-polarization combination probes a
higher number of x?) components, while an ssp polarization combination probes only those
components which are perpendicular to the plane of the sample surface [23]. The spectra are
presented in Figure 4.4, with the raw spectra shown in the right panel and the BGS spectra shown
in the left.

The large dip in the raw spectra at 2935 cm™~! is also visible in the ssp spectra, indicating
that these molecules are not lying flat on the gold surface with the methyl group oriented parallel
to the substrate. More specific information about the molecules in this film was gathered by fitting
the raw spectra using phase as a parameter as described in Section 2.6.3. The results are shown
in Fig. 4.5 and the values are listed in Table 4.1. The procedure yielded relatively good fits to the
experimental data with values within the expected range.

In ssp polarization, the asymmetric methyl stretch is maximized while the symmetric methyl
stretch is near 0. This could be explained by a methyl angle with a preferential alignment more
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Figure 4.4: SFG spectra of a thymine nucleobase multilayer in ppp and ssp polarization
combinations presented as (a) raw spectra and (b) background-suppressed spectra.
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tions of a thymine nucleobase multilayer(black lines)fit using the peak locations deter-
mined from the background-suppressed spectrum as fixed parameters and phase, area,
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Figure 4.6: Cartoon of a molecule of thymine adsorbed on a gold surface with two poten-
tial orientations that would agree with the results presented in this chapter. The methyl
group is oriented neither perfectly perpendicular nor perfectly parallel to the substrate,
in agreement with previous results.

parallel than perpendicular to the plane of the sample surface. Such and orientation is in agree-
ment with the results of Roelfs and co-workers [36], who examined the adsorption of thymine on
gold electrodes using a combination of STM and XPS, and demonstrated that thymine can adsorb
on Au(111) in a condensed state in which the molecules are oriented with the plane of the ring
perpendicular to the surface and bound by a deprotonated N3 nitrogen to the surface (Fig. 1.4).
Other earlier studies done using STM have also suggested an end-on orientation for nucleobases
adsorbed on gold [142, 143]. This configuration would place the methyl group at an angle of
around 60° relative to the surface plane (Fig. 4.6).

44.2 Unmodified DNA Films

Unmodified 6-mer homo-oligonucleotides were investigated using SFG spectroscopy in
order to determine which contributions arose from the sugar-phosphate backbone of the DNA
molecules. Prior to testing with SFG, the density and overall quality of these films were tested
using XPS and IRRAS as described in Chapter 2. Final densities were calculated to be 7x10'2, 8.2x
102, and 7.5 x 102 molecules/cm? for thymine, adenine, and cytosine, respectively, according the
procedures developed by Petrovykh ef al. [51]. These densities are in agreement with the current
literature, which shows the preference for binding to gold as decreasing from adenine to cytosine
to thymine [35]. Adenine is known to resist being rinsed away, while thymine is more easily
dislodged from the surface by streaming water. The measured densities in these experiments
confirm this trend.

The XPS data themselves showed features typical of DNA monolayers [51]. An example
spectra set for the (dA)g film is shown in Figure 4.7. The C 1s spectra shows two dominant peaks:
1 at 285 eV stemming from carbon with C-C single bonds, and another at 287, which arises from
a C=C double bond. The fact that the latter peak is nearly the same intensity as the former is an
indication that this film is indeed covered with DNA molecules and not just adventitious carbon
contamination, in which C-C bonds are the dominant carbon form. The N 1s signal is strong and
shows 2 contributions in a 2:1 ratio which is typical of nitrogen from adenine nucleobases [37].
The P 2p peak is also clearly present, although with a lower intensity due to the lower amount
of phosphorous compared to nitrogen in DNA molecules (Fig. 1.4). No S 2p peak is present, as
expected for these films.

The SFG spectra generated by these films are shown in Fig. 4.8. Figure 4.8a shows the raw
SFG spectra in ppp polarization consisting of the Gaussian-shaped non-resonant background con-
voluted with the smaller, Lorentzian-shaped resonant contributions appearing as either dips or
peaks distorting the Gaussian shape. All three spectra appear to have broad, shallow dips at ap-
proximately 2880 and 2930 cm™!, although the higher position of the Gaussian in the cytosine
and adenine ssDNA films makes the lower peak appear less prominent. The BGS spectra in ppp
polarization are shown in Figure 4.8b and all show two prominent peaks at 2890 and 2940 cm™*,
with shoulders at 2870 and 2970 cm~!. In ssp polarization, all spectra show three peaks at 2830,
2860, and 2950 cm~!. In total, all the spectra films of thymine, adenine, and cytosine ssDNA are
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Figure 4.7: XPS C 1s, N 1s, and P 2p spectra from the unmodified adenine ssDNA film.
The prominent peak in the C 1s spectrum at 287 eV (C=C bonds) in addition to the peak
at 285 eV (C-C bonds) indicating that this film contains a significant amount of DNA
rather than just contaminants, which generally contain mostly C-C bonds. The N 1s peak
shows a double peak typical of adenine and the clear P 2p peak confirms the amount of
DNA on the surface.

very similar, with peaks in the same locations across all the samples. This is especially interesting
to note in light of the differing densities of these layers. This may be due to two reasons. First,
it is possible that the combination of relatively low molecular densities and a relatively high ex-
pected degree of disorder within these films is making it impossible to accurately detect the CH
vibrations of these molecules. In the sensitivity experiments presented in Chapter 3, the lower
detection limit of the system was found to be below the number of oscillators present in a sparse
DNA film. However, it should be noted that the molecules probed in those experiments were in a
highly-ordered self-assembled monolayer with the majority of the oscillators pointing in the same
direction. When molecules are arranged isotropically, however, the result is a decreased overall
resonant signal (see Chapter 2.6.1). In addition, it is possible that the low density of the molecules
makes it more likely that the film contains a higher amount of contaminants, which could swamp
out the signal from the ssDNA molecules.

It is entirely possible that this is the case for thymine and even cytosine, as C 1s XPS data
of these films showed a relatively large peak at 285 eV attributed to contaminants, but the ade-
nine film shows a reasonable density and a good C 1s peak with a large contributions at 287 eV
(Fig. 4.7) that indicates that this film is primarily composed of adenine ssDNA. Castner and co-
workers [85] examined non-thiolated adenine ssDNA on gold using NEXAFS and showed that
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Figure 4.8: SFG spectra of films of unmodified thymine (green), adenine (red), and cy-
tosine (blue) ssDNA, including raw spectra taken in ppp polarization (a), BGS spectra
taken in ppp polarization (b), and BGS spectra taken in ssp polarization.

Table 4.2: Parameters obtained from a fitting of the raw SFG data for (dA)s shown in
Fig. 4.8 with Voigt functions using phase as one of the variable parameters. Positions are
given in cm ™! and phase in degrees. Possible peak assignments are also given.

pPpP SSp
Position Area Phase Position Area Phase Assignment
- - - 2823 0.02 20 -
2868 0.07 20 2857 0.06 142 CHjsym
2892 016 120 - - - -
2949 0.14 94 2952 0.16 92  CHjzasym

2973 0.14 64 - - - -

the molecules adsorbed in a configuration in which the adenine rings were perpendicular to the
substrate, presumably attached via the nitrogen groups. This would indicate that the methylene
oscillators in the backbone cannot be arranged in a completely random fashion and must have
some form of preferential order. Therefore, it is most likely that in this film the peaks observed
are due to the DNA sugar-phosphate backbone. This would in turn indicate that the similar
peaks observed in the thymine and cytosine ssDNA films are also due to the backbone, and that
the order in these films must be independent of nucleobase composition. The fact that there is
no difference between adenine and cytosine indicate that in these SFG spectra of DNA in air, the
methylene backbone vibrations dominate the spectra.

4.4.3 Thiolated DNA Films

Films of thiolated DNA were created in order to examine these molecules in a relatively
highly-ordered surface-bound state. The molecules were attached to the surface via a C6-thiol
linker connected to the 3’ end of the molecule as shown in Figure 4.9. Very short ssDNA consisting
of only 6 nucleobases were chosen as previous results have shown that short DNA molecules form
films with higher degrees of order than longer molecules [44]. It was hoped that a higher degree
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Figure 4.9: The chemical structure of a thiol-modified 5-mer thymine homo-
oligonucleotide.

of order would maximize the SFG signal and highlight the differences between DNA films of
different nucleobase compositions.

Verification of film quality in the thymine ssDNA layers using XPS revealed a C 1s spec-
trum typical of DNA, with a large C=C peak at 287 eV (Fig.4.10). The N 1s and P 2p peaks were
also strong and yielded a correct ratio of 2, indicating little to know nitrogen-containing contam-
inants [51]. The S 2p peak showed a strong peak for bound sulfur at 163 eV, and a small peak
at 168 eV, indicating that some of the thiolated molecules in this film were oxidized, which may
have contributed to a decreased overall order. Adenine and cytosine films were also examined
using XPS and gave similar results. The densities of these films were calculated from the fitted
XPS data and found to be 6.5 x 10'3, 3.5 x 103, and 5.1 x 10'® molecules/cm? for the thymine,
adenine and cytosine films, respectively. As discussed in Section 1.2.1, the lower density for the
adenine ssDNA films is expected, as the high affinity of these molecules for gold causes them to
adsorb to the surface via both the sulfur group and the nucleobases [35]. This results in some of
the molecules lying with an orientation more horizontal along the surface, taking up more space
and preventing the adsorption of further DNA molecules. Thymine, on the other hand, is eas-
ily displaced from the gold surface by the thiolated linkers, resulting in more of these molecules
standing upright and an overall higher density on the surface [37, 52].

A comparison of the BGS spectra of thymine thiolated ssDNA film and a film of the linker
group alone (HS-(C3)s-OH) is shown in Figure 4.11. The raw data (Fig. 4.11a) show a similar peak
at 2930 cm~!. However, the peak at 2880 cm™' is much more prominent in the spectrum of the
linker group alone. The BGS spectra (Fig. 4.11b) revealed that most of the peaks in these spectra
are in common between the two, including the most prominent peaks at 2880 and 2940 cm ™!
observed in the raw data. This is unsurprising, as both the C6 linker and the backbone vibrations
shown to be dominant in the spectra of unmodified DNA films contain exclusively methylene
vibrations. The fact that some of the methylene groups in the DNA backbone are in a different
environment should produce small differences in the spectra unless the linker groups are domi-
nating the spectra. This situation was in fact found by Sartenaer and co-workers [58] examining
DNA layers on Pt(111) with SFG spectroscopy. However, in these films of DNA on Au(111), from
which we expect a slightly greater degree of order, there are two peaks that stand out as distinct
in the spectra of (dT)g: one at 2871cm ™' and another at 2912cm~!. The peak at 2871cm ™" is close
to the peak at 2868cm ™! was previously observed in the unmodified (dA)s layer and assigned
to a methylene symmetric stretch stemming from the backbone, while the peak at 2912 cm™!
was observed in the thymine, adenine, and cytosine thiolated ssDNA spectra and is assigned
to a methylene symmetric stretch from the backbone. The other peaks present are assigned to
overlapping peaks from the backbone and the C6 linker.

It is clear to see from the data in Figure 4.12 that films of thymine, adenine, and cytosine
homo-oligonucleotides adsorbed on gold give largely similar spectra. Given the results presented
in Section 4.4.2, this is most likely due to the dominance of the methylene vibrations coming from
the sugar-phosphate backbone, and compounded by the presence of the linker group, which are
common to all film types and would give peaks in similar locations. It was initially assumed
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Figure 4.10: XPS C 1s, N1s, P 2p, and S 2P spectra for a 6-nucleobase thymine homo-
oligonucleotide film.

that adding a thiol linker, at least to the thymine ssDNA strands, would cause these layers to
adopt enough order so that the distinct methyl vibrations from the thymine bases could be seen.
However, this proved not to be the case.

The values from a phase fitting of the data for the three types of thiolated ssDNA in ssp
and ppp polarizations are given in Table 4.3. As can be seen from these data, the increase in peaks
at this location in these two films is due to a combination of a phase change and an intensity
increase (in the case of (dA)s-S/Au) in the peak located at 2836 cm ™!, as well as a decrease in
the intensity of the peak located at 2890 cm™~!. If the former peak is assigned to a methylene
symmetric stretch coming from both the backbone and the thiol linker, its apparent change in
phase in ppp polarization between the adenine and thymine ssDNA could correspond with a
change in orientation of the sugar-phosphate backbone. Such a change in both intensity and
orientation is also visible in the peak at 2890 cm~! in ssp polarization. For the intensity and phase
to change so drastically it would be likely that this is either a CH; asymmetric or symmetric
stretch, and its 90° phase difference may be yet another indicator of a change in average backbone
conformation between the thymine and adenine thiolated ssDNA films.

Nevertheless, the similarities in the overall spectral shapes for each of the three thiolated
films suggests that the backbone and linker have similar amounts of overall disordering in each
of the three film types. This may indicate that despite the differences in orientation in these films
suggested by the XPS data, there is enough flexibility in these DNA chains that the methyl and
methylene groups are still somewhat randomly oriented, at least on the level detectable by SFG
spectroscopy. Considering the structure of a single-stranded DNA molecule and all the possible
configurations it can adopt, this result is imaginable.

Previous work done by Lee and colleagues [39] using NEXAFS spectroscopy to probe the
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Figure 4.11: Comparison of SFG spectra the C6 linker group alone (black) and a thymine
ssDNA film immobilized on gold via the C6 linker group (red) shown as (a) the raw
spectra and (b) the background-suppressed spectra. The peaks at 2870 and 2912 cm™!
are assigned to methylene stretches from the sugar-phosphate backbone.
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Figure 4.12: SFG spectra of films of thiol-modified thymine (green), adenine (red), and
cytosine (blue) ssDNA, including raw spectra taken in ppp polarization (a), BGS spectra
taken in ppp polarization (b), and BGS spectra taken in ssp polarization. All spectra were
normalized to 1 to facilitate comparison, however all intensities were initially similar.
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Table 4.3: Parameters obtained from a fitting of the raw SFG data for (dT)s-S, (dA)s-S,
and (dC)g-S ssDNA films shown in Fig. 4.12 with Voigt functions using phase as one of
the variable parameters. Positions are given in cm~! and phase in degrees. Possible peak
assignments are also given. *Indicates that this peak was located at a position of +-5 cm ™!
from the given value.

(dT)s-S/Au (dC)s-S/Au (dA)s-S/Au

Polarization Position Area Phase Area Phase Area Phase Assignment
2836 0.02 136 0.06 86 0.25 96
2868 036 109 034 112 044 111 CHsym
PPP 2890 028 104 0.06 119 0.08 93
2901 0.05 74 0.05 110 0.05 95
2935% 0.17 120 0.17 105 0.24 112 CHj asym
2836 031 109 026 105 021 103
2868 035 110 029 108 041 112 CHsym
ssp 2890 025 106 0.01 180 0.01 29
2901 0.10 100 045 109 043 110
2939* 023 109 034 110 034 113 CHjasym

orientation of thiolated thymine ssDNA immobilized on gold. They found a slight degree of
orientation of the plane of the nucleobases along the plane of the sample. However, the overall
alignment was somewhat weak, suggesting that there was not a high degree of order in these
films. This may also be the case in these samples, although even in a situation in which the
nucleobases are stacked, it would be quite difficult to get a strong preferential alignment of the
methylene groups in the backbone. An irregular orientation of the backbone would in turn affect
the orientation of the individual nucleobases in the film, resulting in a disordering of the methyl
groups in the thymine nucleobases and giving rise to these results.

In order to verify the hypothesis that these signals were indeed stemming from the back-
bone, we attempted to induce more order in these systems by exposing them to water and allow-
ing it to evaporate. Previous research has shown that DNA molecules attached at one end to a
solid surface can be straightened by exposure to a receding air/water interface [144]. However,
in that work the DNA strands were unmodified and straightened along a surface rather than per-
pendicular to it. It was hypothesized that a degree of ordering could also be induced in dense
films of surface-bound DNA, potentially through both the action of the receding air/water inter-
face and the exposure to solution, which should allow the DNA strands to rearrange to a more
energetically favorable ordered configuration.

The data of adenine and thymine ssDNA films through two evaporation cycles are shown
in Figure 4.13. A control of the same procedure performed on a bare gold substrate is also shown
for comparison. The initial films of thymine and adenine (ladled (a) in Fig. 4.13) show the typical
shape of an ssDNA film, with a large prominent peak at 2940 cm~! and smaller features between
2860 and 2890 cm~!. The gold control shows broader, less specific peaks, although they are in
positions similar to the peaks in the DNA films. This is presumable due to the fact that the primary
oscillators in adventitious carbon contamination are also expected to be methylene.

After the first wetting and drying cycle in the ssDNA films (spectra (b) in Fig 4.13), addi-
tional peaks around 2860 and 2960 cm ™! become prominent. After the second cycle (spectra (c) in
Fig 4.13), they are even more so. The position of the Gaussian non-resonant background changes
slightly for each of the measurements due to the repositioning of the sample, however the loca-
tions and overall shapes of the Lorentzian resonant contributions are highly similar between the
adenine and thymine ssDNA, further confirming that the CH vibrations being measured here are
from the sugar-phosphate backbone and C6 linker common to both of these molecules. The gold
control sample, however, shows perhaps a slight increase in the definition of the peaks above
2900 cm™1, but not the significant increase observed in the DNA films. It is possible that the
increase in peak intensity observed is due to some interaction of the DNA strands and contami-
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Figure 4.13: Raw spectra of a Ts-S film, a Ag-S film, and a bare gold substrate over re-
peated wetting and drying. (a) initial films (b) films after 1 wetting and drying cycle (c)
films after 2 wetting and drying cycles. The cartoon below offers a graphic description of
the hypothesized straightening of the DNA molecules occurring as a result of the wetting
and drying in the ssDNA films.

nants, which would explain why it does not occur in the bare Au control. Test on the wetted and
dried samples with XPS did indeed show an increase in the peak at 285 eV, indicative of con-
taminants. However, it was observed through multiple repeats of these experiments with SFG
spectroscopy that the positions and relative intensities of these peaks were always similar. If this
were indeed caused by contamination, we would expect to see changes in the spectra between
samples and between runs, as there are many different types of contaminant molecules which
will adsorb to the surface in different ways. This observation further confirms that the changes
occurring in the ssDNA layers are due to the presence of DNA molecules and not due to contam-
ination being deposited on the sample during the course of the wetting and drying.

These results show that in air, the SFG spectra of ssDNA films is dominated by the non-
specific signals emanating from the sugar-phosphate backbone. However, the fact that there ap-
pear to be no nucleobase-specific signals from these films of ssDNA on gold in the CH region
may have a positive aspect, as it suggests that this technique could be used to examine overall
order in the sugar-phosphate backbone of molecules in DNA films regardless of their nucleobase
composition.
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4.5 Conclusions

Examination and comparison of films of nucleobase multilayers, unmodified short homo-
oligonucleotides (ssDNA), and thiolated short homo-oligonucleotides in air were performed in
an effort to track the average orientation of the methyl group among these three types under
ambient conditions using a label-free method. Investigation in the CH stretching region revealed
clear differences between thymine and the other two the nucleobases which were minimized
upon the addition of a sugar-phosphate backbone. It was further found that the addition of a
linker group to the DNA molecules in order to improve their overall ordering did not result in
the appearance of nucleobase-specific peaks, a fact that was attributed to the dominance of the
methylene stretches from the sugar-phosphate backbone and linker group in the SFG spectra in
this region. This hypothesis was supported by inducing more order in the films through cycles
of wetting and drying, which increased the intensity of the peaks in the ssDNA films, but not
in bare gold controls. These clearer peaks were similar in both adenine and thymine ssDNA
films, confirming that the primary signal was stemming from the linker and backbone CH groups
common to both.

These results demonstrate that while SFG can be used to obtain molecular-level label-free
orientation about the methyl groups in thymine, for films of DNA in air it gives information al-
most exclusively about the methylene groups in the sugar-phosphate backbone and linker groups.
This could make it a potentially useful complimentary technique to those such as NEXAFS, which
give information about the orientation of the nucleobases. The SFG results presented here suggest
that the average orientation and disordering of the backbone or backbone and linker is similar in
all three short-chain DNA types tested. This is a reasonable assumption given the fact that DNA
molecules are relatively flexible when in a single-strand state, and may suggest that although pre-
vious studies with NEXAFS have shown a level of ordering and stacking in the nucleobases of
thymine ssDNA immobilized on gold, in the backbone of these molecules there is still a relatively
large amount of disorder.
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Chapter 5

Surface-Bound DNA in situ

51 Summary

Understanding the organization and orientation of surface-immobilized single stranded
DNA (ssDNA) in aqueous environments is essential for optimizing and further developing the
technology based on oligonucleotide binding. In this chapter, SFG spectroscopy was used to
compare the structure and orientation of ssDNA films of different nucleobase compositions in air
and in water in the CH stretching region. Tests on thiolated ssDNA films of different nucleobase
compositions in air versus water revealed a differences in the degree of solvation among these
films types. This observation was tied to the different conformations of the DNA strands in the
films owing to differing affinities for the gold substrate. Interestingly, the spectra of the different
films upon solvation in water appeared to show nucleobase-specific features for DNA contain-
ing thymine. Further tests revealed that that this result occurred in both short- and long-chain
thymine ssDNA. It was hypothesized that the appearance of these unique thymine peaks was
due to a decrease of the dominant backbone and linker group methylene signals upon exposure
to water, as the entire DNA chain gained more flexibility in the aqueous environment.

5.2 Background

Many of the most useful techniques for determining information about biological molecules
at interfaces on a molecular level and label-free (XPS, NEXAFS, IRRAS, etc.) are performed either
under ultra-high vacuum (UHV) conditions, or in air. However, the ability to characterize ssDNA
films in aqueous environment is important because it allows for the examination of these films
in situ —the conditions under which they are actually used. Furthermore, the ability to directly
compare results obtained in situ and ex situ can provide a way to determine whether the results
obtained in air or under ultrahigh vacuum conditions are applicable in aqueous environments. In
this chapter, information obtained from the proof-of-principle experiments shown in Chapter 3
and the understanding of ssDNA films in air presented in Chater 4 were applied to gather knowl-
edge about the changes that these films undergo when exposed to in situ conditions. The goal of
these experiments was to determine how these films changed in water versus in air and correlate
these changes to the current understanding of these systems.

DNA is a flexible molecule with the potential to adopt multiple conformations depending
on the local microenvironment (see Chapter 1). This raised the question of how much variability
would be present in the spectral shapes of thymine ssDNA upon exposure to liquid. A high
degree of change among the spectra across multiple experiments would indicate a high degree of
sensitivity of these films to external conditions upon rearrangement in liquid, while a low degree
of change would indicate that the changes occurring upon exposure to liquid were largely due to
molecular properties.

Pure water was chosen as the liquid environment for these experiments, as it was expected
that the lack of any screening charges would maximize electrostatic repulsion between the strands
and thus cause the greatest degree of order, increasing the chances of obtaining a clear SFG sig-
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nal. Furthermore, pure water has a much lower experiment-to-experiment variability than buffer
solution, which must be made fresh for each experimental run and thus will be slightly different
each time. Experiments in standard 1M NaCl-TE buffer were also performed with variable re-
sults, so for clarity of presentation only those data obtained from samples in water are presented
and discussed. Adenine and thymine molecules were also tested as controls for the CH region, as
they contain all the same oscillators as the thymine ssDNA in the backbone and linker, but differ
in base-specific CH groups.

5.3 [Experimental Details

Short-chain (6-mer), thiol-modified thymine, adenine, and cytosine homo-oligonucleotides
were chosen for these experiments. Experiments were conducted at least 6 times, although tests
with background suppression were performed only twice. The films for some of these experi-
ments were made in the 1 M PBS solution described in Section 2.1.3, although the larger part was
made in the 1 M TE-CaCl; buffer, as it was found that higher DNA densities were achievable
using this method.

Characterization and assessment of film quality was performed for all of the films using
IRRAS and XPS. Although the quality did vary to some extent, it was found that all layers had
densities of >2.0 x 10'3, which is considered good surface coverage in the literature [37, 51]. SFG
measurements were made as described in Chapter 2 and the data were processed according to
the procedures outlined in Section 2.6.3.

5.4 Results and Discussion

5.4.1 Structure Changes in Water

The ability of a solution to penetrate or not penetrate a thin film is of importance in such
areas as protein adsorption [125, 145], molecular rearrangement upon exposure to stimuli such
as temperature [10], and the effectiveness of hybridization in DNA films [146, 38, 62]. Zolk et
al. [125] examined the solubility of oligo(ethylene glycol)-terminated self-assembled monolayers
(OEG SAMs) in polar and non-polar solvents. They found that they could detect solvation of only
the upper in HyO versus the solvation of the entire layer in CCly by examining the appearance of
peaks attributed to Gauche defects in the SAMs.

Fitted SFG data typical of what was observed for nearly all of the experiments is shown in
Figure 5.1. The densities for these films were 1.9 x 1013, 2.0 x 10'3, and 2.3 x 10'® molecules/cm?
for the adenine, cytosine, and thymine layers, respectively.

The somewhat drastic decrease in overall signal in the thymine ssDNA layers is in contrast
to the work by Zolk et al., who observed no such loss in overall signal [125]. This may be due
to the difference in molecular density between ssDNA and OEG layers. OEG molecules have
the ability to arrange themselves in relatively highly-ordered, densely-packed SAMs [145]. In
molecular simulations of solvated OEG SAMs, Zhang and co-workers noted a reduced flexibility
of these molecules which they attributed to the high packing density [145]. This may explain the
retention in overall signal strength in the work by Zolk and colleagues: although the films in H,O
and CCly were acquiring Gauche defects upon exposure to liquid, the density of the SAM was
still high enough to restrict the mobility of these molecules, enforcing a particular conformation
to some degree and resulting in a higher SFG signal.

Conversely, the formation of highly-ordered layers by DNA molecules is hindered by the
strong electrostatic charge of the sugar-phosphate backbone as well as the greater size of these
molecules [137, 43]. The density of the molecules for the thymine ssDNA film presented in Fig-
ure 5.1 translates to 0.23 molecules/nm?, which is conceivably enough space for movement con-
sidering an idealized surface-bound 6-mer ssDNA strand 1 nm in diameter and 1.8 nm high at
its fullest extension [137]. This relatively large amount of space surrounding the molecule could
allow the sugar-phosphate backbone enough freedom of movement in the liquid environment to
be continuously moving and changing position, resulting in a lower SFG signal due to the non-
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Figure 5.1: SFG spectra of thymine, adenine, and cytosine ssDNA layers in air and in
water

alignment of the CH moieties as well as an increase in destructive interference from oscillators
pointing in opposite directions.

The fact that the adenine ssDNA does not lose intensity as drastically as the thymine ss-
DNA in solution can be explained by the expected arrangement of these molecules with respect
to the gold substrate. Adenine has been shown to have a significantly higher affinity for gold
than thymine, resulting in a preferential attachment of these nucleobases to the gold [35, 34]. It
is therefore likely that the adenine strands in this experiment are attached to the substrate not
only through the thiol linker groups, but also to some extent through the nucleobases themselves.
This is also in agreement with the results presented in Chapter 4 from a separate experiment. If
this were indeed the case, it would mean that these strands have less mobility in solution than
thymine strands, and we would expect to see less change when they are exposed to solution, as
is the case. The fact that the peak is broadening is likely due to a slight increase in the dispersion
of the beam caused by passing through the CaF, prism and the thin water film.

The cytosine film appears to lose more intensity than the adenine film, but less than the
thymine film. This is consistent with the fact that this type of nucleobase has an affinity for gold
between that of adenine and that of thymine [35]. It would therefore be expected that there would
be an intermediate number of nucleotides in the ssDNA film bound to the surface, and thus an
intermediate amount of DNA strands with high mobility to result in a decreased signal intensity.
This is consistent with what is observed in Figure 5.1.

These results show that the structure changes in films of ssDNA exposed to water appear
to be nucleobase-dependent, and largely related to affinity of the individual nucleobases com-
prising the DNA strand for the gold substrate. Films of thymine ssDNA, a nucleobase with a
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Figure 5.2: Raw (upper curves) and BGS (lower curves) SFG spectra of thymine (left
panel) and adenine (right panel) ssDNA layers in air and in water

low affinity for gold, showed the most drastic changes, consistent with these molecules having
a higher mobility on account of being bound to the substrate primarily through the thiol linker.
Films of adenine ssDNA, a nucleobase with a high affinity for gold, showed little changes, likely
due to the fact that these molecules are bound to the surface not only through the thiol groups,
but also through a number of the nucleobases themselves. This would result in a lower mobil-
ity of these molecules upon exposure to solution. Films of cytosine ssDNA, a nucleobase with an
intermediate affinity for gold, showed changes in spectra intermediate between thymine and ade-
nine ssDNA films, in agreement with previous studies showing this type of nucleobase to have
an affinity for gold between that of adenine and cytosine [35].

5.4.2 Nucleobase-Dependent Orientation in Water

Despite the low overall intensity of the ssDNA layers in water, the signal stemming from
the CH groups in the solvated chains is still above the level of noise and can be further brought
out by background suppression. The BGS data for the (dT)s and (dA)s thiolated films analyzed
in air in Chapter 4, with corresponding densities of 9.5 x 10'3 and 6.5 x 10'3 molecules/cm?,
respectively.

Figure 5.2 shows a comparison of BGS data for thymine and adenine ssDNA films in air and
H,O. It is clear from the spectra that although these films appear quite similar when measured in
air, upon exposure to solution they show distinct differences. Thymine shows two distinct peaks
at 2927 and 2960 cm~!, while adenine has one particularly prominent peak at 2975 cm~!. Both
adenine and thymine ssDNA films show smaller peaks at 2870 cm~! as well as at 3020 and
3040 cm ™!, although these are barely above the noise level in these spectra. This is similar to the
peaks seen above 3000 cm ™" in the spectra of the nucleobase multilayers (Fig. 4.3, although the
peaks observed here are much sharper.

Upon phase-fitting (Table 5.1), it can be seen that the two most prominent peaks in the
thymine ssDNA spectra in ppp polarization are both shifted 30 cm~! higher than the methyl
peaks observed in the thymine nucleobase multilayers (Table 4.1). Previous studies using IR
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Table 5.1: Parameters obtained from a fitting of the raw SFG data for a thymine ssDNA
film in HO with Voigt functions using phase as one of the variable parameters. Positions
are given in cm~! and phase in degrees. Proposed peak assignments are also given.

pPPP SSp
Position Area Phase Position Area Phase Assignment
2927 0.28 98 2942 049 107 CHjssym
2960 0.05 180 2981 0.06 151 CHjzasym/CHj;

spectroscopy to examine poly(vinyl methyl either) showed a blue shift of approximately 20 cm~!

in the methyl groups of these polymers as they moved from a dehydrated to a hydrated state
[147]. It may be that what is visible in this BGS spectrum of thymine ssDNA in air are the methyl
asymmetric and symmetric stretches of the thymine bases. This would be consistent with the
appearance of the peaks above 3000 cm™?, also assigned to the bases. It is conceivable that they
would appear when the dominating signals from the backbone and linker groups are decreased
due to the flexibility afforded them by the liquid environment. The bases themselves, however,
are planar molecules with significantly less flexibility, and could therefore remain in their more
energetically favorable stacked state with less mobility than the linker and backbone, or even
arrange into a more highly ordered stacked state, as this is generally the most energetically favor-
able arrangement for these nucleobases [41].

Comparison of the thymine spectrum to the adenine spectrum in HyO in Figure 5.2 shows
that unlike the thymine spectrum, the adenine spectrum consists of really only one prominent
peak. The location of the most prominent peak in this spectrum, located at 2975 cm™!, is again
approximately 30 cm™! higher than the most prominent peak in the spectrum of the adenine
nucleobase multilayer, located at 2945 cm~!. Furthermore, the shape of this spectrum is quite
similar to the shape of the spectrum from the adenine nucleobase multilayer shown in Figure 4.3.
These observations suggest that this spectrum, like the spectrum of the thymine ssDNA film in
H,O, is dominated by the nucleobases.

An alternative explanation could be that a peak at approximately 2965 cm™" is due to the
backbone and linker groups in their hydrated state. This would be a likely explanation for the
spectrum of the adenine ssDNA film, given that the intensity of the SFG signal from this film
did not decrease as drastically as that of the thymine film. To further test this, we examined a
(dC)6S/Au film in a hydrated state. The background-subtracted SFG spectra for the three film
types in air and in HyO are shown in Figure 5.3. The spectra for the three film types in air are
all similar in shape, with a main peak at approximately 2935 cm™~! and slightly differing peaks
between 2860 and 2890 cm ™!, in agreement with the spectra in air shown in Chapter 4. In water,
however, differences in the spectral shapes in the thymine and adenine ssDNA layers become
apparent, similar to what was observed in the BGS spectra shown in Figure 5.2, with the thymine
films showing two clear peaks and the adenine just one. The cytosine spectrum in water also
shows just one major contribution, more similar to the adenine film than to the thymine film.
The positions of the peaks in these spectra are slightly different than the peak positions shown
in Figure 5.2. This is likely due to the phase of these peaks, which is a contributing factor in the
background-subtracted spectra and not in the BGS spectra (see Section 2.6.3), and thus may cause
an apparent shift in one spectral set versus the other.

An assignment of the single peak observed in the adenine and cytosine spectra to a hy-
drated state of the methylene backbone and linker groups would explain the similarity of the
spectral shape between these two films, and would further indicate that the only the peak at
2927 cm~! is due to the thymine bases, with the second expected peak at 2960 cm~! either not
present due to a more highly aligned conformation or present but strongly overlapping with the
hydrated backbone/linker peak. However, given that the spectrum of the cytosine nucleobase
multilayer appeared very similar to the adenine nucleobase multilayer, it could still be the case
that what is observed in the cytosine spectrum is also a nucleobase-specific shape. Yet regard-
less of which of the two presented peak assignments is ultimately correct, these results still show
that nucleobase-specific contributions, at least in the case of thymine homo-oligonucleotides, are

1
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Figure 5.3: SFG spectra of thymine, adenine, and cytosine ssDNA layers in air and in
water

present in the SFG spectra of hydrated ssDNA films.

In order to further test if the unique peaks observed in the thymine ssDNA layers were due
to the short length of these molecules, which would be expected to form more ordered, stacked
structures, or rather due to more to type of nucleobase, a longer thiolated thymine ssDNA film,
(dT)25S/ Au, was tested. A comparison of the raw spectra for the short (dT)sS/ Au film, the longer
(dT)25S/ Au film, and the (dA)sS/Au film in both air and H>O are shown in Figure 5.4.

In air, the (dT)25S/Au film appears similar to the (dT)s and (dA)sS/Au films, with the
major peak appearing at 2935 cm ™!, although further on the right side of the Gaussian than in the
(dT)6S/Au and (dA)sS/ Au films due to the position of the (dT)255/Au sample during the time of
measurement. When exposed to solution, however, the (dT)25S/ Au film displays a spectral shape
nearly identical to that of the (dT)S/Au film, with two clear peaks: one at 2927 cm ™! and another
at 2960 cm™'. The (dA)S/Au film, in contrast, displays only on broad peak at 2970 cm™*. These
results indicate that the nucleobase composition of the thymine film is more of a factor in the
determination of the spectral shape in solution than the length of the DNA molecule.

Since it was hypothesized that the loss of signal in these layers was due to a loss of order in
the sugar-phosphate backbone upon exposure to water, the question arose of whether the order
induced by the repeated wetting and drying of these films presented in Chapter 4 would cause
the film to retain some of its ordered structure. To test this, films of (dT)s-S/Au that had been
repeatedly wetted and dried were placed in H,O and measured. The resulting raw spectra are
shown in Figure 5.5.

The raw spectrum of the wetted and dried thymine film in air shows a spectral shape simi-
lar to those observed in Figure 4.13, with four clear peaks between 2860 and 2960 cm™ 1 attributed
to an increase in order in the sugar-phosphate backbone and linker groups. This apparent increase
in order in air, however, does not seem to be retained when the film is exposed to water, as the
spectrum of the wetted and dried film in water is highly similar to those of the (dT)s-S/Au and
(dT)25-S/ Au films in water.
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Figure 5.4: Raw SFG spectra of a (dT)¢S/Au, (dT)25S/Au, and a (dA)sS/Au ssDNA layer
in air and in water. The spectral shapes of all three films in air appear similar, however in
water the two thymine films have similar shapes while the adenine film appears different,
indicating that nucleobase type is the important factor in determining the spectral shape
in solution.
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Figure 5.5: Raw SFG spectra of a (dT)s-S/Au after two wetting and drying cycles (a) in
air, showing the characteristic peaks of a DNA film with induced order and (b) in H»O.
In H>O, the film still loses its ordered structure and adopts the spectral shape of a typical
thiolated thymine film in water.
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5.5 Conclusions

These data demonstrate the application of SFG spectroscopy to films of ssDNA immobi-
lized on gold for comparison between air and aqueous environments. Tests on the solubility of
thiolated ssDNA films of different types in water showed a significant decrease in the intensity
of the thymine ssDNA films, less of a decrease in the cytosine films, and the least decrease in the
adenine films. This was correlated to the preference of these different nucleobases for the gold
substrate: the adenine ssDNA molecules are known to bind to the gold through not only the thiol
linker but also through the high-affinity nucleobases, making drastic orientational and conforma-
tional changes in solution less likely, whereas the thymine molecule are known to adsorb to the
gold primarily through the thiol linker alone, making it easier for these molecules to become more
randomized upon exposure to the solution. Such a randomization could lead to a more isotropic
environment for the CH groups in the sugar-phosphate backbone, resulting in a reduced SFG
signal from these oscillators. A closer examination of these films in water revealed nucleobase-
specific contributions from thymine ssDNA films which appeared to be independent of the length
of the molecule, with both the (dT)g and (dT)s5 thiolated films showing similar spectra in water.

These results show that there are significant differences in the structure of ssDNA films
in situ versus ex situ, and that SFG spectroscopy can be a useful technique for comparing the
two. Furthermore, they show that the sugar-phosphate backbone and linker groups in the DNA
strands have a significant degree of flexibility and a much more random orientation in liquid
than in air. Such information could be useful for those seeking to connect ex situ orientational
information to in situ performance of systems involving DNA immobilized on surfaces.
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Chapter 6

Surface-Bound DNA Hybridization

6.1 Summary

Understanding hybridization and the structure of hybrids formed by DNA immobilized on
solid surfaces is important for the further development of biotechnology based on these systems.
In order to further this understanding, a combination of X-ray photoelectron spectroscopy (XPS),
high-resolution XPS (HRXPS), near-edge X-ray absorption fine structure spectroscopy (NEXAFS),
and sum-frequency-generation (SFG) spectroscopy was used to monitor two types of ssDNA
films on Au(111) before and after hybridization. First, hybridization in films of different types
was tested. Thiolated thymine d(T) homo-oligonucleotides and thymine-adenine d(A-T) block-
oligonucleotides were chosen, as they represent two common types of ssDNA used for immo-
bilization on gold substrates. In accordance with previous work, hybridization of the shorter
and more densely packed thiolated ssDNA films produced fewer (if any) hybrids, whereas the
longer and less densely packed layers exhibited a larger hybridization yield. These effects were
less pronounced in the case of the d(A-T) films where the hybridization yield of the less densely
packed monolayers was significantly lower. This was presumably due to the formation of inter-
and intramolecular hybrids during the immobilization step of these self-complimentary d(A-T)
probe molecules, resulting in the formation of fewer additional hybrids upon exposure to the tar-
get molecules. In all ssDNA films displaying a reasonable number of hybrids present, significant
orientational changes were observed and could be monitored in detail. Second, films of surface-
bound homo-oligonucleotides on gold were hybridized with a complementary strand and sub-
jected to rinses using various volumes of water in preparation for ex situ spectroscopic analysis.
It was found again through a combination of XPS, HRXPS, NEXAFS and SFG spectroscopy that
lightly rinsed films contained relatively well-ordered DNA hybrids with mostly upright orienta-
tion relative to the surface, while films rinsed with a greater volume of water showed a decreased
number of hybrids. For these films a significant disruption of their intactness and upright order
in both target and probe DNA strands was observed, with the latter adopting a preferably hori-
zontal orientation relative to the substrate. These results demonstrate the significant effects that
rinsing with water can have on a hybridized DNA film and illustrate the importance of taking into
account preparation procedures when interpreting ex situ spectroscopic data of such systems. Fur-
thermore, the work presented in this chapter demonstrates the usefulness of the combined use of
XPS, HRXPS, NEXAFS, and SFG spectroscopy for gaining information about surface-bound DNA
hybrids.

6.2 Effects of Density and Film Type

6.2.1 Background

Reliable and efficient recognition of complex biomolecules is one of the major challenges
of modern biology and medicine. Important in this regard are systems of surface-bound single-
stranded oligonucleotides (ssDNA). Such systems can be used in multiple applications, including
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Figure 6.1: Schematical illustration of the experiments. Primary films of thiolated
thymine homo-oligonucleotides a) and thymine-adenine diblock-oligonucleotides b) hy-
bridized with the suitable adenine homo-oligonucleotides. The red and green colour
codes are used for the thymine- and adenine-based oligonucleotides, respectively.

the detection of target nucleotides by hybridization [14], the functionalization of nanoparticles
for use in specialized drug delivery systems [29], and directing the settlement of cells on surfaces
[7]. As hybridization is the critical event in most applications of these systems, it is desirable to
thoroughly understand this process in order to both optimize it and further its application to new
areas and technologies.

In order to help achieve these goals, we examined the effects of hybridization in thiolated
thymine and d(A-T) block types of ssDNA films (see Section 1.2.2) using XPS, high-resolution
XPS (HRXPS), NEXAFS spectroscopy, and SFG spectroscopy. The goal of our study was three-
fold: first, to assess the extent of hybridization using these techniques; second, to gain molecular-
level information on the orientational and conformational changes that occur as the result of the
formation of hybrids and third, to determine the advantages and limitations of the techniques
applied in the present study in terms of their usefulness for detecting hybrids and the changes
due to their formation in the given types of systems.

6.2.2 Experimental Details

Two thiolated d(T) homo-oligonucleotides of different lengths (a 6-nucleobase strand, 5’-
HS-(CHs)-d(T)g-3" abbreviated to (dT)s-SH, and a 25-nucleobase strand, and 5”-HS-(CHs)g-(dT)25-
3" abbreviated to (dT)25-SH) as well as two different d(A-T) block-oligonucleotides of different
lengths (a 20-nucleobase strand, 5”-d(A)s-d(T)5-3" abbreviated to d(A5-T15), and a 25-nucleobase
strand, 5°-d(A)10-d(T)15-3", abbreviated to d(A;0-T15)), as well as (dA)s and (dA)5 target se-
quences, were used as received as described in Section 2.1.3. In both cases, varying the lengths
of the probes was intended to affect initial film parameters such as packing density and orienta-
tion of the film constituents, as well as hybridization dynamics. The idea of the experiments is
schematically shown in Figure 6.1, along with the assumed adsorption geometry of the ssDNA
molecules comprising the initial unhybridized ssDNA films.

After rinsing, samples for examination prior to hybridization were dried under flowing
N, while samples intended for treatment with the hybridization step were placed in a 3microM
solution of either (dA)g [for (dT)g-SH films] or (dA);5 [for (dT)25-SH, d(As5-T15) and d(A19-T15)
films)]. After hybridization, samples were rinsed with 1M NaCl buffer for 1 min, briefly dipped
in deionized water to remove excess salts, and finally dried under flowing N2 according to previ-
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ously described procedures [74]. It should be noted that treatments of these types of films in order
to prepare them for ex situ measurements, in particular rinsing with pure water, even though very
gentle in our case, are known to affect the stability of any hybrids present [74, 37]. Therefore, the
state of these films as measured (i.e. after the hybridization step, including dipping and drying)
may vary to some extent from what would be observed for these films in situ. Furthermore, the
term "hybridization" is used here to refer to any degree of base-pair association of the probe and
target molecules which remains after the above cleaning procedure.

The unhybridized ssDNA films and those after the hybridization step were either charac-
terized immediately or stored under an inert gas atmosphere in glass containers until the exper-
iments at the synchrotron (see below). The films were characterized by XPS, HRXPS, NEXAFS
spectroscopy, and SFG spectroscopy as described in Chapter 2. All experiments were performed
at room temperature. The XPS, HRXPS, and NEXAFS measurements were carried out under
UHYV conditions at a base pressure better than 1.5x107% mbar. The spectra acquisition time was
selected in such a way that no noticeable damage by the primary X-rays occurred during the
measurements [104, 85]. The SFG experiments were performed in air using a ppp polarization
combination.

6.2.3 Results
6.2.3.1 XPS

XPS data were only used for determination of the packing density of the unhybridized
ssDNA films according to the procedure suggested by Petrovykh et al. [51]. The packing densities
of the (dT)s-S/Au, (dT)25-S/Au, d(As5-T15)/Au and d(A1p-T15)/Au films were estimated to be
4.1 x 10%3,2.0 x 1013, 1.6 x 10'3, and 9.2 x 10'? molecules/cm?, respectively, based on previously
published procedures [60]. Note that above and in the following, the specifications (dT)s-S/Au
and (dT)25-S/Au are used for the films prepared from (dT)s-SH and (dT)25-SH, respectively, in
view of the abstraction of the hydrogen atom upon adsorption.

6.2.3.2 HRXPS

C 1s and N 1s HRXPS spectra of the ssDNA films before and after hybridization are pre-
sented in Figures 6.2 and 6.3, with the samples after the hybridization step denoted by either
:Ag or :Ay5 (we use the abbreviations T,,-S, A, T,,, and A,, in the spectroscopic figures instead of
(dT),-SH, d(A,-T,,)/Au, and d(A),, respectively, in the text).

The HRXPS spectra exhibit the characteristic emissions of ssDNA films [39, 87, 74, 64, 81,
44, 37, 82, 83, 51, 60]. In particular, the C 1s spectra in Figure 6.2 show a characteristic pattern
of at least four emissions at BEs of 285.0, 286.65, 288.0, and 289.3 eV, with the former peak being
dominant [39, 81, 82, 83]. The N 1s spectra in Figure 6.3 exhibit the characteristic features of the
adenine and thymine nucleotides (see below).

The C 1s, O 1s, and P 2p spectra of all unhybridized ssDNA films are quite similar to one
another, independent of the exact nucleotide composition and the use of either a thiol linker group
or a (dA), anchor. This is in agreement with previous results, at least regarding the nucleotide
composition [81, 37, 83]. However, what is probably even more important in the context of the
current study - these spectra, apart from the total intensity changes, do not change significantly
after the hybridization step. This means that the acquisition of C 1s, O 1s or P 2p XPS spectra is
not suitable to measuring changes resulting from the formation of hybrids these films.

In contrast to the abovementioned data, the N 1s HRXPS spectra in Figure 6.3 are quite spe-
cific with respect to the exact nucleotide composition of the unhybridized ssDNA films, which is
in accordance with previous observations [81, 37, 83]. The spectra of (dT)s-S/Au and (dT)25-S/Au
films are dominated by a strong emission at a BE of 400.5 eV accompanied by a weak shoulder at a
BE of 398.5 eV. The emission is ascribed to the thymine moieties in the upright (dT),, strands while
the shoulder is believed to be mostly related to the thymine moieties which are in direct contact
with the substrate [44]. These features have 93% and 7% of the total intensity, respectively. The N
1s spectrum of the reference adenine (dA);5/Au film exhibits two emissions at BEs of 398.7 and
400.5 eV with the characteristic intensity ratio of 2:1 [81, 37, 83]. These energies are slightly lower
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Figure 6.2: C 1s HRXPS spectra of the ssNDA templates before and after the hybridiza-
tion step.

than the analogous values for the upright adenine homo-oligonucleotides (399.0 and 400.8 eV,
respectively) [83], which is probably related to the stronger screening of the photoemission hole
by the electrons in the gold substrate in the case of the horizontal adsorption geometry which has
previously been measured for similar systems [148]. Note that it is currently assumed that the N
1s spectral feature of adenine is not affected by interaction with the gold surface, unlike what is
apparent in the thymine spectra [37]. There are however still some debates on this subject [83].

The N 1s spectra of the d(As-Ti5)/Au and d(A;o-T15)/Au films are, in accordance with
the molecular composition, a superposition of the spectra of the d(A) and d(T) portions of the
oligonucleotides. These spectra as well as the spectra of the hybridized films (see below) were
decomposed into the individual contributions related to the (dT),, and (dA),, fractions, taken, as
described in the previous paragraph, the one-peak spectrum of (dT),, and the two-peak spectrum
of (dA),, as the principal components. Significantly, the relative spectral weights of the adenine
and thymine components in the d(As-T15)/Au and d(A10-T15)/Au films, which are 1:5 and 2:3.3,
respectively, correspond roughly to the molecular composition, which would be not the case if
a significant part of the thymine block were in direct contact with the substrate. As mentioned
above and reported in the literature [37], this configuration would result in a higher intensity of
the emission at 398.5 eV in the N 1s spectrum of thymine, which would coincide with the strongest
peak in the spectrum of adenine. Subsequently, a much higher spectral weight of adenine (com-
pared to the molecular composition) would be recorded in the spectra of the d(A5-T;5)/Au and
d(A10-T15)/Au films, which is definitely not the case. On the contrary, a higher weight of thymine
(compared to the molecular composition) is observed for d(As-T;5)/Au, which can be tentatively
explained by the attenuation of the adenine-related signal by the thymine block "overlayer". This
effect is less pronounced for the more loosely packed d(Ao-T;5)/Au film.

The N 1s spectra of the (dT)25-S/Au, d(As-T15)/Au, and d(A10-T15)/Au films change after
the hybridization step, exhibiting an increase in the peak at 398.7 eV associated with the adenine
nucleobase (the most intense peak in the characteristic doublet). This suggests an increased num-
ber of the d(A) nucleotides present in the film after the hybridization step, as would be expected.
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Figure 6.3: N 1s HRXPS spectra of the ssNDA templates before black) and after red) the
hybridization step.

In contrast, almost no change was observed in the case of (dT)g-S/Au, indicating that there were
no additional adenine nucleotides present in this film after hybridization and the cleaning proce-
dure.

In order to obtain an estimate of the percentage of the target (dA)s or (dA),5 strands in these
films, we performed a decomposition of the N 1s HRXPS spectra of the DNA monolayers after
the hybridization step, taking the spectra of pristine (dT)s-S/Au, (dT)25-S/Au, and (dA);5/Au as
references, and correcting for the initial branching of the individual components and molecular
composition. The resulting estimates for the hybridization degree are 31.5%, 4%, 26%, and 11%
for (dT)25-S/Au, (dT)e-S/Au, d(T15-As)/Au, and d(T15-A1)/ Au, respectively.

6.2.3.3 NEXAFS spectroscopy

The N K-edge NEXAFS spectra of the unhybridized films are quite specific with respect to
the nucleotide composition of the DNA moieties. These spectra (55°), along with the analogous
spectra acquired after hybridization, are presented in Figure 6.4, while the respective difference
spectra ("90°" - "20°") are depicted in Figure 6.5.

The N K-edge spectra of the primary and reference films in Figure 6.4 show the shape typi-
cally obtained from ssDNA films [39, 44, 83, 148] and exhibit the characteristic 7*-like resonances
of the respective nucleobases in the pre-edge region, viz. t1 and t2 for thymine and al and a2
for adenine. The t1 and t2 resonances of thymine at 401.1 and 402.0 eV correspond to the N1s
LUMO and N1s LUMO+1 transitions, respectively; these transitions involve all nitrogen atoms
of this particular base [149]. Similar, the al and a2 resonances of adenine at 399.4 and 401.3 eV
correspond to the N1s LUMO and N1s LUMO+2 transitions, respectively; these transitions in-
volve all nitrogen atoms of adenine [149]. Both t1/t2 and al/a2 pairs exhibit the characteristic
intensity branching between the individual components [149]. Whereas the 7* resonance features
in the spectra of (dT)e-S/Au and (dA);5/Au are exclusively representative of either thymine or
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Figure 6.4: N K-edge NEXAFS spectra of the ssNDA templates and reference A;s film
before and after the hybridization step. The spectra were acquired at an X-ray incidence
angle of 55°. The positions of the most pronounced, 7*-like absorption resonances of
thymine (t1 and t2) and adenine (al and a2) are marked by the vertical gray solid lines.

adenine, the spectra of d(T;5-As)/Au and d(T;5-A19)/Au contain a superposition of the above
features. In accordance with the molecular composition, the contribution of the adenine-related
features is larger in the spectrum of d(T;5-A10)/Au as compared to d(T;5-As)/Au. Interestingly,
the spectrum of (dT)s-S/Au does not exhibit an additional feature at 399.0 eV, which, as men-
tioned above, has been previously observed for such films and attributed to the thymine bases
which are in direct contact with the gold substrate [44, 83]. Significantly, no analogous shift in
the resonance position has so far been observed for adenine ssDNA films, as follows from the
inspection of the spectra of (dA)5/Au.

Along with the conclusions mentioned above, information on the orientational order and
molecular orientation in the probe films can be derived by monitoring linear dichroism effects in
X-ray absorption, as previously stated. The 90°-20° difference spectra of the unhybridized ssDNA
templates and reference (dA);5/Au film in Figure 6.5 exhibit either negative or positive peaks at
the positions of the characteristic absorption resonances of the thymine and adenine bases, which
implies the presence of a certain orientational order in the target films. Considering that the re-
spective molecular orbitals have 7* character, i.e. are oriented perpendicular to the planes of the
nucleobases, the negative sign of the difference peaks (indicating a higher absorption intensity at
the grazing incidence) suggests that the nucleobases are preferentially orientated parallel to the
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Figure 6.5: N K-edge NEXAFS difference (90°-20°) spectra of the ssNDA templates and
reference A15 film before and after the hybridization step. The positions of the most
pronounced, 7*-like absorption resonances of thymine (t1) and adenine (al) are marked
by the vertical gray solid lines. The horizontal dashed lines correspond to zero for the
individual spectra.

substrate surface, i.e. the ssDNA strands are standing upright. Vice versa, the positive sign of the
difference peaks (indicating a higher absorption intensity at the normal incidence) suggests that
the nucleobases are preferably orientated perpendicular to the substrate surface, i.e. the ssDNA
strands are laying on the substrate. The latter is clearly the case for (dA);5/Au, where a positive
peak is observed at the position of the al resonance. So, the (dA)5 strands are predominantly
oriented parallel to the Au substrate, which could be expected on the basis of available literature
data [37, 148]. In contrast, the distinct negative peak at the positions of the most intense t1 reso-
nance for (dT)s-S/Au and (dT)25-S/Au suggests a predominant upright orientation of the ssDNA
strands in these films, which, again, is in accordance with the literature [39, 44, 83, 148].

Similar to the case of (dA);5/Au, the difference spectra of d(A5-T15)/Auand d(A10-T15)/Au
exhibit a positive peak at the position of the al resonance and only a very weak (if any) negative
peak at the position of the t1 resonance. This means that the (dA),, anchor blocks of the d(A5-T15)
and d(Ao-T;s) oligonucleotides are predominantly oriented parallel to the gold substrate, most
likely in the direct contact with it, whereas the (dT);5 stems are mostly disordered, with proba-
bly only a weak tendency toward upright orientation. The reason for such a disorder could be a
weak intra- molecular hybridization between the complimentary (dA),, and (dT);5 blocks of these
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molecules occurring after deposition, or partial inter-molecular hybridization occurring in solu-
tion prior to deposition [37]. However, it can be concluded from the lack of the 399.0 eV feature
associated with the direct contact of thymine with the substrate (see above) in the 55° spectra, that
after deposition only adenine is bound to the Au substrate, in agreement with the findings of pre-
vious studies [35]. Presumably, at the level of the single molecule, there is a partial coordination
of the (dT);5 with the horizontally oriented (dA),, anchor block, with the remainder of the (dT);5
stem existing as a loose end. As a result, on average, no pronounced upright alignment of the
(dT),5 strands is observed.

Consistent with the N 1s HRXPS spectra, N K-edge NEXAFS spectra of (dT)25-S5/Au, d(As-
T15)/Au, and d(A10-T15)/Au in Figure 6.4 changed significantly after the hybridization step,
whereas the spectrum of (dT)s-S/Au remains unchanged, which suggested that in the latter case
hybrids either did not form or were so weak that they were cleaved by the short dipping utilizing
in the present study. For the other systems of this study, the formation of stable hybrids did occur
to some extent. Whereas a quantitative evaluation of the hybridization degree for these systems
is questionable to the problem with normalization and lack of the necessary reference data, at
least qualitative estimate can be performed. From the N K-edge NEXAFS spectra it can be con-
cluded that the changes after hybridization are most pronounced for (dT)25-5/Au suggesting, in
accordance with the XPS data, a relatively large hybridization degree for this film. In the case of
d(As-Ti5)/Au and d(A10-Ti5)/Au, the changes are smaller but more pronounced for the former
film, once more in full agreement with the HRXPS results.

The hybridization step is accompanied by pronounced changes in the orientation of the
individual nucleotides in the initial ssDNA films (Figure 6.5). In particular, much smaller linear
dichroism is observed at the position of the t1 resonance in the case of (dT)25-S:(dA)15 while there
is almost no dichroism at the position of the al resonance. This suggests a partial orientational
disordering of the initially better ordered (dT)25-S/Au film. In the case of both d(As-T15)/Au
and d(A10-T15)/ Au, the positive peak at the position of the al resonance in the difference spectra
disappears after the hybridization step, whereas the distinct negative peaks at the position of
the al and t1 resonances appear. This indicates that both the thymine and a reasonable part
of the adenine portions of the d(As-Ti5)/Au:d(A)15 and d(A;p-T15)/Au:d(A);5 complexes are
predominantly oriented perpendicular to the substrate in these films. Whereas, in view of the
given hybridization degree (26%), the dichroic contributions from the laying (dA),, anchor blocks
and the "standing" (dA);5 hybridized targets should be comparable, a possible partial quenching
of the resonance intensity in the case of the (dA),, anchor blocks, which are in a direct contact with
the substrate, and attenuation of the respective PEY signal by the (dT)5 : (dA)5 overlayer makes
the contribution of the standing (dA);5 hybridized targets stronger, resulting in the joint negative
peak at the position of the al resonance.

6.2.3.4 SFG Spectroscopy

SFG spectroscopy probes vibrations of molecules at interfaces and is particularly useful for
the study of orientation and conformation of functional groups in organic monolayers, including
DNA, down to submonolayer coverages [58, 84, 101, 26, 150]. The data presented in Figure 6.6a
show the SFG signal in the spectral region where the CH-stretching vibrations are located (be-
tween 2800 and 3000cm ).

The signal is a convolution of a Gaussian-like non-resonant background emanating from
electronic transitions in the Au substrate and vibrational resonant contributions from the ssDNA
film. Due to the complexity of these spectra it is useful to plot the resonant contributions without
the non-resonant signal in order to follow the changes that occur upon hybridization. The cor-
responding absolute value of the resonant signals obtained after fitting the spectra in Figure 6.6a
using Equation 2.9 are shown in Figure 6.6b. Note that all spectra are normalized to the non-
resonant background and can be directly compared.

A slightly higher overall intensity of the resonant signal is observed for the unhybridized
thiolated films, of which (dT)25-S/Au shows a slightly higher intensity than (dT)-S/Au. Assum-
ing that both films have similar order and surface density, one would expect a 25-fold increase in
intensity for the (dT)25-S/Au film in comparison to the (dT)s-S/Au film as the SFG intensity is
proportional to the square of the total number of C H oscillators [43]. Even taking into account the
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Figure 6.6: SFG spectra of hybridized (gray lines) and unhybridized (black lines) oligonu-
cleotides films. (a) Raw spectra containing both non-resonant (overall Gaussian shape)
and resonant contributions. (b) Background-subtracted spectra divided by the Gaussian
non-resonant contribution showing only the resonant contributions shifted by 180°. The
spectra appear as a sum of multiple overlapping resonant contributions with widths of
30 cm™L.

50% lower surface coverage for the (dT)25-S/Au film, one would still expect more than a 4-fold
signal increase. As order and SFG intensity are closely related, the fact that the intensity is not
increased to this degree is an indicator of lower orientational order in the (dT)25-S/Au film than
in the (dT)s-S/Au one, in agreement with previous studies [44].

After the hybridization step, the overall intensity of the SFG signal decreased in the case
of (dT)25-S/Au, while for (dT)s-S/Au it remained the same. A lack of change in the resonant
contributions in the SFG spectra of (dT)s-S/Au confirms what was observed with both NEXAFS
and HRXPS, i.e. that little to no bound d(A)s target molecules are present in the final film and
no significant changes in the film structure have occurred. For (dT)5-S/Au, however, there is a
noticeable decrease in the intensity of the resonant contributions with respect to the non-resonant
background, indicating, in agreement with the NEXAFS results, a decrease in overall order.

For the block-oligonucleotides, the spectral shapes of the resonant contribution are differ-
ent than in the thiolated films. This difference may be related to two factors: first, the lack of a C6
linker group, and second, the presence of the horizontally-oriented (dA),, block anchoring the en-
tire strand to the gold substrate. The spectrum of the lower-density d(A1o-T15)/Au film exhibited
little change upon hybridization, while that of the higher-density d(As-T;5)/Au template showed
anoticeable increase in intensity. As was the case for (dT)s-S/ Au, the lack of change in the spectra
of d(A10-T15)/Au indicates little change in these films after the hybridization step. This would
suggest fewer hybrids present in this film relative to d(As-T;5)/Au, in agreement with the HRXPS
and NEXAFS results.
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6.2.4 Discussion

As reported in previous work [44] and found here, short-chain thiolated d(T) homo-oligonucleotides
form more dense and better ordered films on gold substrates than long-chain molecules of the
same type, presumably due to the specific character of the inter-molecular interaction in ssDNA
monolayers [44, 83]. In agreement with this tendency, the packing densities of (dT)s-S/Au and
(dT)25-S/ Au were estimated to be 4.1 x 10'3 and 2.0 x 10'3 molecules/cm?, respectively. In the
case of the block-oligonucleotides, the packing density was controlled by varying the length of
the d(A) block [74, 37]. These molecules are assumed to adsorb in an L-shape geometry, with
the d(A) block serving as the anchor group oriented parallel to the substrate surface and the d(T)
block protruding upright into the ambient [37]. Whereas such a bonding mode was verified in the
present work, the L-shape geometry seems to be a course description only since no preferential
upright orientation was found for these films. This may be due to either intra-molecular coordi-
nation of the d(T) blocks with the complimentary d(An) blocks, the inter-molecular association
of separate d(T5-A,,) molecules, or, most likely, some combination of the above factors [74, 37].
However, even with this relatively complex adsorption geometry, the packing density of the ss-
DNA molecules can be altered in a controlled manner by varying the length of the d(A) block.
Indeed, the packing densities in d(A5-T15)/Au and d(A10-T15)/Au in this study were estimated
at 1.6 x 10'% and 9.2 x 10'2 molecules/cm?, respectively.

The shorter (dT)s-S/Au film exhibited only a very small (4%) hybridization degree com-
pared to the (dT)25-S/ Au film (31.5%) and showed, accordingly, no noticeable change in the orien-
tation of the ssDNA strands after the hybridization step. High packing densities and short chain
lengths have been previously correlated with lower hybridization efficiencies [148, 62] tentatively
explainable by electrostatic repulsion and steric constraints, i.e. by the lack of intermolecular free
space necessary for the entrance of the target strands into the ssDNA template [104, 151]. The
respective entrance channels are not necessarily static but can open dynamically through changes
in the orientation and conformation of the film constituents, which can be both spontaneous and
induced by the interaction with the target ssDNA strands. These changes are, however, hardly
possible in the case of the dense packing observed for the (dT)s-S/Au film.

Furthermore, the shorter chain length of the (dT)s-SH species means that there are overall
fewer nucleotides available for hybridization, making the binding of target molecules in this film
even less stable [148]. In addition, the presence of fewer nucleotides to participate in hybridization
also means that this film is more likely to be disrupted by the deionized-water dipping procedure.
As mentioned previously, these procedures were necessary to remove excess salts before spectro-
scopic analysis. Removing salts from ssDNA films results in a lack of screening charges [74]. As
a consequence, the negatively charged backbone of the complementary DNA strands are able to
repel each other more strongly, potentially overcoming the forces holding the strands together.
As there are fewer of these bonds to begin with in the short-chain (dT)s-S/Au film, this process
is more likely to happen as compared to (dT)25-S/Au, resulting in some cases in a disruption
and/or dehybridization of some of the hybrids initially present. Recent work by Schreiner et al.
using SPR has shown that nearly 100% of hybrids can be disrupted by rinsing even in a dilute
(0.001 M) NaOH solution [74], however in those studies the samples were rinsed for 4 minutes
with no shorter rinsing times tested [103]. Although the dipping procedure used in this work
is likely affecting the hybrids to some extent, the presence of increased adenine-specific spectral
signatures in both the NEXAFS and HRXPS spectra confirm that there are hybrids still present.

Multiple in situ studies systematically examining the relationship between hybridization
efficiency and density in such films have shown the optimal number of nucleotides per unit area
for hybridization to be 5 x 10'? molecules/cm? [74, 104, 103]. However, in the most loosely
packed d(A10-T15)/Au film (9.2 x 10'? molecules/cm?) used in this work, the hybridization yield
is noticeable lower (11%) than in the more densely packed (dT)25-S/Au and d(A5-T15)/Au films
(2.0 x 10'3 and 1.6 x 10'® molecules/cm?) with 31.5% and 26% hybridization degree, respectively.
Previous experiments performed by Schreiner et al. [74]. observed a higher degree of hybridiza-
tion in d(A9-T15)/Au than d(A5-T;5)/Au, presumably due to the larger intermolecular spacing
in these films.

As mentioned above, the self-complementary d(A,-T15) probe sequences can form intra-
molecular hybrids during the immobilization step. In previous work, a rinsing step with NaOH
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(or urea) was included to destabilize any intermolecular associations, allowing for more effective
hybridization to take place [74, 37]. Note that such a NaOH rinsing step was not included in our
preparation protocol. Therefore, in the case of d(A19-T15)/Au, the intra-molecular hybrids were
likely to be present, effectively reducing the estimated hybridization yield. The 11% estimate of
the yield for the d(A;¢-T15)/Au films was reduced by the presence of such dimeric hybrids in two
ways: by overestimating the density of available probes and by suppressing the ability to capture
solution targets.

Most importantly, as follows from both the NEXAFS and SFG data, the hybridization step
in all ssDNA films with a reasonable degree of hybridization was accompanied by changes in the
molecular orientation. In the case of (dT)25-S/ Au, the film became more disordered, although a
definite orientational order persisted. This could be explained by the fact that the (dT),5 strand
can only be partially hybridized by a (dA),5 strand, either in different positions in the (dT)ss
strand or by only a partial penetration of the target DNA strands into this film, with hybridization
occurring mainly on the unbound end of the (dT)25-S molecules. In work examining the kinetics
of hybridization in similar 25-mer thiol-moldified ssDNA films on Au, Peterson and co-workers
found that the rate of hybridization for the unbound ends of the probe molecules was much
greater than for the portions of the molecules closer to the thiol linker, presumably due to electro-
static effects [148]. Such partial and/or end-hybridization in these films would result in the pres-
ence of either more distorted films or longer and more flexible strands, which would decrease the
overall degree of order in the film. In the case of d(As-T15)/Au, where the number of nucleotides
in the target and probe strands matched, the NEXAFS and SFG data both showed an increase in
order upon hybridization. This would be consistent with the concept of the d(A5-T15) molecules
gaining a greater degree of upright orientation following the cleavage of the weak intra-molecular
hybridization of the (dT);5 blockstem with the horizontally-oriented (dA); surface-binding block.
This was also shown to occur in the d(A10-T15)/Au films, although to a lesser extent, presumably
due to the higher degree of intramolecular coordination between the (dT);5 and (dA)s blocks. It
is interesting to note, however, that the changes observed for the (dT)25-5/Au film (decrease in
order) and the d(A5-T;5) template (increase in order) are completely opposite despite the similar
densities and hybridization yields of these films. This leads to the conclusion that observation
of orientational changes in these films is important, as hybridization does not always lead to a
greater degree of order.

6.3 Effects of Rinsing

6.3.1 Background

In the previous experiment, the combination of XPS, HRXPS, NEXAFS, and SFG spec-
troscopy proved useful in obtaining molecular-level information on surface-bound DNA hybrids.
The use of other types of spectroscopy has also proven to be advantageous in obtaining molecular-
level information about surface-bound DNA systems [83, 84, 35, 87, 44, 74, 82, 26]. Among these
techniques, those which operate under ex situ conditions have been shown to yield valuable in-
formation about the composition and molecular density of DNA films [51, 60], the orientation
of the molecules [83, 87, 44, 85], and changes that can occur between ex situ and in situ condi-
tions [152, 84, 125]. However, for all of these techniques the question of sample preparation is
essential, as the relatively high amount of salt necessary for successful DNA deposition and/or
hybridization must be removed to some degree in order to be able to perform ex situ measure-
ments accurately [37, 74]. It is known that such salt removal by solutions containing little to no
salt results in the destabilization of surface-bound hybrids [74]. In this work, we provide evi-
dence that such treatment can have the further effect of significantly disrupting the intactness of
the remaining hybrids and orientation of the surface-bound DNA probe molecules.

6.3.2 Materials and Methods

Thiol-modified, HPLC-purified thymine homo-oligonucleotides [oligo(dT)] were purchased
from Sigma-Aldrich. The thiol linkers were deprotected using DTT by the vendor and used as-
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received. Films of these molecules immobilized on gold (T255/Au) were prepared in 1M CaCl,
solutions containing 10p4M TRIS and 1M EDTA (CaCl,-TE) according to previously described
procedures [74], followed by hybridization with adenine poly(A,s) for 8 hours in 1M TE-NaCl
buffer (T255/ Au:A25).

After hybridization, samples first rinsed for 1 minute under flowing 1M NaCl buffer, then
were rinsed with 0.5 mL, 1 mL, or 2 mL of Milli-Q water (resistivity > 18.2 MQ-cm). The samples
were held vertically and the water was directed at the surface at an angle of 45° by a pipette. The
flow rate was the same for all rinses, and thus the amount of time that the sample was in contact
with water roughly doubled from the 0.5 mL to 1 mL to 2 mL rinses. After rinsing, the samples
were dried under flowing N». It was not possible to measure films with no rinsing due to the
heavy layer of salt encrusting such layers. The final atomic percent of Na present was found to be
6.97% for the films rinsed with 0.5 mL and 3.97% for the films rinsed with 2 mL. It should be noted
that this amount is still relatively high despite the goal of the rinsing procedure to remove residual
salt, and may mean that this type of preparation technique would not be useful for spectroscopic
analysis particularly sensitive to the presence of salt, such as ToF-SIMs.

As in the previous experiment, samples were characterized with HRXPS, NEXAFS spec-
troscopy, IRRAS, and SFG spectroscopy. The experimental conditions and the way the spec-
tra were measured were identical to those of Ref [74]. The density of the initial unhybridized
T25S/ Au film was found to be 6.3x10'* molecules/cm? by a standard XPS characterization pro-
cedure [51, 60].

6.3.3 Results and Discussion

The top panel of Fig. 6.7 shows the N 1s HRXPS spectra obtained for the unhybridized
film and the three rinsed hybridized films; the spectra are decomposed into their adenine and
thymine spectral components. The spectrum of the unhybridized film exhibits only the thymine
component, which is a single emission at 400.8 eV. This emission is characteristic of thymine
which is not in direct contact with the gold substrate. The emission for thymine chemisorbed
directly on Au, located at ~400.3 eV [44], was not observed, suggesting an upright orientation of
the T25S moieties in this film.

The spectra of the hybridized films contain both thymine and adenine components. The
latter consists of two peaks at 399.5 and 400.5 eV with an intensity ratio of 1:2 [83, 37, 81]. These
peaks are most prominent in the film rinsed with 0.5 mL of water, indicating that this layer con-
tains a comparatively high amount of hybrids, as expected. The relative intensity of the adenine
component decreases as the volume of the rinsing water increases, contributing 38%, 32%, and
23% of the total N 1s intensity for the films rinsed with 0.5 mL, 1 mL, and 2 mL, respectively
(Fig. 6.7, bottom panel). This is in agreement with recent results from Opdabhl et al. [74], who
systematically investigated the destabilization of surface-bound hybrids upon rinsing using SPR.
Normalizing the above values for the relative intensities of the adenine and thymine components
to the amount of the nitrogen atoms in both bases yields the percentage of adenine target strands
per thymine probe strand. These values are given in Table 6.1, along with the efficient thicknesses
of the films derived from the attenuation of the Au4f signal in the HRXPS data. The overall per-
centage of the adenine strands is relatively low for all the films, including the one that was only
rinsed with 0.5 mL of water. This can be tentatively explained by the relatively high packing den-
sity of the initial T25S/Au film (6.3x 103 molecules/cm?), which would cause a greater degree of
steric hindrance to the incoming target molecules and impede the hybridization process to some
extent [63, 87, 62]. It was, however, not the goal of the present study to maximize the hybridiza-
tion degree, but rather to monitor the effects of the post-hybridization treatment on the molecular
structure of the T255/Au:A25 films. In this regard, the tendency is clear: the overall percentage
of the adenine strands decreases continuously with the increasing volume of water used for the
rinse, suggesting a destabilization of the hybrids and a gradual washing away of the A25 target
moieties over the course of this procedure.

This behavior is only partly reflected in the effective thickness (Table 6.1) which, as ex-
pected, increases to some extent after hybridization, but does not exhibit a continuous decrease
with increasing rinsing water volume. Possible reasons for this discrepancy may be (i) a limited
accuracy of the absolute intensities derived from the synchrotron-based HRXPS spectra or (ii)
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Figure 6.7: Top panel: N 1s HRXPS spectra of T255/Au before and after hybridization
with poly(dAss) and subsequent light, medium, or heavy rinsing with water. The spec-
tra are decomposed into the components related to thymine (green) and adenine (red).
Bottom panel: relative intensities of these components.
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Sample Thickness (nm) Percentage of adenine strands (%)
T25S/Au 4.10 n.a.
T25S/Au:A25 0.5 mL Rinse 4.32 245
T25S/Au:A25 1 mL Rinse 4.20 18.8
T255/Au:A25 2 mL Rinse 4.30 12.0

Table 6.1: Thickness and percentage of adenine target strands per thymine probe strand
calculated from the HRXPS data.

drastic structural transformations occurring over the course of rinsing (see below). This is, how-
ever, a good example how non-specific experimental data can result in erroneous conclusions
when dealing with systems as complex as ssDNA and dsDNA films.

Both specific information on the chemical composition and, more importantly, structural
changes occurring in the films over the course of rinsing were monitored using NEXAFS spec-
troscopy [83, 44, 40]. In Fig. 6.8, the N K-edge NEXAFS spectra of the unhybridized and hy-
bridized films are shown. The spectra obtained at the so-called magic angle (55°, top panel) are
only representative of the electronic structure of the target films [153] and exhibit specific charac-
teristic resonances, the most pronounced of which are two merged 7*-like absorption resonances
from thymine at 401.1 and 402.0 eV (corresponding to the N1s—LUMO and N1s—LUMO+1 tran-
sitions, respectively)[154] and a sharp 7*-like resonance from adenine at 399.4 eV (corresponding
to the N1s—LUMO transition) [154]. The intensities of these features indicate the amount of each
nucleobase present. Accordingly, the NEXAFS spectra confirm the HRXPS results, showing only
a thymine signal for the unhybridized film, both thymine and adenine signals for the hybridized
film, and a decreasing amount of adenine signal with increasing rinsing volume.

The 90°-20° spectra in Fig. 6.8 (bottom panel) give information about the orientation of the
molecules in the film. Qualitatively, this orientation is given by the sign and amplitude of the
difference peak at the position of a certain absorption resonance. Considering that the molecular
orbitals associated with the most pronounced absorption resonances in Fig. 6.8 have 7* character,
i.e. are oriented perpendicular to the planes of the nucleobases, the negative or positive signs of
the difference peaks indicates that the nucleobases are preferably orientated parallel or perpen-
dicular to the substrate surface, respectively. This corresponds to the preferentially upright or
horizontal orientations of the DNA strands, respectively. Accordingly, the spectrum of the pris-
tine unhybridized T25S/ Au shows a reasonable (for this length)[44] degree of upright orientation
for the T25S strands, as evidenced by the pronounced downward peak at the position of the most
prominent 7* resonances of thymine. The difference spectrum of the hybridized film rinsed with
0.5 mL of water exhibits an even stronger downward peak at the position of the latter resonances
and the pronounced downward peak at the position of the most prominent 7* resonance of ade-
nine. This indicates a comparable if not slightly greater degree of upright orientation of the T25S
strands, in addition to uprightly oriented A25 moieties: exactly what would be expected from a
film containing upright, relatively well-formed, intact hybrids as shown in Fig. 6.9.

In contrast, the spectrum of the hybridized film subjected to the 1 mL rinse shows only a
very small difference peak for T25S and a small but pronounced positive difference peak for A25.
The former is due to a significant loss in order of the T25S probe strands in this film in comparison
to the film rinsed with 0.5 mL. The latter observation shows that the A25 target moieties in the
film are also disordered, but possess a slightly preferable horizontal orientation, which is only
possible if these moieties are partly relocated to the film-ambient interface (Fig. 6.9).

Surprisingly, the spectrum of the hybridized film treated with the 2 mL rinse shows a
strong downward difference peak for T25S similar to those observed in the pristine T255/Au
and 0.5 mL-rinsed T255/Au:A25, whereas the difference peak for A25 looks very similar to that
of the film subjected to the 1 mL rinse, with an upward orientation and only a slightly smaller
intensity (Fig. 6.8). The former finding indicates that the T25S probe moieties have regained their
initial upright orientation characteristic of the molecules in the non-hybridized film (Fig. 6.9). The
latter observation shows a low degree of order for the A25 target molecules, with a very slight
preference of the horizontal orientation. Considering that the 2 mL rinse is associated with the
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Figure 6.8: N K-edge NEXAFS spectra of T25S/Au before and after hybridization with
A25 followed by rinsing with various volumes of water. The spectra in top panel were
acquired at an X-ray incidence angle of 55° while the bottom panel shows the difference
between spectra acquired at 90° and 20°. The horizontal dashed lines in the bottom panel
correspond to zero for the individual spectra. The most pronounced 7*-like absorption
resonances and difference peaks of thymine (T) and adenine (A) are highlighted by green
and red, respectively. Their positions are marked by the thin vertical solid lines.
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Figure 6.9: IRRAS spectra of a pristine T255/Au film and a hybridized film after rinsing
with 0.5 mL of water. The pristine film shows a spectrum typical for this type of films,
with a major peak at 1700 cm™!. The spectrum of the film after hybridized does not show
significant changes, likely due to the low hybridization efficiency.

desorption of a significant part (more than 50%) of the A25 species from the hybridized film, we
can tentatively assume that the reattainment of the preferable upright orientation is related to the
almost complete removal of the A25 species from the body of the T255/ Au film and to the almost
complete relocation of the residual A25 species to the film-ambient interface (Fig. 6.9). The ob-
served improvement in the orientational order could be caused by the directionality of the applied
rinsing water, which may be causing the DNA strands to orient themselves along the direction of
the stream. A further factor may be the more effective removal of screening charges, which would
allow the electrostatic repulsion between the DNA strands to be more effective. This should allow
the strands to separate from each other more by gaining an upright and ordered conformation.

It should be noted that while Figure 6.9 shows one possible option for the orientation of the
adenine target strands after the rinsing procedures, other orientations may also be possible. For
instance, depending on the direction of the unzipping of the hybrids upon disruption by the rinse,
some of the adenine strands may end up trapped within the bulk of the film closer to the substrate
than the surface. This could also result in the horizontal orientation of the adenine components
observed in the NEXAFS data. However, such a configuration would be more likely for the film
rinsed with 1 mL of water, as the greater degree of order observed in the thymine bases in the
sample rinsed with 2 mL would likely be difficult to achieve with adenine strands present within
the film itself.

SFG spectroscopy was applied in the CH region in order to gain an understanding in
the amount of order present in the CH groups in the sugar-phosphate backbone of the DNA
molecules. The background-subtracted spectra are shown in Figure 6.10 The unhybridized T255/Au
film shows a spectral shape characteristic of a well-formed thiolated thymine ssDNA films (see
Chapter 4), with a major peak at 2935 cm~! and very minor contributions between 2860 and
2890 cm~!. Upon hybridization and rinsing with 0.5 mL of water, the overall intensity of the
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Figure 6.10: SFG spectra of T25S/ Au before and after hybridization with A25 followed by
rinsing with 0.5, 1, or 2 mL of water. The lightly rinsed hybridized film shows an increase
in the intensity of all peaks, consistent with an increase in order observed using NEXAFS
spectroscopy. This intensity decreases when the film is rinsed with 1 mL of water and is
regained upon rinsing with 2 mL, again in agreement with the NEXAFS data.

peaks increases, indicating an increase in order in this film. This is in agreement with the obser-
vations made upon wetting and drying presented in Chapter 4, the data presented in Figure 6.6
for films undergoing hybridization, as well as the NEXAFS data shown in Figure 6.8. Upon rins-
ing with 1 mL of water, this intensity is decreased, again in agreement with the NEXAFS data.
The overall intensity of the resonant peaks is again increased when the film is rinsed with 2 mL of
water, supporting the hypothesis of the molecules regaining some degree of their initial upright
orientation upon rinsing with this volume of water.

In addition to the HRXPS and NEXAFS spectroscopy, we applied IRRAS to the character-
ization of the unhybridized and hybridized films (Fig. 6.11). The initial unhybridized T255/Au
showed, in accordance with the HRXPS and NEXAFS results, an IRRAS spectrum typical of a
well-formed thymine ssDNA monolayer [83, 37, 60] with a strong C=0O peak at 1707 cm~!. It is
interesting to note that the hybridized film did not show a mode around 1600 cm ™! typical for
adenine [37, 60]. This result has been reproduced several times, along with parallel XPS exper-
iments confirming the presence of adenine in the films. In fact, besides a slight increase of the
shoulders around 1670 ecm ™! and 1650 cm™! for the hybridized film, we did observe significant
changes in other frequency regions. We believe that this issue of the IR spectrum of adenine-
based DNA warrants further investigation. However, such an analysis lies beyond the scope of
the present work.
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Figure 6.11: Illustration of the effects of varying degrees of rinsing on the extent of resid-
ual hybridization and orientational order in the target DNA films. For simplicity, we
show all ssDNA moieties participating in the hybridization, whereas in reality only ap-
proximately 25% of the DNA strands were hybridized.

6.4 Conclusions

The complementary spectroscopic techniques of XPS, HRXPS, NEXAFS spectroscopy, and
SFG spectroscopy were used to monitor the effects of hybridization in ssDNA films of differ-
ent types (thiolated d(T) homo-oligonucleotides and d(A-T) block-oligonucleotides) and packing
densities (from 9.2 x 10'? to 4.1 x 10'® molecules/cm?) as well as to gather information about the
effects of preparation for ex situ analysis on surface-bound hybrids.

Whereas XPS provided information on the packing density in the films, HRXPS was used to
gather information on their composition. According to the experimental data, in the shorter and
most densely packed (dT)s-S/Au only very few (if any) hybrids were present after the cleaning
procedure. At comparable packing densities, the films comprised of d(A,-T,,) ssDNA were found
to have hybridization yields similar to the thiolated films. However, increasing the length of the
adenine block in the d(A,-T,) ssDNA led to a lower surface density and hybridization yield.
The latter effect was presumably due to the creation of inter- and intramolecular hybrids during
the immobilization step, substantially lowering the binding of the target molecules. There are,
however, some indications that this intra-molecular coordination can be avoided by a rinsing
step with NaOH or urea [74]. The combination of NEXAFS and SFG spectroscopy was found to
be particular useful since it gives insight into the orientation of the ssDNA species before and
after hybridization. As mentioned above, it was found that the assumed initial L-shape bonding
geometry of d(A,-T,) species was partly distorted by the mutual coordination of the adenine
and thymine blocks, which was lifted to some extent after the hybridization step, resulting in a
better upright alignment of the thymine stems. In contrast, the (dT)25-S/Au film displayed partial
disordering of the primary chains in the thiolated (dT),, ssDNA after hybridization, possibly due
to partial hybridization and/or the use of a mismatched (dA);5 target.

The process of salt removal by water rinsing to prepare DNA films for ex situ spectro-
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scopic analysis was found to affect significantly not only the number but also the orientation of
surface-bound DNA molecules as well as the intactness of the residual hybrids. In our model
experiments, hybridized T255/Au:A25 DNA films treated with a 0.5 mL rinse showed mostly
well-ordered, upright, and intact A:T hybrids, while hybridized films treated with a 1 mL, or
2 mL rinse displayed a progressive disruption of the hybrids with the removal of a part of the
target DNA strands and relocation of the remaining strands to the film-ambient interface. These
processes were accompanied by initial disordering of the film and subsequent reattainment of the
orientational order for the probe strands.

These results demonstrate the usefulness of NEXAFS, HRXPS, and SFG spectroscopy in
the examination of ssDNA films before and after hybridization. Furthermore, they show the
importance of correlating hybridization yields and surface densities with other film parameters
such as orientation and conformation, as well as the effects of preparation procedures, in order to
obtain a full picture of the changes that occur in these films upon hybridization.
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Chapter 7

Further Biological Applications

71 Summary

The ability to probe an interface beneath a layer of living cells in situ without the need for la-
beling and fixation has the potential to unlock some of the key questions in cell biology and bioin-
terfacial phenomena. In order to test the usefulness of SFG spectroscopy for this purpose, fixed
fibronectin-coated gold surfaces with and without adherent embryonic fibroblasts were probed.
The SFG spectra were compared to infrared reflection-absorption spectroscopy (IRRAS) data in
the CH stretching region. Noticeable differences were observed in the IRRAS spectra of the sam-
ples, while SEG spectra of the same samples were largely similar. These results suggest that cells
with their overall random distribution of CH groups do not contribute to the SFG spectra, result-
ing in similar spectral features related to the fibronectin coating regardless of whether or not cells
are adhered on it. Furthermore, SFG spectra of cells adhered directly on gold were found to have
features similar to those of cells adhered on fibronectin covered gold. Additional experiments
with living cells in vitro treated with the high powered lasers used in these experiments did not
result in any visible radiation damages to the cells. These results demonstrate the feasibility of
using SFG spectroscopy as an experimental tool to characterize the extracellular matrix (ECM)
layer adjacent to a gold substrate beneath a layer of cells, and also suggest that this technique
could be operated to examine the ECM in vitro. In order to further test this hypothesis, SFG spec-
troscopy was used to probe alkanethiol self-assembled monolayers (SAMs) buried underneath a
layer erythrocytes (ECs) in situ. SFG spectra with and without ECs show the spectral signatures
typical of these SAMs, indicating that the signal was being generated solely by the SAM and was
not influenced by the presence of cells. These results could have important implications for the
characterization of surfaces in biomedical, environmental and industrial applications.

7.2 Background

Mammalian cells and bacteria express a hydrated polymeric matrix to form biofilms. For-
mation of these sessile communities -and in the case of bacteria- their inherent resistance to an-
timicrobial agents is at the root of many persistent and chronic infections [155, 156]. Extracellular
matrix (ECM) components like fibronectin, laminin and collagen play a vital role in cell and tissue
morphogenesis [157]. These components provide different adhesion motifs for various cell types
as well as instructive cues for cell differentiation. ECM components can also act as storage com-
partments for otherwise diffusible growth factors [158]. The ECM role in stem cell niches5-8 and
the cellular microenvironment, especially with regard to tumor development [159, 160, 161], are
currently areas of active research. Yet despite great advances in our understanding of the ECM in
recent years, many questions remain about the interactions of ECM components with both arti-
ficial and natural cell substrates, the orientation and conformation of those components, and the
temporal composition and chemical structure of the ECM during cell adhesion and differentia-
tion.
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Techniques currently employed to investigate cell adhesion and ECM composition in vitro
include fluorescence microscopy [161] and a combination of confocal reflectance microscopy with
coherent anti-Stokes Raman scattering (CARS) microscopy [162], both of which can be used to vi-
sualize the arrangement of the ECM. Additionally, attenuated total reflectance infrared (ATR-IR)
spectroscopy has been used to track conformational changes in proteins at depths of approxi-
mately 1-2 um [163, 164, 165, 166]. However, the development of more techniques capable of
characterizing the ECM could prove useful in investigations such as the in vitro deposition of
ECM during wound healing and variations in the ECM during tumor development, especially
if those techniques have surface specificity sufficient enough to be able to distinguish between
cellular contributions and the ECM itself.

In recent years the surface specific non-linear optical technique of sum-frequency genera-
tion spectroscopy (SFG) has emerged as a complementary experimental technique to characterize
biological molecules at interfaces [167, 168, 169, 170, 171, 100, 172, 173, 174, 175]. SEG relies on
the generation of signals through a second order non-linear optical process which can only oc-
cur when inversion symmetry is broken. This suppresses spectral contribution from bulk phases
making SFG spectroscopy inherently surface specific and suitable for the investigation of "buried"
liquid-solid interfaces [176]. SFG spectroscopy has recently been applied to characterize biolog-
ical samples such as model peptides [170, 171], and amino acids [100], bovine serum albumin
(BSA) [172], immunoglobulin G (IgG) [169], collagen [173], fibrinogen [174], urea orientation at
protein surfaces [175], and heat-shock proteins (HSP) [169]. Here we introduce SFG as a useful
complementary technique to current linear spectroscopy methods for studying the ECM.

7.3 Probing the Extracellular Matrix with SFG Spectroscopy

7.3.1 Experimental Details

Fresh wafers of polycrystalline gold on silicon were UV-sterilized for 2 hours immediately
prior to deposition. Gold was chosen because is causes a strong enhancement of the SFG signal,
allowing for the specific detection of the break in symmetry between gold and another substance.
Fibronectin (FN) (Sigma-Aldrich, St. Louis, MO) at 50 ug/mL was adsorbed onto the gold wafers.
The thickness of the fibronectin layer, measured by ellipsometry, was 53 nm. Rat embryonic
fibroblast (REF) cells (kindly provided by Prof. B. Geiger, Weizmann Institute, Israel) in DMEM
(Gibco BRL, supplemented with l-glutamine and 1% FBS) media were seeded at 25,000 cells
per cm2 on the gold wafers and allowed to adhere for 3-4 hours under standard cell culture
conditions. Remaining fibronectin-covered gold wafers were incubated in media with no cells.
Following the incubation period, the samples were fixed in a 1:1 mixture of acetone and methanol
at -20°C for 10 minutes and dried in air. Three replicates per condition were prepared.

7.3.2 Results

Figure 7.1 shows FTIR spectra, SFG spectra, and light microscopy images of gold wafers
covered with fibronectin (red squares) and gold wafers covered with REF cells on fibronectin
(blue circles) in the CH stretching region. The FTIR spectra (Fig. 7.1a) differ substantially between
the fibronectin samples and the sample containing both fibronectin and REF cells both in intensity
and peak positions. This is likely due to fact that the IR light is passing through more components
in the cells containing CH groups, resulting in an increased number of spectral contributions.

In the SFG spectra (Fig. 7.1b), however, the positions of the peaks remain the same with
only a slight difference in relative peak intensity between the fibronectin samples and the samples
containing REF cells and fibronectin. This can only be the case when the same molecules are being
probed in the SFG spectra, independent whether or not REF cells are present. The selection rules
of SFG dictate that a signal cannot be produced in a material in which the molecules possess an
overall random (centrosymmetric) arrangement. The similarities observed in the CH stretching
region SFG spectra for the samples with cells and those without cells, therefore, may indicate
that the CH groups within the cells possess enough of a centrosymmetric arrangement to avoid
contributing to the SFG spectra. This then suggests that SFG is capable of directly probing the
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Figure 7.1: FTIR spectra (a), SFG spectra (b), optical microscopy image of fibronectin
on gold (red squares) (c), and fibroblasts adhered on fibronectincovered gold (blue cir-
cles) (d) in the CH stretching region. Spectra are offset for clarity. The gray lines are
corresponding fits to the data, and the dotted vertical lines are guide to the eyes for the
peak positions. The FTIR spectra differ substantially between samples covered with fi-
bronectin and fibroblasts on fibronectin. The SFG spectra, however, show similar peak
positions with only slight changes in relative peak intensities.

layer between solid surfaces and REF cells, and could prove a useful technique for detecting
ECM components through a layer of cells.

Figure 7.2 shows SFG spectra of a bare gold substrate exposed to the media used in the
cell experiments (squares), of REF cells adhered on fibronectin covered gold substrates (circles)
and cells on bare gold (triangles). The small features in the spectrum of bare gold are due to
contaminants in the media and bear no resemblance to the spectra of REF cells on FN or REF
cells on gold. It can therefore be concluded that the SFG signals observed stem from FN or other
cell related materials, rather than from contaminants in the cell media. Furthermore, the spectral
contributions for the cells on bare gold and on fibronectin covered gold differ in relative peak
intensities, yet are comparable in all peak positions. The differences may be due to the fact that
the composition of the ECM under the cells on bare gold differs from FN.

In order to test the influence of laser light treatment on the cells, in vitro experiments were
performed. Figure 7.3 shows the light microscopy image of living cells adhered on a fibronectin
coated gold wafer after 30 minutes of 20 J femtosecond light pulses (2900 cm™!) simultaneously
with 7 p] nanosecond light pulses at 800 nm both with a repetition rate of 1000 Hz. For the du-
ration of the experiment the cells were kept in CO; independent media (Gibco BRL, Catalogue
No. 1805-054 supplemented with L-glutamine and 1% FBS). After 30 minutes of light treatment
there was no visible irradiation damage. Observations after 16 hours of incubation of the irra-
diated samples under standard cell culture conditions indicated cell adhesion and proliferation
attributable to a healthy population. It can therefore be concluded that the influence of SFG radi-
ation on these REF cells was negligible, indicating that in vitro measurements of cells with SFG
spectroscopy are possible. Further development of this technique could also include the creation
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Figure 7.2: SFG spectra of a gold wafer exposed to phosphate-buffered saline alone (red
squares), cells on fibronectin-coated gold (green circles), and fibroblasts adhered directly
on gold (orange triangles). The SFG spectrum of cells on gold (triangles) shows spec-
tral contributions similar in location to those of the fibronectin spectra, with significant
alterations in relative peak intensities.

of spectral library of relevant ECM molecules, especially in the lower wavelength region (fin-
gerprint region), in order to more conclusively determine the composition, and potentially the
ordering of the ECM under a cellular layer.

7.4 Tests on Living Erythrocytes

7.4.1 Background

The in situ monitoring of the interphase between a substrate and the cellular layer is of great
interest as it allows determination of changes in surface properties upon cell adhesion. Typically,
this is accomplished by labeling and fixing the cell samples, which may result in their disruption
and in the loss of valuable information. In this work we show that the surface specificity of vi-
brational sum-frequency-generation (SFG) spectroscopy permits the in situ characterization of an
interfacial layer through living cells, without the need for fixation or labeling. SFG spectroscopy
has proven well-suited to probing various interfaces [96, 99]. In recent years, this technique has
been applied to the in situ investigation of biomolecules [177], including peptides [100, 178], pro-
teins [179], and DNA [84, 26]. These results will be useful for those seeking to apply this system
to investigate layers under living cells with high surface specificity.

7.4.2 Experimental Details

In order to test the ability of this technique to probe a substrate through living cells, a
well-characterized self-assembled monolayer (SAM) was probed underneath a layer erythrocytes
(ECs). Highly-ordered SAMs of deuterated dodecanethiol (CD3(CD3)11-SH, d-DDT) were cho-
sen, as they have a distinctive spectral signature in the CD stretching vibrational region (2000 to
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Figure 7.3: Optical microscopy image of fibroblasts adhered on fibronectin-covered gold
after 30 min of irradiation with 20 pJ femtosecond light pulses. No visible irradiation
damage is observable.

2300 cm™!). These deuterated layers give little to no signal in the CH stretching region (2800 to
3000 cm™1), allowing us to detect any contribution from the cells or cellular debris. In addition,
we investigated undeuterated dodecanethiol (CH3(CHz)11-SH, DDT) in the CH region to con-
firm that the typical spectral signatures of an alkanethiol SAM remained unchanged even in the
presence of cells.

Living ECs were selected as the biological barrier since they contain the majority of molecule
types encountered in most biological systems. These cells are known to have no direct interaction
with the surface offered to them and will lay flat on it if given enough time to settle [180]. ECs
do not deposit extracellular matrix (ECM) of their own or modify surface chemistry, allowing
them to act as biological barriers without altering surface properties [181]. Additionally, these
cells contain a large amount of hemoglobin, which make them optically dense in comparison to
most other thin biological layers. If these cells pose no obstacle to the generated SFG signal, many
biological barriers, either pro- or eukaryotic, become eligible for use with this technique.

A crudely purified solution of ECs in phosphate-buffered saline (PBS) was placed in be-
tween the SAM substrate and an optically transparent prism. All samples were measured using
a femtosecond broadband SFG spectrometer in ppp polarization. Spectra were acquired in 2.5 s,
background-subtracted and normalized to the non-resonant background.

7.4.3 Results

First, the presence of the d-DDT was confirmed by measurement in the CD stretching re-
gion (2000-2300 cm~!) (Fig. 7.4). CD stretches of d-DDT SAMs were probed in air, sterile PBS,
and PBS with ECs. In Figure 7.4A the Gaussian-like envelope reflects the spectral profile of the
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Figure 7.4: SFG spectra of a d-DDT SAM recorded in air (black), sterile PBS (blue), and
media containing ECs (red). (A) Spectra containing non-resonant contributions in the CD
(20002300 cm 1) region. (B) Processed spectra showing only resonant contributions in
the CD spectral region. The CD peaks remain unchanged upon addition of ECs.

femtosecond IR pulse, whereas the resonant peaks appear as dips in the spectra with a phase
difference of 7. These peaks at 2072, 2133, and 2222 cm ™! are established to be CD stretching
vibrations of the terminal deuterated methyl group (CDj3) in the d-DDT SAM [182].

The lack of deuterated methylene (CD,) vibrations in the spectrum is related to the pres-
ence of an inversion center in between these groups within the alkane chain and indicates the
absence of kinks or gauche defects. Figure 7.4B shows the resonant contributions after data pro-
cessing of the spectra shown in Figure 7.4A. The lack of appearance of new CD, peaks due to
gauche defects in the film indicates that the film quality is not significantly affected by the pres-
ence of ions, cells, or cellular debris. A more thorough analysis of the ratio between the asymmet-
ric and symmetric CDj3 stretching vibrations yielded values of 0.55, 0.63 and 0.77 for air, PBS and
PBS with ECs, respectively. This translates to a calculated tilting angle variation [138] of about 2°,
indicating a negligible reorientation of the terminal CD3 headgroup.

Measurements in the CD spectral region show that the I-DDT SAM can be detected through
a cellular layer, however, this region does not have contributions from cellular components. To
verify whether we can detect signatures of the alkanethiol SAM even in the CH region, we further
compared resonant SFG spectra of deuterated and undeuterated SAMs both in air, PBS, and PBS
with ECs (Fig. 7.5). The lower and upper curves correspond to the measurement of d-DDT and
DDT SAMs, respectively.

The spectrum of the d-DDT SAM, taken in air is a flat line, as one would expect, whereas
the DDT spectrum in air shows the features typical of an alkanethiol SAM in the CH region. The
same holds true for the PBS spectra with the exception of very weak features in the .-DDT SFG
spectra which are attributable to a slight hydrocarbon contamination of the PBS solution.

Most interestingly, the spectrum with the ECs on top of the &-DDT SAM also does not show
any significant spectral contributions other than those which are comparable in intensity with the
PBS spectra. The two peaks at higher wavenumbers are related to fitting artifacts of the initial
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Figure 7.5: Resonant SFG spectra of d-DDT (lower curve) and DDT SAMs (upper curve)
recorded in air (black), sterile PBS (blue), and PBS containing ECs (red). The CH peaks of
the DDT SAMSs show the typical spectral features upon addition of ECs, and only weak
CH signatures show up in the presence of PBS and ECs.

broadband spectra, as the IR frequency was at the edge of the Gaussian-like envelope. This is also
supported by the fact that these signatures are not observed in the DDT spectra, which show only
the typical features of the SAM. If the cellular structures were contributing to the spectra, one
would expect to see additional peaks appearing in the CH region, which are not observed. All
the contributions from these structures cancel out since on average there is no broken inversion
symmetry thus not fulfilling the SFG selection rules.

The lack of other spectral contributions is surprising considering the fact that the crudely
purified EC solution used in these experiments contains not only whole cells, but also many small
CH-containing debris, including sugars, peptides, and membrane fragments. It could be argued
that this debris would give rise to an SFG signal due to the build up of a locally ordered layer
at the interface driven by the amphiphilic character of these molecules. This might be the source
of the very weak signals detected in the CH region, however, the peak intensities are one to two
orders of magnitude lower than the signal generated by the SAM. These results show that SFG
spectroscopy is able to probe buried interfaces even through a cellular layer.
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Further Biological Applications

7.5 Conclusions

SFG spectroscopy has been employed to study the ECM under a layer of fibroblast cells
adhered on a solid support. No differences were observed in the SFG spectra of samples with
cells and those without cells, indicating that SFG spectroscopy is capable of probing the layer in
between a solid substrate and cells. Spectra of cells adhered on bare gold showed features similar
(but not identical) to spectral features of cells adhered on fibronectin-coated gold. Tests on live fi-
broblast cells irradiated with SFG laser pulses revealed that these cells were not visibly adversely
affected by the treatment, indicating that this technique could potentially be applied to in vitro
measurements of the ECM under living cells. This was further explored by investigating inter-
faces under a layer of living cells without labeling or fixation. It was found that SFG spectroscopy
could accurately detect a dodecanethiol SAM through a dense layer of erythrocytes, with no ap-
parent contribution from the cells themselves. Further test on deuterated SAMs showed that the
signal stemming from the erythrocytes was indeed negligible, a result which was hypothesized
to be due to the inherent internal disorder of the cells. These results demonstrate that SFG spec-
troscopy is able to penetrate through biological barriers as long as they are optically transparent,
and lays the groundwork for the use of this technique in diverse systems including the growth
and development of biofilms i situ, the corrosive activity of bacteria and fungi on metal surfaces,
or the interaction of cells with nanopatterned surfaces.
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Chapter 8

Conclusions and Outlook

In this work, a basis for the in situ investigation of biological molecules on surfaces using
sum-frequency-generation spectroscopy was presented. This was accomplished by first verifying
the suitability of this technique to measure under the necessary conditions. As the density of bio-
logical molecules on surfaces is often relatively low, sensitivity measurements were performed to
quantify the lower detection limit, which was found to be approximately 2 x 103 oscillators/cm?.
Proof-of-principle measurements on hydrophilic and hydrophobic alkanethiol SAMs in air and in
water were performed to confirm the accurate detection of the changes occurring in these films
between in situ and ex situ conditions. These tests found no changes in the spectra of hydrophobic
layers upon exposure to water, as was expected due to the lack of interaction between the water
molecules and the surfaces of the film, and a significant change in the hydrophilic films upon ex-
posure to water, also as was expected due to the hydrogen bonding of the water molecules with
the surface of the film.

Biological systems on solid surfaces can be highly complex, and so in order to gain the clear-
est possible understanding of these systems, DNA was chosen due to its relative simplicity among
biomolecules. In order to gain label-free, molecular-level information about DNA molecules im-
mobilized on solid surfaces using SFG spectroscopy (aim [i] of this work), a bottom-up approach
was used: examination of first the nucleobases alone, followed by unmodified DNA strands, and
finally thiolated DNA strands on gold substrates. It was found that while CHj3 contributions
from the methyl groups unique to thymine were clear in the dense nucleobase multilayers, these
distinct signatures were not detectable in films of ssDNA. Observations that in these films the
composition of the DNA strands (whether adenine, thymine, or cytosine) produced highly sim-
ilar spectra, indicating that the methylene vibrations of the sugar-phosphate backbone and, in
the case of the thiolated ssDNA, the linker group attaching the DNA strand to thiol moiety, were
dominating the spectra. The lack of differences between the ssDNA types further suggested a
similar degree of partial order in these films. It was found that this order could be improved
by repeated wetting and drying of the samples, most likely due to the temporary introduction
of a liquid environment gave the DNA strands freedom to rearrange into a more energetically
favorable state before re-drying. The fact that SFG spectroscopy only detects signals from the
sugar-phosphate backbone in films of ssDNA make make this technique useful for examining
DNA strands regardless of their nucleobase composition, as well as for use as a complimentary
method to those which only probe the bases, such as NEXAFS.

Comparison of results from ssDNA films in air to ssDNA films in water was performed
in order to obtain an understanding of how these films change when exposed to liquid (aim [ii]
of this work). Results revealed that thymine films appeared to lose the most overall SFG inten-
sity, followed by cytosine films, and finally adenine films. This was tied to a known increase
in preference for attachment to gold from thymine to cytosine to adenine, resulting in adenine
films in which more of the molecules are attached via both the thiol linker and some of the nucle-
obases and thymine films in which the molecules are attached primarily through the thiol linker
alone. Cytosine films fall somewhere in between. In the thymine ssDNA films the molecules lost
the most order upon exposure to water due to the increased flexibility afforded them by being
attached through only the thiol linker, while in adenine ssDNA films the molecules had less flex-
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ibility due to being attached to the substrate through multiple points, and thus showed less of a
loss of order when examined in water. Interestingly, closer examination of the spectra in water re-
vealed unique signatures for thymine ssDNA films, suggesting that under these in situ conditions
the increased flexibility of the backbone resulted in a suppression of the methylene signal strong
enough to reveal nucleobase-specific signatures for this particular base. Such a phenomenon was
found to occur regardless of the length of the DNA chain, with both 6- and 25-base thymine ss-
DNA strands showing similar spectra in water, as well as in films that had previously undergone
repeated wetting and drying to induce order.

To further the understanding of the more complex system of hybridized DNA on surfaces,
specifically about the level of order in these systems before and after hybridization (aim [iii] of
this work), various DNA films were compared before and after hybridization using the compli-
mentary techniques of high-resolution XPS and NEXAFS spectroscopy, in addition to SFG spec-
troscopy. It was found that HRXPS could be used to quantify the amount of target molecules
in the film post-hybridization, while SFG and NEXAFS spectroscopy contributed information on
the overall degree of order in the film. A film of shorter, more densely-packed thiolated thymine
ssDNA showed nearly no hybridization, which was attributed to both the fact that the target
molecules could not penetrate easily into this film and the fact that the smaller number of bases
available for hybridization made any hybrids that did form inherently unstable. A significant
number of target molecules was found in the less densely packed film made of longer ssDNA
molecules. However, through NEXAFS and SFG it was found that the degree of order in these
films decreased, contrary to the concept of an increasing molecular order upon hybridization
known for DNA molecules in solution. This finding was attributed to the formation of incomplete
or imperfect hybrids in this film, as well as a disruption of these hybrids due to the processing
procedures necessary for analysis via these three spectroscopic techniques. Further tests on the
extent of the effects caused by these preparation procedures revealed that even light processing
for ex situ spectroscopic analysis can have a significant effect on both the ordering and number of
surface-bound hybrids.

Finally, the knowledge obtained from the examination of these relatively simple biomolecu-
lar systems of DNA was applied to the complex system of cells on surfaces (aim [iv] of this work).
Tests on fibronectin-coated gold surfaces with and without an overlayer of fixed cells were per-
formed with SFG spectroscopy. It was found that the SFG signal was not altered by the layer of
cells, suggesting that it was possible to "see through" this cellular layer with SFG spectroscopy,
probing just the extracellular matrix beneath. The ability to probe through a layer of living cells
was tested using non-adherent erythrocytes over self-assembled monolayers. Results showed a
clear signal from the surface-bound SAM with little to no signal generated by cells, demonstrating
that this technique can also be used through a living cellular layer.

Although the use of SFG spectroscopy for obtaining these insights has proven useful, there
are nevertheless some limitations which could render this technique less suitable than others for
some types of investigations. First, SFG in the CH region has been shown to be quite non-specific.
This is unsurprising as many contaminants have CH oscillators similar to what can be found in
samples, especially biomolecules. However, it still makes the interpretation of data in this region
difficult. Furthermore, spectroscopic analysis in other regions such as the amide I were found to
have very low, if any, signal. This is most likely due to the fact that the IR peaks found in this
region have a very small Raman cross sections, however it limits the use of SFG spectroscopy for
detecting these generally highly informative bands. It may also be the case that the significant
decrease signal for ssDNA films in liquid (as seen in Chapter 5) will make it difficult to obtain
further accurate information about these types of films in situ. Although it could also be the case
that the disappearance of the dominant methylene backbone signals proves useful for researchers
attempting to study such things as intercalation of drugs between nucleobases.

Future directions for this work could include further investigations of DNA in different
types of buffer solutions, such as those made with monovalent versus divalent cations. The find-
ings presented here could also be useful for the in situ versus ex situ analysis of applied DNA
films, such as those created by dip-pen nanolithography or microcontact printing. Such an anal-
ysis may reveal differences in the solubility of films made in different ways, suggesting a greater
hybridization potential in one over another. Films of other biological molecules with distinctly
different CH moieties could also be measured, such as arginine, leucine, alanine, and glycine syn-
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thetic peptides, in air and solution. This could reveal more about the differences in ordering in
these types of biomolecular systems on surfaces as researchers seek to optimize them as special-
ized diagnostic tools. Such investigations would further bridge the gap between in situ and ex
situ measurements, allowing for a more accurate comparison between the two.

The presentation of clear and accurate reference spectra for DNA in solution in this work
could also make possible the acquisition of dynamic measurements in solution. The fs SFG sys-
tem used here has a current time resolution scale on the order of seconds, and so could be used
to monitor phenomena such as the change in order during hybridization and melting of DNA
on surfaces in real time. A similar dynamic real-time approach could also be used to examine
changes in molecular ordering during the formation or breakdown of the extracellular matrix un-
der a layer of cells, knowledge which could prove exceptionally valuable in the understanding of
processes in such areas as cancer and tissue development.

Yet no matter the future directions, the results presented here provide new knowledge
about biological molecules, particularly DNA, on solid surfaces in situ and can help pave the way
for future investigations of these systems using SFG spectroscopy.
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