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INTRODUCTION
,,God made the bulk; surfaces were invented by the devil*“*
Wolfgang Pauli

Surfaces and interfaces have unfathomable significance for all life-supporting
processes, whether simple water condensation or a complex biomolecule
interaction in catalysis, energy transformation, or electron transfer at the lipid
membrane. It is reasonable to believe that interfaces are one of the main
factors that helped “accelerate” the appearance of the first self-replicating
molecules, which evolved into life forms as we know them today.? A lot of
studies have been devoted to the topic, which in one way or another is related
to the interactions at the interface, from the surface tension® to the cell
membrane.* Interactions at the structurally ordered molecular layers, for
example, self-assembled monolayers (SAMSs) or phospholipid membranes, are
well known and documented. It is unfortunate that molecules on the surface
may have completely different properties than the molecules in bulk.
Therefore, our knowledge of the bulk material could not be simply applied to
surface-bound molecules. For that reason, many modern instrumental
methods have been adapted to investigate interface processes. These methods
encompass atomic force and electron microscopy, mass spectrometry, neutron
and X-ray techniques, microfluidics, and optical techniques.®> Methods based
on optical principles, primarily in visible and infrared light range, are
frequently used to study biomolecules. Modern optical spectroscopy allows
for the direct observation of biomolecular interactions at interfaces with a very
high sensitivity. Surface enhanced infrared absorption spectroscopy —
SEIRAS is one of these methods. It emerged in the last couple of decades but
has only found its application in studies of biological membranes and proteins
during the last decade.® Additionally, SEIRAS is only one of a few techniques
capable of directly observing water molecules behavior at interfaces. Coupled
with in situ studies of SAM and lipid membranes, it became an unmatched
tool for this research study.

In this thesis, a variety of techniques were used. Attenuated total
reflection (ATR)-SEIRAS was the primary optical method integrated with
potentiometry. This setup used gold-coated silicon ATR crystal as a working
electrode. Conventional infrared (IR) spectrometry, predominantly in
transmission and ATR configuration, was applied to collect vibrational
spectra of bulk compounds. In addition, isotopic substitution, scanning
electron microscopy, and density functional theory (DFT) modeling were
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utilized as supplementary techniques for vibrational spectroscopy data
interpretation.

This research was motivated by the ambitious objective of investigating
the assembly, structure, and dynamics of SAMs, model lipid membranes, and
pore-forming membrane proteins at electrified interface. It sought to unravel
the complexities of their mutual interactions and their responses to
environmental stimuli. It also examined how the variations in the gold
substrate's electric potential affect the assembled layers' characteristics and the
extent to which it could be regulated. These inquiries were just a subset of the
broader questions aimed at understanding better the formation of biologically
relevant synthetic membranes and their interactions with surrounding entities.

This work aimed to study the structural changes in SAMs, artificial
bilayer lipid membranes (BLMs), and membrane interaction with the pore-
forming toxin melittin in situ using the SEIRAS technique.

The objectives of the work

1. To form and characterize SAMs formed from imidazole ring
terminated IMHA and fragment molecules using ATR-SEIRAS.

2. To examine hydrogen bonding interaction and electric potential
dependence on the functional imidazole ring group structure at the
solid support-solution interface.

3. To investigate the formation of the anchoring mixed self-assembled
monolayers and the development of the tethered lipid bilayers on
these mixed SAMs.

4. To comparatively analyze the water structure near the biomimetic
tethered and hybrid bilayer lipid membranes (tBLM and hBLM) and
under varying electric potential conditions.

5. To determine the dielectric constant of confined water in the
submembrane space of tBLM using a reporter molecule.

6. To investigate the impact of environmental pH changes on the
structure and properties of tBLM.

7. To study the interactions of pore-forming protein melittin with tBLM
and hBLM using time-resolved ATR-SEIRAS.

The novelty of the work

The essential role of histidine in protein structure and catalytic function
primarily arises from the interactions facilitated by its side chain, imidazole
ring (Im).” Im serves as an aromatic system, participates in hydrogen bond
interactions, and coordinates metal (II) cations through its nitrogen's lone
electron pair.®. Among these interactions, hydrogen donating and accepting
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bonds are frequently observed at charged interfaces. Despite their biological
significance, investigating hydrogen bond interactions at electrochemical
interfaces remains challenging due to the absence of suitable experimental
techniques.

The hydrogen bonding interaction strength of histidine’s imidazole ring
(Im) with its immediate environment was studied for the first time using
electrochemical ATR-SEIRAS. Additionally, Im-bearing molecule
adsorption and self-assembly on the Au surface were analyzed. The relation
between the concentration of the imidazole group bearing alkanethiol
molecules on the surface and the orientation of the Im was demonstrated. It
was shown that for SAMs composed of surface alkanethiol molecules with Im
end groups, the bulky ring precludes the formation of an optimal arrangement,
affecting the monolayer formation kinetics.

Theoretical analysis revealed the sensitivity of =C-H stretching modes
frequencies towards imidazole ring hydrogen bonding strength. Subsequently,
a reversible dependence between the external electric field and hydrogen
bonding interaction strength between Im and water was defined. Also, the
transition to a negative potential was linked with Im’s reversible orientation
changes, evidenced by the alterations in the relative intensities of two Im =C—
H vibrational modes at 3150/3115 cm™,

The behavior of water molecules at interfaces and submembrane layers
is critical as it can significantly impact the adsorption, organization, and
stability of SAM and BLM and their interactions with other biomolecules.**
However, directly measuring water dielectric properties at thin interface
layers presents a formidable challenge, even with the latest highly sensitive
techniques. In this work, for the first time, the structure and potential-
responsive behavior of water molecules within the inner layer of the tBLM
membrane were probed by ATR-SEIRAS. This research also touched on
water involvement in model membrane formation and their reaction to
electrical stimuli once formed. A spectrometric marker was employed to
investigate water's dielectric properties in the tBLM system's submembrane
region. Furthermore, the study explored how pH affects water within the
tBLM system, correlating observed shifts in submembrane resistivity to
changes in ion concentrations, as opposed to alterations in membrane
integrity.

To better understand the mechanisms behind pore-forming peptides, such
as melittin, their interactions with biomimetic tBLM and hBLM systems using
the in situ SEIRAS method were investigated. This approach is crucial as it
allows us to directly observe and analyze these interactions at the molecular
level, providing valuable information into their mechanism of action and
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potential applications. Notably, the tBLM system, with its submembrane
space, offers a unique opportunity to study peptide behavior in a more
biologically relevant environment compared to the hBLM system, which lacks
a submembrane space.

Distinct lipid-protein interaction behaviors were identified and linked to
membrane structure. During the initial stages, it was observed that toxin
accumulates on the membrane and causes disturbance and water expulsion in
both the hBLM and tBLM systems. Subsequently, the removal of water
molecules from the vicinity of the gold surface and changes in the SAM layer
confirmed an increase in melittin molecules in the submembrane space of the
tBLM system. Notably, both systems exhibited membrane disruption after
incubation times exceeding 90 minutes, attributed to the aggregation of
melittin with lipids.

The defense statements of the work:

1. Bulky imidazole ring group precludes neatly packed SAM formation
from IMHA molecules and affects the dynamics of monolayer
formation.

2. Electric potential excursion from 0.3 to —0.5 V reduces hydrogen
bonding strength at the imidazole ring of the IMHA molecule.

3. The tBLM submembrane reservoir contains water with altered, solid-
like properties, with considerably decreased dielectric constant of the
tBLM submembrane reservoir.

4. pH shift from acidic to neutral induces a surge in ion concentration in
the submembrane

5. The interaction between melittin and tBLM induces a rapid transition
of melittin’s secondary structure from unordered to a-helix within less
than 15 seconds. Following this structural change, melittin then
accumulates in the submembrane space.

Contribution of the author

All the IR, ATR, and ATR-SEIRAS experiments were performed in the
Spectroelectrochemistry laboratory, Department of Organic Chemistry,
Center for Physical Sciences and Technology. SEM measurements were
performed in the Pranas Gudynas Center for Restoration at the Lithuanian
National Museum of Art. The author did all microscopy, spectroscopy, and
electrochemical measurements. DFT calculations and multilamellar vesicle
preparations were carried out by dr. Martynas Talaikis. Data analysis and
preparation of published articles were performed by the author and co-authors
of manuscripts.
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LIST OF ABBREVIATIONS

AOI Angle of incidence

AMP Small antimicrobial peptide

ATR Attenuated total reflection

BLM Bilayer lipid membranes

BME B-mercaptoethanol

cv Cyclic voltammetry

DFT Density functional theory

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
DPPC 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine
DTGS Deuterated triglycine sulfate

EIS Electrochemical impedance spectroscopy
FAC Face angled crystal

FIR Far-infrared

FTIR Fourier transformation infrared spectroscopy
fBLM Floating bilayer lipid membrane

hBLM Hybrid bilayer lipid membrane

IRE Internal reflection element

IR Infrared

IRRAS Infrared reflection absorption spectrometry
Im Imidazole ring

LSP Localized surface plasmon

LSPR Localized surface plasmon resonance
MCT Mercury cadmium telluride

MIR Middle-infrared

MLV Multilamellar vesicle

MHP N-(6-mercapto)hexylpyridinium

MSSR Metal surface selection rule

NIR Near-infrared

OoCP Open circuit potential

PEG Polyethylene glycol

SAM Self-assembled monolayer

SEM Scanning electron microscope

SEIRAS Surface enhanced infrared absorption spectroscopy
SERS Surface-enhanced Raman spectroscopy
sBLM Suspended bilayer lipid membrane

SPR Surface plasmon resonance

TDM Transition dipole moment

tBLM Tethered bilayer lipid membrane

uv Ultraviolet

VIS Visible

WC14 20-tetradecyloxy- 3,6,9,12,15,18,22-heptaoxatricontane-1-thiol
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1. THEORY OVERVIEW
1.1.Vibrational spectroscopy

Vibrational spectroscopy is a group of optical techniques that provides
information on molecular systems by analyzing vibrations of a wide range of
organic and inorganic compounds. The methods include infrared
spectroscopy, Raman spectroscopy, sum frequency generation spectroscopy,
and others (terahertz, photoacoustic spectroscopy, etc.). The spectral range in
regard to the full light spectrum is shown in Figure 1.

<

Higher energy

A (m) 110‘12 1010 108 1|0'5 10‘[‘ 10‘12 } 1|02
Y rays X-rays UV-VIS Infrared Microwave Radio
A (nm) 800 2 500 25 000 500 000
NIR MIR FIR
v(cm?) 12500 4000 400 20

Figure 1. Schematic representation of light spectrum zones from highest to lowest
energy. The infrared region is divided into near, middle, and far regions (adapted from

11).

Light scattering is mainly associated with Raman spectroscopy, whereas
the transmission and absorption are more related to infrared spectroscopy (IR).
When light passes through the molecular system, it becomes absorbed at
frequencies corresponding to particular molecules' transitions (Figure 2). In
the case of ultraviolet (UV) and visible (VIS) light, energy is sufficient to
promote electron transitions to an excited electronic state and is called
electronic spectroscopy. Infrared (IR) light has enough energy to promote
molecular transitions from one vibrational level to another, inducing electron
redistribution and causing vibrational amplitude and rotational frequency
increase. The frequency-dependent light intensity changes are then plotted to
give a vibrational spectrum.*?
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Figure 2. Diagram for molecular energy levels. Electronic (a), vibrational (b), and
rotational (c) transitions are displayed by the black arrows (adapted from ).

Various dimensions describing energy metrics for absorption can be met
throughout literature, but the wavenumber ¥ is most commonly met. It is
expressed in cm™ and has a relation:

V==

were Ao — wavelength in vacuum, v — frequency, ¢ — speed of light.
Absorption is the process by which a molecule takes in light energy at a
specific wavelength and undergoes a vibrational transition to an excited
vibrational level. According to the Plank equation describing the energy value
of two energetical states:

E= E1— E2= hv, (2)

where h is Planck’s constant, energy (E) is directly proportional to
vibrational frequency, so the higher v value represents the higher energy of
the vibration.

The IR spectrum is typically divided into three regions: the near-infrared
(NIR) region, the mid-infrared (MIR) region, and the far-infrared (FIR)
region. The NIR region covers the range from 12500 to 4000 cm™ and is
mainly used to analyze overtone and combination bands of functional groups.
The MIR region covers the range from 4000 to 400 cm™ and is the most
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commonly used region for IR vibrational spectroscopy. The FIR region covers
the range from 400 to 10 cm™ and is used to analyze lattice vibrations and
rotational transitions.** In the MIR range of vibrational spectroscopy, the
position and intensity of the absorption bands in the spectrum provide
information about the functional groups and the chemical structure of the
molecules. The position of the absorption bands is determined by the energy
required to excite a particular vibrational mode, which is related to the atom
masses and the stiffness of the chemical bond involved in the vibration. The
harmonic oscillator model describes the frequency of molecular vibration.
Atoms, considered as a point mass, are connected by a weightless spring. And
their vibrational frequency v is then equal:

1 1 1
where k — bond force constant and m, — reduced mass (— = — + —).
my mq m,

This equation shows that vibrational frequency is directly proportional to bond
strength and inversely proportional to the reduced mass of bond-forming
atoms. A good example of how the force constant affects vibrational
frequency is given for carbon-carbon bonds, which are essential to almost
every element of organics (Figure 3). The force constant increases as the bond
strength increases from single to triple bond. Correspondingly, the vibrational
frequency of these bonds also increases.*®

< [
o P
s ¥ -c=c- ~2120incm™ £
7 —C=C—-  ~1623-1680in cm™in ethylenes and olefins 5
-g —-C-C—  ~990 cm™in linear alkanes §
om

Figure 3. Carbon bond strength influence over vibrational frequency.

Moreover, as different environments and molecule structures influence
bond strength, IR spectroscopy provides information on molecular
surroundings and structure. Overall, IR vibrational spectroscopy is a versatile
and powerful technique with a wide range of applications in many fields of
science and technology. Its ability to provide information about the chemical
structure and dynamics of molecules makes it an indispensable tool for
studying molecular systems at the atomic level.
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1.1.1. FTIR spectroscopy

Fourier transformation infrared spectroscopy (FTIR) is a spectroscopic
method based on the IR light absorption of matter. The absorption is
wavelength dependent, and the ratio of the radiation intensity that passed
through the sample (1) to the original intensity (lo) results in the transmission
spectrum, which is expressed as a transmission ratio (T) with values between
0 and 1, therefore T=I/lo. T is typically converted to absorption (Abs) using a
logarithmic transformation:
Abs=—logT (4)

Spectra in transmission are more often met in older literature, whereas in
newer ones, the absorbance spectrum dominates. Besides the subjective view
of somehow more straightforward to read upwards-looking peaks, absorbance
is linearly dependent on the analyte concentration, which is described by the
Beer-Lambert law:

Abs = &cl, (5)

where ¢ — molar absorption coefficient (M™cm™), ¢ — analyte
concentration (M), and I — optical path length (cm). Overall, the IR spectrum
can provide information about:

1) Chemical structure of molecules. Every molecule has a different set
of bonds, which results in a unique absorption spectrum. As discussed above,
the MIR range provides the most information on molecular vibrations, mainly
the 600-1400 cm-1 range, often called the fingerprint region. In contrast to
the higher frequency region above 2700 cm-1, which has information mostly
on C-H stretching and wide O-H and N-H vibrations common to many
compounds, the fingerprint region has a rich set of stretching, bending, and
combination vibrational bands unique for a particular molecule. And even in
a complex mixture of molecules, it can be instrumental in identifying or
guantifying the molecules of the composition. For example, in Figure 4, a
complex IR spectrum of milk is presented. Spectral modes of water, proteins,
sugars, and fats may be identified. In higher frequency regions, vibrational
bands assigned to stretching O—H, N-H, and C-H vibrations overlap from
many compounds and are difficult to assign to a particular molecule. Contrary,
from the fingerprint region, biomolecular entities may be identified. For
example, the stretching C=0O vibration at around 1730 cm-1 is related to
lipids, amide I and Il vibrations at 1650 and 1550 cm-1 are associated with
proteins, and the stretching C—O bands at the ~1000 cm-1 region belongs to
sugars.
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Figure 4. The FTIR spectrum of milk measured with diamond crystal attenuated total
reflection (ATR) cell.

2) Hydrogen bonding is ubiquitous in biochemical systems, and it
strongly affects the vibrational spectrum because it modulates bond stiffness.
Hydrogen bonding effectively decreases the related group's vibrational
frequency of stretching motion and increases the frequency of the bending
motion. IR is one of the few techniques that can report directly on the changes
in hydrogen bonding interaction.

3) Strength of the chemical bond. The strength of a chemical bond is
related to its force constant, which in turn affects the vibrational frequency.
The force constant measures how stiff a bond is and how much energy is
required to stretch or compress it. The stronger the bond, the higher the force
constant and the higher the vibrational frequency. Conversely, weaker bonds
have lower force constants and lower vibrational frequencies. This means that
IR spectroscopy can study the strength of chemical bonds and provide
important insights into molecular structures (see Figure 3).

4) Steric interferences. The vibrational spectrum of a molecule can be
affected by its conformation and the degree of conformational freedom it has.
When a molecule has more conformational freedom, its vibrational modes are
broader and less well-defined. This is because the different conformations of
the molecule can have slightly different bond lengths and angles, which can
lead to slight variations in vibrational frequencies. On the other hand,
molecules with less conformational freedom have sharper and more well-
defined vibrational modes. The molecular structure is more restricted,
resulting in more consistent bond lengths and angles. By analyzing the
vibrational spectrum of a molecule, it is possible to gain insights into its
conformational freedom and how it affects its behavior in different
environments.
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As an example, the C=C bond in lipids is affected by isomerization. In
particular, the stretching vibration of the C=C bond is very sensitive to the
molecule's orientation, which is affected by conformational freedom. In a
trans conformation, the C=C bond is generally more rigid and has a higher
vibrational frequency than the cis conformation molecule. Typically, the
vibrational frequency of the C=C bond in lipids is observed in the MIR range
of the IR spectrum, at around 1650-1700 cm™. *** By analyzing the
vibrational frequency of the C=C bond, it is possible to gain insights into the
conformational freedom and degree of unsaturation of the lipid molecule,
which can, in turn, provide information about the lipid's biochemical
properties and functions.

5) Conformation and bond angles. Individual bond vibrations may be
coupled to other vibrations and are molecular geometry sensitive. As a result,
it occasionally offers details on the molecule’s three-dimensional (3D)
structure. It is essential in biochemical applications, such as protein analysis.
For example, the amide bond is sensitive to the protein backbone's
conformation and hydrogen bonding pattern. Several vibrational spectral
modes characterize the amide bond. The most informative are the amide | and
amide Il bands, which correspond to C=0 stretching and C=N stretching
coupled with N-H bending, respectively.'® The amide | band is particularly
sensitive to the secondary structure of the protein, such as alpha helices, beta
sheets, or random coils, and can be used to determine the protein
conformation. The amide | band of alpha-helical and beta-sheet proteins are
located at around 1650 and 1630 cm™, respectively, while random coil
proteins have a broader and less defined amide | band.*® The amide Il band,
on the other hand, is less sensitive to the secondary structure and is influenced
by the hydrogen bonding pattern of the protein backbone. The position and
shape of the amide Il band can provide information on the degree of hydrogen
bonding between neighboring peptide units.*’

6) Electric fields. Locally or externally created potential impacts
molecular electron density, which affects vibrational frequencies and is still a
new field known as electric field-induced spectroscopy. This effect is similar
to hydrogen bonding, which can also modify the electron density distribution
of a molecule and influence its vibrational frequencies.

Strong local electric field is present in molecules that contain fully or
partially charged atoms, for example, the active site of enzymes, where the
electric field may act as a force for the catalytic reaction. In dehalogenase
enzymes, the electric field in the active site has been shown to play a role in
catalysis.® Additionally, there is an inverse correlation between the C=0
stretching frequency of carboxyl groups (bands above 1740 cm™) and the
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dielectric constant e. Indicating that the interfacial electric field can
significantly impact the vibrational frequencies of carboxyl groups, observed
in IR spectra.™

7) Chemical reactions and molecular dynamics. IR spectroscopy can
provide insights into both. Changes in the vibrational spectrum during a
reaction can give information on changes in chemical bonds and molecular
structures, making it helpful in studying reaction mechanisms and monitoring
the progress of a reaction in real time.?>%* In addition, time-dependent changes
in vibrational frequencies can provide insights into molecular dynamics, such
as bond rotations and vibrations, as well as other types of motion like
hydrogen-bond breaking and forming.?

8) Surface chemistry. IR spectroscopy can study the surface chemistry
of materials, including the adsorption and desorption of molecules on surfaces.
One advantage of IR spectroscopy for surface analysis is its ability to probe
only a few molecular layers into a material. This allows to analyze the surface
properties without interference from the bulk properties of the material.

1.1.2. SEIRAS - principles of surface enhancement for IR light

SEIRAS is a vibrational spectroscopy technique that utilizes localized surface
plasmon resonance to enhance the infrared absorption of material in direct
contact or near the nanostructured Au, Ag, or other plasmonic material. The
phenomenon of surface plasmon resonance (SPR) involves the oscillation of
electrons in nanostructures in response to light, producing highly confined
areas known as hotspots with intense optical fields. This phenomenon is
related to significantly enhanced light-matter interaction, which leads to
increased molecular sensitivity in various techniques that take advantage of
SPR like Raman, fluorescence, and infrared absorption spectroscopies.?*?
Surface-enhanced infrared absorption spectroscopy proved a powerful
surface-sensitive technique utilizing the SPR enhancement phenomenon.
With advantages similar to those of infrared reflection absorption
spectrometry (IRRAS), including the metal surface selection rule (MSSR) and
the ability to probe molecular systems in absorbing environments like water,
SEIRAS has recently become a desirable tool for the analysis of molecular
interactions at the metal interface, showing great potential for chemical and
biological applications.?2®

Recognition of electric field enhancement effect induced by the
surface. It was inevitable that the 1970s discovery of surface-enhanced
Raman spectroscopy (SERS) would lead to the development of SEIRAS,**°
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which was experimentally demonstrated by Hartstein in 1980 and later
verified by Hatta.®**? After a couple of decades, reports on the practical and
theoretical aspects of SEIRAS appeared.?* The importance of SEIRAS was
recognized with the first symposium held at the Pittsburgh Conference in 1997
(March, Atlanta). The main reasons SEIRAS fell behind SERS in terms of
development time were the need for more precise instrumentation and the
generally higher signal-to-noise ratio due to the lower infrared (IR) energy
level.**% Unlike Raman scattering, where the signal is generated by scattered
light, IR absorption involves direct radiation absorption by the molecule, and
the signal strength is proportional to the amount of radiation absorbed.
However, the near-field enhancement effect in SEIRA is not as pronounced
as in SERS, especially for weak vibrational oscillators. In SEIRA, the
enhancement is proportional to the square of the near-field amplitude
enhancement (see equation 6), whereas in SERS, it is proportional to the
fourth power.

7] _,0u
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In here, absorption is proportional to the square of the derivative of dipole
moment (1) with respect to normal coordinate (Q) o/oQ multiplied by the
electric field exciting molecule and to the angle 6 between Op/oQ and E.%

Nonetheless, molecular absorption has a larger cross-section than Raman
scattering, as shown in Figure 5, which makes it a more direct process for
detecting molecular vibrations. >~
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Figure 5. Comparison of different optical method cross sections. Abbreviations: RRS,
resonance Raman scattering; SERS, surface-enhanced Raman scattering; SERRS,
surface-enhanced resonance Raman scattering (adapted from %)

Similar to SERS, the overall SEIRAS enhancement is powered by two
distinct mechanisms: electromagnetic and chemical.

The electromagnetic mechanism is considered to have a predominant
role in IR light enhancement. When IR electromagnetic radiation interacts
with a metal-dielectric interface, free surface electrons are excited and form a
collective motion confined by the nanoparticle. This is known as localized
surface plasmons (LSP) (Figure 6). When the vibration frequency of the LSP
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matches the frequency of the IR light, a localized surface plasmon resonance
effect (LSPR) is created. The frequency of LSPR depends on the metal used
and the shape and size of the nanoparticles (aspect ratio n=a/b as in Figure 6).
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Figure 6. Illustrates the electromagnetic enhancement mechanism in SEIRAS on
metal surfaces. In this mechanism, ellipsoid-shaped metal particles are polarized by
the incoming IR radiation, resulting in dipole changes that create a localized electric
field around the particles stronger than the incident photon field. Adsorbed molecule
layer interacts with this stronger field, and their absorbance of incoming IR radiation
is enhanced if particular requirements are met, such as transitional dipole moment
direction and frequency (adapted from %),

The electromagnetic field formed around the metal particles due to LSPR
is greater than the incident photon electromagnetic field. Adsorbed molecules
with dielectric function g4 interact with this field and change their vibrational
states. The induced field is polarized along the particle's surface normal, and
its strength rapidly diminishes further from the surface. It is represented by
the equation:

6
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where a represents the local radius of curvature of the island (Figure 6).
Osawa®> showed that the simulated peak intensity of a model molecule on a
thin 5 nm gold layer is more significant, up to only around 10 nm of molecular
layer thickness, compared with the system without a gold layer (Figure 7).
SEIRAS is, therefore, highly sensitive to molecules located in the immediate
vicinity of the plasmonic surface, typically within 10 nm.*
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Figure 7. Simulation of model molecule peak intensity on a surface with a 5 nm Au
layer (solid line) and without (dashed line) plotted against the thickness of the
molecular layer, dmor (adapted from 2°).

SEIRAS is therefore highly sensitive to molecules located in the
immediate vicinity of the plasmonic surface, typically within 10 nm.**

However, overall electromagnetic enhancement for middle-infrared is
less than 10 times (as shown in Figure 8), which is significantly lower than
the enhancement factors observed experimentally in SEIRAS, typically 10 to
1000 times. This suggests that other factors besides electromagnetic
enhancement contribute to the SEIRAS effect. Furthermore, SEIRA has been
observed on transition metals such as Pt, Ni, and Pd, which do not exhibit
plasmon excitation in the visible-MIR region, indicating that electromagnetic

enhancement alone is not the sole contributing factor.*%-*
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Figure 8. Calculations showing the average field enhancement in vacuum for isolated
spheroids of Pt, Ag, Au, and Sn, with major axes of 90 nhm and minor axes of 30 nm
(adapted from *).

The effective medium theory considers the roughness of the metal surface
as an active factor in SEIRA, leading to a more accurate explanation of the
SEIRAS enhancement mechanism. When a surface is formed by metal spheres
smaller than the wavelength of light, a composite medium of metal, adsorbed
molecules, and an environment is formed. Due to the roughness of the metal

22



surface, such a medium has a broad absorption in the near and middle IR
regions. By exciting with IR light, the induced dipole of the metal is coupled
with the oscillating dipole of the adsorbed molecules, resulting in a change in
the metal's dielectric function. As a result, the effective medium has higher
absorbance at the analyte's vibrational frequency. Due to the larger volume
and higher metal absorption coefficient, the contribution from the effective
medium absorption becomes dominant to the surface enhancement.** Metal
islands, therefore, act as signal enhancers in SEIRAS experiments.*

Chemical mechanism is another important factor contributing to the
SEIRAS signal enhancement, although it is weaker than the electromagnetic
mechanism.*® Chemically adsorbed molecules on a metal surface show a more
significant enhancement than physically adsorbed ones.***#’ This is due to
changes in their absorption coefficient |0u/0Q*.*® Charge oscillations between
molecular orbitals and metal surface increase the absorption coefficient.***°
Although the complete chemical mechanism remains unclear, there are
experimental findings that suggest the presence of chemical interactions
between the surface and molecules.?>!

In conclusion, SEIRAS is influenced not only by electromagnetic and
chemical enhancements but also by the surface selection rule and preferred
orientation of molecules on the metal surface. The absorption of IR light is
greater for vibrational modes perpendicular to the surface than bulk solvent
molecules without a specific direction. Furthermore, adsorbed molecules
generally display a distinct orientation relative to the surface. Considering that
the space average of cos®® is 1/3 for randomly oriented molecules, the
orientation effect can offer a maximum enhancement factor of three for
vibrational modes with dipole changes parallel to the electric field (E).

1.1.3. Attenuated Total Reflection (ATR)

Importance of hardware configuration. SEIRAS experiments can be
performed using either transmission or reflection hardware configuration. The
ATR configuration has a significant advantage over the transmission
configuration as it allows for probing samples in IR-absorbing environments,
such as HO. This has led to ATR becoming the standard configuration in
SEIRAS, sometimes referred to as ATR-SEIRAS. In ATR, reflection can be
measured through external and internal configurations (Figure 9). The internal
reflection configuration, the Kretschmann configuration, is the most
commonly used in SEIRAS.
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Figure 9. Schematic representation of internal (A) and external (B) reflection
hardware configurations for IR experiments.

The throughput of an ATR crystal critically depends on the angle of the
incident (AOI) at which light passes through it. Manufacturers offer fixed or
variable-angle ATR assemblies that can fit most conventional FTIR
spectrometers to accommodate different experimental setups. However, to
achieve a successful SEIRAS experiment, several variables need to be
considered.

The internal reflection element, the crystal, is the primary component of
every ATR setup. Materials suited for ATR prism must have a high refractive
index and fulfill relation sin (AOI) > ns/np (Figure 10A), where n represents
the refractive index of the sample (s) and the prism (p). Moreover, as it is
commonly phrased, i, must be bigger than ns, or of a higher optical density
material.
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Figure 10. Principal schematics of one reflection ATR prism experiment (A).
Reflected light angle dependence in relation to critical AOI (B).

The critical angle (©c) of the incoming IR light must also be considered
to achieve total reflection conditions (Figure 10B) which can be calculated
using Snell’s law relation sin(ns/np) if refraction indexes of sample and prism
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materials are known. Table 1 summarizes the parameters of several commonly
used materials used as ATR prisms.

Table 1. Optical and physical parameters of ATR prism materials. *Calculated at 1000
cmt wavenumber and sample refractive index of 1.4 where applicable (adapted from

11
).
“dp, UM @ 0., deg 0 Hardness, Spectral

45/60 deg MP range, cm™
Ge | 0.65/0.50 22 4.0 7644 5000-550
ZnSe | 1.66/1.06 40 2.4 1274 20000-500
Diamond | 1.66/1.06 40 2.4 88200 50000-2500
1600-0
Si | 0.81/0.61 26 3.4 11270 5000-400

*Depth of light penetration

However, total internal reflection does not explain the interaction of the
IR beam with the sample because the IR beam outside the ATR crystal does
not propagate as a conventional electromagnetic wave. Instead, the interaction
occurs through an evanescent field, or “evanescent wave”, which penetrates
the sample to a depth d, expressed by the equation:

2
% = rmnvamo-r ©)

where 1 expresses the wavelength of incoming IR light. Table 1 shows
that increasing the AOI decreases light penetration into the sample, resulting
in a lower overall absorption. This characteristic is particularly beneficial for
SEIRAS experiments, where monolayers and thin films are involved, since it
reduces the interference from the absorption of the bulk solution. Considering
other factors, like material hardness, spectral range, or even price (the case of
a diamond), only three principal choices are available for ATR-SEIRAS
experiments: ZnSe, Ge, and Si. Si is the most popular due to its cost-
effectiveness and inertness. ZnSe is toxic and sensitive to pH range, which
limits its application. Ge is soft and more demanding for the formation of
metal coatings, which complicates its use. Therefore, the choice of crystal
should consider several factors, including the nature of the sample, the
experimental conditions, and the available resources.

The crystal’s geometrical form is another factor that should be
considered. Hemispherical crystals were initially used because they were
readily available from focusing optics. However, face angle crystals (FAC)
with predefined AOIs (usually 45 or 60 degrees) eventually emerged. Both
crystal forms produce comparable results, but FAC is less sensitive to focus
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alignment and allows for the incorporation of antireflective coatings, which
can increase the total signal-to-noise (S/N) ratio by a factor of 2.5

To further boost the total signal, a polarizer is frequently employed due
to the surface selection rule (section 1.3). However, the polarizing grating
reduces total signal throughput by 50%, making it a choice in experimental
settings whether it should be implemented or not, as it can also increase noise
intensity by a factor of two. I. J. Burgess' group provides an excellent
evaluation of these factors and minor ones not covered here.5?

In brief, before ATR-SEIRAS experimentation, various criteria should
be considered, including the selection of an ATR accessory (commercial or
homemade), crystal material, form, and application of an antireflective
coating, as well as AOI optimization (primarily for the highest throughput, as
approximately 50% of unpolarized light is dissipated due to IRE interaction
in all crystal choices).

1.2.Gold layer formation techniques

SEIRAS, pioneered by Osawa,”® has become a valuable tool for the in situ
analysis of supramolecular systems adsorbed on Au or Ag surfaces.> In recent
years, the method has become technologically simpler and even
commercialized.®® Various techniques can be utilized to form thin Au layers,
including electroless, vapor, electrochemical deposition®®, and hybrid ones,*
which may benefit the higher signal-to-noise ratio, increased Au film rigidity,
and allow multiple reuses of the same film. The most readily available method
today remains electroless plating, a term introduced by Brenner and Riddell®’
in 1946. Electroless plating is relatively fast and requires less investment in
equipment, making it affordable for starting laboratories. The method is not
complicated and even time-efficient, but care should be taken because of the
harmful chemicals used.*®

Electroless plating defines 3 essentially different processes:
autocatalytic, substrate-catalyzed, and galvanic displacement. The latter is
usually utilized for SEIRAS surface preparations on Si or Ge crystals.
Although the precise process behind galvanic displacement is not yet fully
understood, its basic principles are generally known and may be expressed in
terms of two straightforward half-cell equations:

Anodic: Si + 6HF - SiF¢* + 6H" + 4e”,
Cathodic: Me"™ + ne™ 2> Me,
where Me is any noble metal from Table 2.
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Table 2. Redox potentials for all metals more noble than hydrogen (referred to the
hydrogen standard electrode) (adapted from 59).

Element Redox potential
(V vs NHE)
Au Au®t/Au, 1.42
Pt Pt?*/Pt, 1.18
Ir Ir**/Ir, 0.93
Pd Pd?*/Pd, 0.83
Ru Ru?*/Ru, 0.80
Ag Ag'/A, 0.79
Rh Rh3*/Rh, 0.76
Cu Cu?*/Cu, 0.34
Ge Ge**/Ge, 0.12
Re Re**/Re, 0.30
Ni NiZ*/Ni, -0.23

In this manner, the metal layer is formed of nanoparticles until electrons
from the oxidized Si or Ge substrate can no longer penetrate it to the solution.
That is not a limiting factor for SEIRAS application as the desired layer is
thinner than what can be achieved.®

The vacuum deposition technique is a straightforward gold application
procedure where layers of atoms are deposited on solid surfaces under a
vacuum. Sputtering, laser ablation, thermal evaporation, and other processes
can produce condensed particles, and different characteristic layers can be
formed by manipulating particle production. This reproductive method is
resistant to mishandling-related inconsistencies (human error) in metal layer
preparation. Therefore, it has become one of the most popular methods for
SEIRAS substrate preparation.

Nevertheless, minor issues with this approach still exist. Due to
mechanical stress during cell assembly or fluid exchanges and electric
potential excursions to hydrogen or oxygen evolution regions, the gold coating
may not firmly adhere to the crystal surface and can peel off. Base layers such
as 1ZO or chromium can be added to solve this issue.’®®* Additionally,
contamination with saturated hydrocarbons is often observed and is
permanently trapped within a formed layer.>® Finally, vacuum deposition
equipment is expensive to purchase and maintain and is justified only for
dedicated usage.

Electrochemical deposition of the gold layer. This method deposits
gold on a crystal using a chemical reaction activated by an electrical current.
This technique requires a conductive substrate to be used. Therefore, it should
be noted that the electrodeposition method is not ideal and is often unsuitable
for ATR-SEIRAS, as the experiments typically involve non-conductive Si
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prisms due to their high chemical stability and high transparency to IR light.®

As a result, this method is mainly reported for external reflection (Figure 9B)
SEIRAS configurations.?3®* With some exceptions that include IR transparent
base layer (e. g. ITO) application to serve as a conductive substrate for
electrochemical gold deposition.>®

1.3. The metal surface selection rule

The metal surface selection rule (MSSR), initially described and
experimentally demonstrated by H.A. Pearce and N. Sheppard, applies to
metal surfaces and relies on the dipole moment and orientation of bond
vibrations.®® Specifically, molecular vibrations with a transition dipole
moment (TDM) direction perpendicular to the metal surface will enhance IR
spectral absorbance. At the same time, those with TDM orientations parallel
to the surface will be suppressed. This effect is largely facilitated by the
excellent electron conductivity of metals and the resulting interaction of
electromagnetic fields at the surface (Figure 11A). As a result, a bond
stretching vibration parallel to the surface will produce a dipole charge in the
opposite direction to counteract the effect and cancel it out (Figure 11B). A
perpendicular TDM direction creates a charge “image” of the same direction
and strengthens electromagnetic interactions such as infrared light absorption.
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Figure 11. Simplified representation of (A) electrical field “image” of the positive
charge at the metal surface; (B) dipole moment of parallel and perpendicular to the
surface (yellow line) vibrations (adapted from ).

It is important to note that the MSSR rule only applies when the thin film
thickness is smaller than the wavelength; otherwise, the IR spectrum would
be affected by parallel TDM vibrations. Under these conditions, the technique
is known as transflection spectroscopy.®
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Figure 12. Directions of TDM vector in amide | and Il vibrations.

The MSSR rule can be used to extract structural and orientational
information on the molecules adsorbed directly on the metal surface.
Experimentally, this approach involves measuring the reflected IR light’s P
and S polarizations, or I, and Is, and presenting the results as a ratio to AR/R
= (lp=ls)/(Ip+1s). This approach is commonly used in infrared reflection
absorption spectroscopy (IRRAS) and polarization modulation IRRAS
techniques. Importantly, since only vibrations with TDM directions
perpendicular to the surface absorb IR light, a spectrum obtained using this
technique contains information on the orientation of molecules at the surface.
These details can even be calculated with accurate angular values for specific
molecules. A pair of mutually perpendicular molecular vibrations may serve
as spectral markers sensitive to the spatial orientation of a particular group
with respect to the metal surface. For example, a molecule with a peptide bond
can be considered (Figure 12), where the TDM directions of amide | (Am-I)
and amide Il (Am-11) meet the “requirement”. Any changes in the orientation
of the amide group would result in alterations in Am-1 and Am-II intensities.
Figure 13 illustrates a simplified molecule at the surface with one vibration
and its TDM orientation at an angle @ to the surface normal.®’
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Figure 13. Orientation of the transition dipole moment (TDM) of molecular vibration
with respect to a metal surface. The tilt angle (©) of the molecule backbone compared
to the surface is shown (adapted from 7).

The orientation of every TDM can be described by two components —
parallel to the surface (TDMy) and perpendicular (TDM;). While equation (7)
can be used to calculate the molecular orientation angle if the MSSR rule does
not apply to the parallel component, in practice, this is not feasible due to the
suppression of TDMy by MSSR unless the absolute amplitude for [TDM| is
known.

tan@=TDM,/TDM, )

For self-assembled monolayers (SAMs) on a gold surface, relation (8)
can be used instead.
ISAM o TDM o Ibulk cos2@, (8)

where 1™ is associated with the monolayer’s IR band intensity, while

is related to the spectrum of the same molecules in a solution phase. By
analyzing the TDMs of two differently oriented vibrations, it is possible to
estimate the tilt angle ® using equation (9) since the intensity is proportional
to the absolute values of the TDMs (Figure 14).

" [bulk SAM
tan“o = [DulkSAM 9)
2 1

Ibulk

Specifically, the intensity ratio of 1,"/1,* is equal to (TDM1/TDM,)?
ratio, while 1;5™/1,5™ is equal to (TDM:,/TDM.,)? ratio. From experimental
data, the tilt angle can be estimated by comparing the vibration intensities of
the SAM and bulk samples for two distinct orientations. Figure 14 shows an
example of the TDM orientations of various vibrations in a SAM-forming
molecule and how the tilt angle can be determined.
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Figure 14. Orientation of the transition dipole moments (TDM) of two molecular
vibrations. @ - tilt angle of the molecule backbone compared to the surface (a).
Example of various vibrations TDM orientations in SAM forming molecule (b).

1.4. Self-assembled monolayers

Self-assembled monolayers are molecular assemblies that spontaneously form
on a surface in an organized and structured manner. SAMs have essential
applications in both fundamental and commercial research, such as creating
biological and electrochemical sensors,®®® constructing artificial lipid
membranes and researching their interactions with proteins,” electron transfer
processes at interfaces,’* and catalysis."

In technological research, SAM is used to analyze surface wetting,
lubrication, friction, and depreciation” or to create an anticorrosive protection
layer to metals™ and antiadhesive layers for bacterial protection.”” SAMs
increase the stability of nanostructures by acting as a physical and electrostatic
barrier that prevents particle aggregation. Additionally, SAM decreases the
reactivity of surface atoms and thus acts as an electrical insulator layer.”

The application of SAMs is highly dependent on the structure and
orientation of their molecules at the surface. The main factors defining a
monolayer's final structure and properties are the surface morphology
(macroscopic structure, defects, dislocations, etc.), chemical composition,
molecular interactions with the surface, and intermolecular forces
(electrostatic, hydrophobic, van der Waals, and hydrogen bonding). These
parameters critically depend on the integral parts of the molecules comprising
the SAM, namely the head, tail, and end group (Figure 15). Each of these
groups has its function.

The head group serves as an anchor, immobilizing the molecule to the
surface. It is usually either thiol, disulfide, amine, silane, phosphate,
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carboxylic acid, or another group that can bind covalently to the substrate's
surface.”
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Figure 15. Schematic representation of SAM forming molecule’s functional parts.

The tail group controls the thickness of the monolayer. Hydrocarbon
chains in the range of ~ 2-18 carbons are usually used for this purpose and
can also be aromatic or aliphatic. This domain serves as a physical barrier,
increases the stability of SAM, and changes the system's electrical
conductivity and optical properties. A longer chain results in stronger
hydrophobic intermolecular interaction due to the thermodynamics of
hydrophobic group hydration.”® Monomer molecules with an aliphatic chain
length above 10 carbon atoms form structurally ordered, more stable SAMs
with smoother surface coverage and fewer defects. Additional SAM stability
can be obtained by inserting chemical groups (e.g., amide) forming
intermolecular hydrogen bonds.”

The end group of the SAM-forming molecule interacts with the solvent
at the interface, participates in surface modifications, allows solution
molecules to bind to the surface, and can be used for other chemical
reactions.” For example, carboxylic acid as an end group (-COOH) may
attach proteins, biomolecules, and cells, securing them to the surface.
Specifically composed SAMs of lipid-like thiol molecules may act as surface
anchors for a lipid bilayer to attach. Such systems mimic biological
phospholipid membranes and are helpful in researching membrane-related
processes and biosensor applications.®

1.5.Bilayer lipid membranes

Biological membranes are complex physical structures that form a barrier
between a living cell's inner and outer compartments. They provide structural
integrity, conduct the transportation of materials into and out of the cell, and
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have a crucial role in energy transformation and nerve signal transmission due
to their impermeability to ions. %%

Lipid membranes are composed of lipids and proteins, with sugars often
attached to the bilayer's outer side. Amphipathic lipid molecules in a polar
solvent naturally form a self-assembling double layer where inserted proteins
can perform transportation and bioanalytical functions.® Lipids exhibit lateral
mobility and rotational freedom around their long axis within the membrane,
contributing to their dynamic, fluid nature. Nonetheless, membranes have
varied inner and outer layer compositions and are asymmetrical. Protein
mobility within the membrane is present but substantially more restricted than
lipids. Typically, the inner layer of most biological membranes is negatively
charged, an essential feature for cellular functions.®

The most common lipids in animal cell membranes are
phosphatidylcholine, sphingomyelin, phosphatidylethanolamine,
phosphatidylserine, and phosphatidylglycerol.22 Animal and plant cell lipids
commonly consist of 12 to 24-carbon-atom-long fatty acids. One of the most
widespread is olein (CH3(CH.);CH=CH(CH.);COOH). The molecular
composition of the membrane defines its fluidity, melting point, and
asymmetry.3* Cholesterol, one of the most often occurring compounds in
eukaryotic membranes, can affect membrane characteristics due to its polar
hydroxyl group and hydrophobic part made of four carbon rings (Figure 21).
Its primary function is to change the membrane's fluidity by increasing
packing between the chains of fatty acid, thus ensuring the integrity of the
membrane.®

Living cell membranes are highly dynamic and heterogeneous, making
isolating and studying specific components or processes difficult. On the other
hand, synthetic membranes can be designed to have particular properties
useful for research, such as high stability, permeability, or selectivity. They
are relatively easy to prepare and highly adaptable to research conditions,
making them an essential tool for studying membrane biology.

Many diseases have been associated with membrane protein
malfunctions, which has stimulated faster research spread of biological
membranes.®® Synthetic membranes must have physical and chemical
parameters similar to natural cell membranes to maintain their functionality.
They should withstand fluid exchange both inside and outside and maintain
electrical permeability. At the same time, they must retain fluidity and lateral
molecule mobility, which is critical for keeping protein structure integrity and
functionality inside the membrane. Changes in membrane fluidity can affect
the activity of membrane-bound enzymes, alter membrane permeability to
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different types of molecules, and influence the organization and signaling of
membrane-associated proteins.

4 DOPC s WC14 -~ BME
Liposome
s \Kﬁﬁﬁ[}if; "4,.
S\
@%&‘g%%‘, SBLM hBLM tBLM

T e I T

Figure 16. Types of synthetic membranes: bilayer liposome, suspended bilayer lipid
membrane (SBLM), hybrid bilayer lipid membrane (hBLM), tethered bilayer lipid
membrane (tBLM). The structure of monomers used in schematic representation can
be found in Figure 21.

Figure 16 illustrates different types of synthetic membranes commonly
used in research. Liposomes are the simplest type, consisting of one or several
lipid layers forming a vesicle. Liposomes can accumulate functional
membrane proteins but are not ideal for in situ monitoring or biosensor
applications.®

Suspended bilayer lipid membranes (sBLMs) are created by merging
liquid liposomes on a metal surface. sBLMs are useful for electrochemical and
biosensor research. Still, they are unsuitable for studying membrane proteins,
as they tend to degrade quickly due to the membrane's proximity to the metal
surface.®”®® This membrane type has many defects and is not very stable. Thus,
it is hard to work with.

Hybrid bilayer lipid membranes (hBLMs) are created by merging
monolayered liposomes on a SAM-covered metal surface.® hBLMs are stable
but dense and have low fluidity, which limits their use for biological
applications. However, they are useful for studying outside-layer processes,
such as receptor interactions.®%

The stiffness and direct interaction with the metal surface of SBLMs and
hBLMs make them far from ideal for studying membrane proteins. Tethered
bilayer lipid membranes (tBLMs) overcome this disadvantage by allowing the
membrane to be immobilized several nanometers from the metal surface, with
a water reservoir in between.’>? This is achieved by preparing the tBLM in
several steps, which involves forming SAMs with a tethering functional end
group on the metal surface, followed by creating the lipid bilayer via solvent
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exchange or liposome fusion methods.”% Alternatively, a less complex
approach involving a 20-30 minute incubation of multilayered liposome
solution on an already formed SAM has also been reported.*®

Figure 17. The synthetic tBLM-type membrane at the gold surface fixed through the
SAM tether. SAM is composed of B-mercaptoethanol and WC14, and tBLM is
composed of DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) molecules. All
measurements are presented according to neutron reflectometry data.*

The lipid bilayer is anchored to the surface at a 1.5 nm distance through
the tethered monolayer, as shown in Figure 17. This enables the sustenance of
a submembrane ion reservoir and reduces the metal-induced surface
roughness effect on the membrane.®* The tBLM system is often used as a
matrix for studying membrane proteins, and the inner domains of integral
proteins can protrude freely into the inner space without interacting with the
metal surface, thereby preserving their integrity. It is a stable system suitable
for studying the reconstitution of proteins into the membrane, lipid-protein
interactions, receptor and enzyme functionality, and biosensor
investigations.®=" Furthermore, the physical characteristics of the tBLM can
be adjusted by manipulating the composition ratio of tethering and
nontethering SAM-forming molecules or modifying the chemical structure of
the end group. Tethers with unsaturated carbon chains form more fluid
monolayers even at high tether concentrations in tBLM composition
(~80%).%

To adequately mimic the processes that occur in living cell membranes,
synthetic membranes should have compositions as similar to living cell
membranes as possible. In this work, 1,2-dioleoyl-sn-glycero-3-
phosphocholine and cholesterol were used to form membranes for SEIRAS
monitoring. Additionally, deuterated analogs of 1,2-dipalmitoyl-dez-Sn-
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glycero-3-phosphocholine and cholesterol-d; were used to resolve spectral
band overlaps.

1.6. Membrane active peptides

Membrane active peptides are a type of peptide that interact with the cell
membrane. They can either disrupt the membrane, pass through it, or reside at
the membrane interface and fuse with it. Over the last two decades, there has
been a growing interest in studying membrane active peptides, as evidenced
by the increasing number of research studies conducted on them (Figure 18).%
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Figure 18. Combined number of publications that uses phrases “cell-penetrating
peptide” and “antimicrobial peptide” (Statistical data from:
https://pubmed.ncbi.nim.nih.gov/).

The discovery of gramicidin in 1939 marked the beginning of
antimicrobial peptides (AMPs).’®° Increasing microbial resistance to
traditional antibiotics has led to a persistent need to discover new
antimicrobial agents, generating ongoing interest in this area. A total of 3569
AMPs have been reported in the antimicrobial peptide database
(APD; https://aps.unmc.edu), updated on November 17th, 2023. Classifying
natural AMPs is a challenging task due to their diversity.'" Peptide database
shows 7 groups of classification criteria: based on (1) the biosynthetic
machines, (2) biological source, (3) functions, (4) peptide properties, (5)
covalent bonding pattern, (6) structural characteristics, and (7) molecular
targets.

Different types of AMPs share specific characteristics: their number of
amino acid residues is usually less than 60, and they are mostly positively
charged or cationic. AMPs are naturally found in six life kingdoms, namely
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bacteria, archaea, protists, fungi, plants, and animals, where they serve as a
vital component of the host defense system.® % As per statistics available on
the ADP database, the activity of AMPs can be classified into 18 different
categories, which include antibacterial,’® antiviral,’** antifungal,’®®
antiparasitic,'® anti-human immunodeficiency virus, and anti-tumor
peptides.*®’

AMPs present a wide range of secondary structures, as demonstrated by
various peptide structural studies conducted by Fjell and Hiss.'®® These
peptides can be divided into four categories based on their structures, namely
linear extension, a-helical, B-sheet, and mixed peptides that exhibit both a-
helical and B-sheet structural features (Figure 19).'% Moreover, the literature
reports progressively cyclic peptides and more complex AMPs with diverse
topologies.'®
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Figure 19. Examples of various secondary structure AMPs: indolicidin (1G89) has a
linear extended structure, melittin (2MLT) is composed entirely of a-helices, defensin
(2LXZ) is an all p-sheet structure, and bactenecin (4JWD) is a mixed a-helix and -
sheet structure. The RCSB protein data bank (available at https://www.rcsh.org/) was
used to prepare the 3D images.

AMPs typically contact microbial membranes through nonspecific
electrostatic and hydrophaobic interactions. The mechanism of action of AMPs
can be categorized into two models: membrane targeting and non-membrane
targeting.® Membrane-targeting AMPs interact with the membrane, while
non-membrane-targeting AMPs inhibit vital processes like nucleic acid'*° and
protein** synthesis, protein catalytical activity,**? or cell division'*® within the
host's cytoplasm.

The mechanisms by which AMPs target the membrane can be explained
using four main models: toroidal and barrel-stave pore-forming models, carpet
model, and aggregate model (Figure 20).1021
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Figure 20. Membrane action models of AMPs (adapted from 14).

According to the toroidal pore model, peptides have the ability to disrupt
the normal separation of polar and nonpolar regions of the membrane.™® This
model suggests that AMPs, when embedded in the cell membrane, accumulate
and subsequently bend to create a ring-shaped hole with a diameter of
approximately 2 nanometers. It is worth mentioning that in this toroidal
structure, the peptides can either be perpendicular or tilted with respect to the
plane of the membrane.**® These pores are known to be transient, which allows
the peptide to enter the cytoplasm and target intracellular components.*’
Additionally, the toroidal pores exhibit ion selectivity and discrete sizes.
Some examples of toroidal pore-forming peptides include melittin and
magainin, 9120

The barrel stave pores forming peptides aggregate with each other and
create multimers that penetrate the cell membrane by forming cytoplasmic
outflow channels. These peptides are oriented perpendicularly to the
membrane plane to generate a relatively firm cylindrical barrel. According to
this model, AMPs initially bind to the membrane surface as monomers,
followed by oligomerization and pore formation. The minimum length of the
structures should span the lipid bilayer, and they could be either a-helical or
B-sheet. Alamethicin®® and pardaxin®?* are known to form barrel stave pores.

In a carpet model, peptides do not form pores. Instead, they lie parallel to
the membrane surface, with their hydrophilic part facing the solution and
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hydrophobic part facing the phospholipid bilayer. Membrane
permeabilization occurs through nonspecific interaction,*? destabilizes the
membrane structure, and leads to disintegration.?**2* This model is utilized
by antimicrobial peptides like cathelicidin LL-37*% and cecropin c1'?® to
perform their functions.

AMPs in the aggregate model bind to the anionic cytoplasmic membrane,
resulting in the formation of a peptide-lipid complex micelle.*?” Unlike the
carpet model, the channels formed by AMPs, lipids, and water allow ions and
intracellular contents to leak, ultimately leading to cell death.

While research on AMPs is continuously progressing, and vast amounts
of data on AMPs have been stored in AMP databases, the mechanism of action
of these peptides remains incompletely understood. Therefore, further
elucidation of the mechanism of action of AMPs is crucial in understanding
the specific conditions in which these peptides function.'%
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2. MATERIALS AND METHODS

2.1 Materials

Deionized water
Ethanol

DOPC, (1,2-dioleoyl-sn-glycero-3-
phosphocholine)

Cholesterol

WC14, (20-tetradecyloxy-

3,6,9,12,15,18,22-heptaoxatricontane-1-

thiol)

PME, (f-mercaptoethanol)

NaCl,
NaH.PO4H,0

Na2S20s-5H,0
NaAuCls-2H,0
NazSO,4
Na2SO3

H,SOq

HNO;3
HCI
CsHsO (Acetone)

NaCH3;COOH
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Milli-Q plus, USA, 18.2 MQ-cm;
Vilniaus degtine, Lithuania, 96%;
Avanti Polar Lipids, USA,

Avanti Polar Lipids, USA,;

The compound was synthesized by
David J. Vanderah at NIST
Chemical Science and Technology
Laboratory, Gaithersburg,
Maryland, USA;"

99%, Sigma-Aldrich (St. Louis,
MO, USA)

99.5% Fluka, Switzerland,;

98% Sigma-Aldrich (St. Louis,
MO, USA), ACS grade

99.5% Sigma-Aldrich (St. Louis,
MO, USA), ACS grade

99%, Sigma-Aldrich (St. Louis,
MO, USA)

99% Sigma-Aldrich (St. Louis,
MO, USA), ACS grade

98%, Fluka (Buchs, Switzerland)

98% Concentrated, Roth
(Karlsruhe, Germany)

65% Fluka (Buchs, Switzerland)
30% Roth (Karlsruhe, Germany)
99.9% Roth (Karlsruhe, Germany)

98.5% Fluka (Buchs, Switzerland)



NH.CI 99.5% Sigma-Aldrich (St. Louis,

MO, USA)

NH.F 98% Sigma-Aldrich (St. Louis,
MO, USA)

HF 48% Sigma-Aldrich (St. Louis,
MO, USA)

CD;CD,0D (Ethanol-d6) 99 atom% D, Roth (Karlsruhe,
Germany)

CD;0OD (Methanol-d4) 99 atom% D, Roth (Karlsruhe,
Germany)

D.0 99 atom% D, Roth (Karlsruhe,
Germany)

3, 1 and 0.25 um diamond particle QATM (Mammelzen, Germany)

suspension in water

N-(2-(1H-imidazol-4-yl)ethyl)-6- Synthesized in-house.*?®

mercaptohexanamide (IMHA) and 6-
mercapto-N-methylhexanamide
(fragment molecule, Frag)

Chemical compounds shown in Figure 21 were used in formation of various
monolayers and membranes. Deuterium-substituted compounds were used for

clarification of band assignments.
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Figure 21. Chemical structure of compounds used in thesis.
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2.2 Methods
2.2.1 Isotopic substitution

The exchange of stable isotopes in the molecules enables the identification of
vibrational bands and helps to resolve any overlapping with other bands. The
vibration frequency is directly proportional to the restoring force constant (K)

and inversely proportional to the reduced mass (i) of the atoms forming the

. . . 1 1 1
bond, as shown in equation 3. The reduced mass is calculated as i +—

m; my'
where m; and m; represent the masses of both nuclei. Since the bonding force,
K, depends only on the constituent charge of the nucleus and electrons, the
vibrational frequency (w,) is affected by the difference in mass. As a result,
exchanging a lighter isotope for a heavier one ,,shifts* the frequency to a lower
value.**

Our experiments used initially deuterated compounds or solvents such as
D,0 and CD3;—CD,—-0D to resolve overlapping bands. The exchange between
solvent deuterium and hydrogens attached to the target molecule’s N, O, and
S atoms occurs instantly due to their high mobility.”*® The symmetric and
asymmetric C-H area investigation has greatly benefited from this property.

2.2.2 FTIR spectroscopy systems

ATR-FTIR spectra were obtained using an Alpha spectrometer (Bruker,
Germany) equipped with a diamond ATR accessory and a DTGS (deuterated
triglycine sulfate) detector. The spectrometer was operated at a scan speed of
7.5 kHz, and the spectral resolution was set to 4 cm™. For both sample and
background channels, 200 scans were co-added unless stated otherwise.

ATR-SEIRAS measurements were carried out using a Vertex 80v
spectrometer (Bruker, Germany) equipped with a liquid nitrogen-cooled
narrow band MCT (mercury cadmium telluride) detector. The spectrometer
operated at a scanner speed of 40 kHz and a resolution of 4 cm™ with a 2 mm
aperture. Sample and background scans were collected with 50 and 100
iterations, respectively, unless otherwise stated. The experiments used a
freshly prepared nitrogen-blow-dried Au/Si crystal assembled into a VeeMax
111 variable-angle accessory with a Jackfish cell J1F (Pike Technologies, USA,
Figure 22). The ATR unit was set to an angle of 63 degrees. After assembly,
the spectrometer was purged with dry air overnight to remove any residual
water vapor from the spectrometer chambers.
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Figure 22. (A) VeeMax® variable angle ATR cell (Pike Technologies) with
electrochemical cell (Jackfish SEC Manufacturing). (B) Schematics of the optical
beam path and main cell body construct.

2.2.3 Electrochemical measurements

Electrochemical measurements were carried out using a three-electrode
system comprising a gold layer as the working electrode, a reference Ag/AgCI
electrode, and a counter Pt electrode. Before each SEIRAS experiment, the
gold layer of the Si crystal was electropolished and activated in a pH 5.8
sodium acetate solution (0.1 M) using cyclic voltammetry (CV) scans
controlled by a PGSTAT101 potentiostat (Methrom, USA).

55.0 A Au oxidation 5 B v(COO) '
45.0 y
x //J‘ 2 4 2mAu
35.0 /| £
25.0 /| 40w >
< /] S
3 15.0 y s 2
= 50 _—/ 2
50 P 2 1
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/7" Auoxide - / 20 - I —
-15.0 = . N\ /
50 reduction \/ s
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1500 1450 1400 1350 1300

E V Wavenumber, cm?

Figure 23. (A) CV performed at 20 mV/s in 5.8 pH 0.1 M acetate. (B) v(COO~) mode
measured at 0.6 V potential at the Au layer surface acetate solution (blue) and spectra
after surface washed with deionized water (orange) (-0.1 V potential in acetate was
used as a reference).
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The cell was filled with sodium acetate solution (0.1 M) and purged with
nitrogen for 30 minutes before the CV scans, which were performed starting
in the range of £200 mV from the open circuit potential (OCP) at a scan rate
of 20 mV/s. A detailed gold layer activation procedure can be found described
in section 2.2.7. A typical CV obtained at the final cycle and v(COO") peak is
shown in Figure 23.

2.2.4 Scanning electron microscopy

SEM images were acquired using a JSM-IT200 InTouchScopeTM (Jeol,
Japan) microscope operating at 20—-25 kV accelerating voltage, as indicated in
the figures, with a secondary electron detector. The samples were washed with
deionized water and dried under a nitrogen gas flow before being glued to the
stage with an adhesive carbon sticker to improve stability.

2.2.5 Density functional theory modeling

Theoretical modeling was performed using Gaussian 09W."' Geometry
optimization, and frequency calculations were completed using the B3LYP
functional and the 6-311++G(2d,p) basis set. The calculated frequencies and
intensities were scaled according to the procedure described elsewhere.™*? No
imaginary wavenumbers were obtained in the calculated spectra.

2.2.6 Gold layer formation

The gold layer was formed using an electroless deposition method called the
chemical deposition method. This method basis has been modified from the
original M. Osawa published method,”®. The protocol used for gold
preparation in this work was adapted considering conditions mentioned in
several literature sources.®>**°313-137 The following steps were taken to
prepare the crystal surface.

Crystal surface preparation. First, the reflecting plane of the Si crystal
was polished by hand using a polishing pad (QATM, Germany) and water-
based diamond suspensions with decreasing particle sizes, starting with 3 um
(5 min), then 1 pm (5 min), and 0.25 pm (20 min). Polishing was performed
by shaping the “ow” symbol and turning the crystal 90 degrees every 15
seconds with thorough water rinsing between each polishing step. Then, the
mirror-polished Si crystal was ultrasonicated with acetone and water twice for
10 minutes and dried under a nitrogen stream. The prism sides were protected
with 0.1 mm Teflon ribbon to prevent mirror antireflective coatings from
damage.
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One-step electroless Au plating was performed by preparing a fresh Au
plating mixture in a Teflon container and stirring it continuously. Equal
volumes of (1) salt solution (0.15 M Na;SOs, 0.05 M Na;S;03, 0.05 M
NH4CI), (2) NH4F (20 wt%), (3) HF (2 wt%), and (4) NaAuCl, (0.03 M) were
mixed to at least 2 mL in total. The (4) solution was freshly prepared for every
plating series performed. To hydrogenate the Si surface, the polished crystal
was incubated with 1 mL HF (2 wt%) for 4 min, after which it was removed,
and 1 mL Au plating mixture was added for another 3-4 min in room
temperature conditions. The crystal surface attained a bright yellow color
during Au plating, and the reaction was stopped by transferring the crystal
directly into a water bath for 5-10 minutes intervals. SEM images in Figure
24A show the formation of even and approximately 50 nm diameter
nanostructures.

Figure 24. SEM images of silicon crystal surface (A-C) after first electroless
deposition of gold layer (A), gold removal with aqua regia solution (B), and after
second deposition of gold layer (C). Respective photo images of Si crystals used for
SEM analysis (D-E).

Two-step electroless Au platting was performed to improve the stability
of the gold layer, according to Yaguchi and Uchida’s published data.**® After
the first gold layer formed, the surface was washed with deionized water and
dried under nitrogen flow. A few drops (~ 0.6 to 0.8 ml) of concentrated aqua
regia acid solution (4:1 HCI/HNO3) were added to the surface to dissolve the
formed gold layer, which was washed away immediately with deionized
water, followed by nitrogen drying. The revealed silicon surface became grey
and opaque (Figure 24E). The second deposition of gold was performed by
adding an Au plating mixture for the same period as used in the first Au layer
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formation. The plating was stopped by placing the Si crystal in a water bath
for 5 min, and then the blow-dried crystal was mounted into the SEIRAS
accessory. Each crystal preparation took place just before the experiment to
avoid prolonged storage as they degrade with time.

The removal of the first gold layer left some firmly attached remnant gold
nanoparticles (Figure 24B) that acted as crystallization centers, which initiated
the formation of a second layer and greatly improved gold layer attachment to
silicon and even increased formed gold platforms in size (Figure 24C), which
are beneficial for SEIRAS signal. This method increases the success rate of
gold preparation for SEIRAS experiments. It improves the reproducibility of
the signal, with less variation in signal strength compared to the single-layer
formation technique.

2.2.7 Gold layer activation.

Before using the gold surface for experiments, it was cleaned and activated
using electrochemical polishing, a process known to enhance the SEIRAS
signal. The process involves (i) removing surface contamination to allow for
greater analyte adsorption and (ii) introducing additional roughness by
producing various steps, ad-atoms, and other defects. Electrochemical
polishing restructures the texture of the gold islands, which is essential for
SEIRAS signal enhancement.***3®

Cyclic voltamperometry (CV) was performed using PGSTAT101
potentiostat in 0.1 M pH 5.8 sodium acetate solution. The gold layer was used
as a working electrode with an Ag/AgCI reference electrode and platinum
counter electrode (Figure 22A). A cell containing a 0.1 M sodium acetate
solution was purged with nitrogen for 30 minutes before performing CV. The
process began in the range of £200 mV from the open circuit potential (OCP)
registered, with a speed of 20 mV/s. The potential range was extended by 100
mV in the anodic direction every three complete cycles (Table 3). For cycles
1 to 3, a cathodic limit was the OCP value minus 200 mV and an anodic limit
was OCP value plus 200 mV. For cycles 4 to 6, the cathodic limit was —100
mV, and the anodic limit was OCP + 300 mV, and for cycles 7 to 9, the
cathodic limit was —100 mV and the anodic limit was OCP + 400 mV. The
process was continued until the desired limit was reached, and for subsequent
cycles, the cathodic limit remained constant at =100 mV, while the anodic
limit increased by 100 mV with each cycle.

SEIRAS measurements were performed at the designated CV steps to
verify surface cleaning. Reference and sample spectra were collected at —100
mV and 600 mV, respectively, to locate the marker band of the gold surface-
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adsorbed acetate. With each CV treatment step, there was an increase in the
v(COO") band intensity at 1400 cm™ observed (Figure 23B). The procedure
was stopped when the gold oxidation became visible since lengthier CV
treatment raises the danger of the gold layer delamination. A few milli-
absorptions intensity of the v(COO~) mode was sought to be sufficient for the
experiments.

Table 3. Cathodic and anodic limits for SEIRAS gold layer activation.

CV Cycle Cathodic limit Anodic limit
1,2,3 OCP - 200 mV OCP + 200 mV
4,5, 6 -100 mV OCP + 300 mV
7,89 -100 mV OCP + 400 mV
n, n+1, n+2, ... -100 mV 1000 mV

2.2.8 SAM and BLM formation

To form self-assembled monolayers, ethanol dissolved thiol molecules
(Figure 21) were added on a freshly prepared gold layer. Several different
preparations were used in this work: (i) WC14, (ii) WC14/BME 3:7, (iii)
WC14/BME/MHP 3:3:4, (iv) IMHA, (v) IMHA/Frag 1:1, (vi) IMHA/Frag 1:5,
and (vii) Frag. Before the formation of SAM, the Au surface was washed
several times with water, and the reference spectrum was collected for future
use in order to subtract water spectral bands from the sample spectrum. The
cell was then rinsed with ethanol, and the SAM incubation solution (about 0.2
mL) was injected to a total concentration of 0.5 mM and incubated for more
than 1 hour. The surface was washed with pure ethanol to ensure the SEIRAS
signal originates solely from the surface-attached monolayer.

Membrane formation:
The formation of lipid bilayer membranes involves several processes,
including:
e deposition of membrane-anchoring SAM,;
e preparation of multilamellar vesicles (MLVs);
o fusion of MLVs on a SAM surface to form a bilayer membrane
(BLM).
SAM suitable for a tBLM formation was created by immersing a freshly
gold-coated substrate in a 0.5 mM ethanol solution containing compounds of
WC14 and B-mercaptoethanol (BME) with a respective molar ratio of 3:7. For
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the creation of the hBLM, solely WC14 molecule was utilized. The mixed
SAM-forming molecules were incubated on the gold surface for an hour, after
which they were carefully washed with ethanol and phosphate buffer (0.1 M
NaCl, 0.01 M NaH2POy4, pH 4.4).

To prepare multilamellar vesicles, a constant molar ratio of 4:6 was used
for cholesterol and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
respectively. The lipids were then dissolved in 99% chloroform to a final
concentration of 10 mM, and the chloroform was evaporated with nitrogen
flow to create a thin lipid film. The film was then resuspended into a
homogenous and milky opaque solution by injecting phosphate buffer solution
into the vial and slowly aspirating-dispensed with an automated pipette (~1
cycle/s).?

To form BLMs, a solution of multilamellar vesicles was added to freshly
formed self-assembled monolayer samples and incubated for an hour at room
temperature. The reaction cell was covered to avoid evaporation during all
procedural steps. The phosphate buffer solution was used to cleanse excessive
vesicles and cleanse the lipid bilayer membrane prior to the melittin insertion
experiments.

2.2.9 Formation of tBLM for SEIRAS pH measurements

SAM was formed from WC14 at a 35:65 mol% to BME ratio. After 1 hour of
incubation, SAM was washed with ethanol and phosphate buffer solution
(0.1 M NaCl, 0.01 M NaH:PO., pH 4.5). Then, tBLM was formed from
DOPC/Chol 70:30 ratio compositions. The pH shift experiment used 0.05 M
phosphate solutions with 0.1 M Na.SO, and pH values of 4.5 and 7.3.

2.2.10 Anomalies

The adsorption of SAM molecules on the surface results in emerged SAM-
related spectral modes that are positive in intensity. At the same time, solvent
molecules become withdrawn from the surface as they vacate the available
surface area for the thiols that form strong covalent bonds with Au. Therefore,
the negative spectral modes appear. Sometimes, a thin gold layer produces
spectral anomalies, which occur as inverted and, in some cases, shifted peaks.
This effect is known and has been sensitively mentioned in several
publications.*"®*13%-14 However, it is not well understood. In this work, the
same effect was noticed several times under similar conditions. An example
of the ordinary and inverted spectrum shown in Figure 25 is related to two
distinctively different Au layer thicknesses, evaluated by Au layer electric
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resistance () measurements conducted between two electrode pins touching
the Au layer. A higher resistance indicates a thinner gold layer and vice versa.
Resistance differs in order of 4 times in the presented example. The SAM
peaks on the thinner gold layer appear as a negative absorption, while ethanol
is positive. The fact that the effect was observed many times on similar
experimental and hardware conditions suggests that it is a natural phenomenon
and not a computational artifact. While increasing the thickness of the gold
layer can avoid this effect, it is still intriguing enough to give a brief mention
in this work.

SAM vibrations
EtOH vibrations

A vV, (CH)
1 mAu
M v,(CH,)
5(CH,)
v(OH)
5(CH,)
Vas(CH3)

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200
Wavenumber, cm?

Figure 25. SEIRAS spectra of SAM formed from WC14 and BME with a ratio of 3:7,
respectively, on a thinner (dark blue) and thicker (light blue) gold surface in ethanol
solution. Pure ethanol was used as a reference spectrum. The light blue spectrum
shifted upwards for clarity.

2.2.11 Data handling

All raw spectral data were processed using OPUS 7.5 software (Bruker,
Germany). The processed spectra were then exported into data table format
for further analysis and visualization using Origin 9.5 (OriginLab, USA) or
Excel 2019 (Microsoft Corporation, USA). GRAMS/AI 8.0 software (Thermo
Scientific Inc., USA) was used to fit the spectral bands.
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3. ELECTROCHEMICAL SEIRAS ANALYSIS OF IMIDAZOLE
RING FUNCTIONALIZED SELF-ASSEMBLED
MONOLAYERS

05V 0.3V

Weak H-bonding ’_ Strong H-bonding ‘

Au
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3.1. Histidine’s importance and properties

Histidine is an essential amino acid that stands out due to its unique properties
among all amino acids. Its pKa value of 5.9 is the closest to physiological pH,
and its side chain imidazole (Im) can participate in a wide variety of
interactions, crucial for protein architecture and catalytic activity.”*** Im can
participate in hydrogen bond interactions, function as an aromatic system, and
utilize the nitrogen's lone electron pair to coordinate metal (1) cations.® The
pKa value of Im is 6.9, with only one nitrogen protonated under physiological
conditions, resulting in two potential neutral tautomeric forms (Figure 26).
Tautomer-1 (T-1) is protonated at the N1 atom (N1-H, N3), while Tautomer-11
(T-I1) is protonated at the N3 atom (N1, N3-H). The T-I form predominates
in neutral pH solutions at room temperature due to a slight energy
advantage.’* The tautomeric equilibrium can be affected by temperature,
intermolecular interactions, chemical Im group environment, and other
environmental factors. For example, chemisorption on a metal surface was
found to cause a distinct T-1 to T-I1 shift in a molecule containing imidazole.**

CH CH
N3 A H‘Na N
\\—1N\ \—X
H
Tautomer| Tautomerll

Figure 26. Structure of histidine's side chain tautomer I and Il at physiological pH
conditions.

Hydrogen bonding is one of the most critical interactions that control
protein folding, molecular conformation, and packing. The Im, in its neutral
state, can act as both a hydrogen acceptor and donor. However, studying these
hydrogen interactions at electrified interfaces is challenging due to the lack of
suitable experimental methods. Vibrational spectroscopy can probe the
physical surroundings of the investigated molecules as well as intermolecular
interactions and electric field-induced molecular changes. Raman
spectroscopy, for instance, offers specific information on Im structure and
interactions with divalent metal cations in natural biomolecules and model
compounds. 414

In contrast, Fourier-transform infrared absorption spectroscopy (FTIR)
has a much larger absorption cross-section, making it particularly beneficial
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for dynamic studies and cases with a limited number of molecules under
investigation.

3.2.Objectives and experimental approach

This study employed the electrochemical-SEIRAS approach to gain a deeper
understanding of the Im interactions with the local surroundings at the organic
layer-water interface on electrically polarized electrodes. For this purpose, N-
(2-(1H-imidazol-4-yl)ethyl)-6-mercaptohexanamide (IMHA) molecule was
synthesized in our lab, and this compound was used to form a self-assembling
monolayers on the surface of gold (Figure 21). Focusing on the alterations in
the functional Im group, the SEIRAS approach provided insights into the
adsorption and reorientation dynamics of the SAM molecules. The
investigation of their changes at the electrified interface was conducted, along
with the identification of spectroscopic markers for hydrogen bond
interactions at the Im group. This research contributes to our understanding of
histidine interfacial behavior, which is crucial for the structure and function
of proteins and may benefit surface chemistry applications.

3.3.Results and discussion
3.3.1. The assignment of spectral bands for IMHA and fragment molecules

The IMHA molecule consists of four structural components: (1) the thiol
group (-SH), which interacts with the gold surface, (2) the alkane chain (-
CH:-)s spacer, (3) an amide group that enhances SAM stability,'*® and (4) a
functional Im that acts as the terminal end group. Additionally, a surface
backfiller (fragment molecule, Frag) was added to the monolayers to adjust
the concentration of imidazole rings at the interface. Except for the Im, which
is replaced by a methyl group, its chemical structure is similar to that of IMHA
(Figure 21). ATR-FTIR spectra of IMHA, Frag, and recrystallized IMHA
molecules from ethanol-ds (IMHA-d) are displayed in Figure 27, and their
assignments are presented in Table 4. All assignments are based on the
literature and our density functional theory calculations,4¢148:149:154156-160

The two highest intensity bands in the ATR-FTIR spectra of solid IMHA
are attributed to the Amide-1 (Am-1) vibration at 1635 cm™, mainly involving
C=0 coupled with out-of-phase C—N stretching and C—C-N bending motion,
and the Amide-11 (Am-II) mode at 1573 cm™, associated with NH bending
combined with C-N stretching.’®** The mobile N-hydrogens readily
exchange with D from the solvent, such as ethanol-ds, which lowers the
vibrational frequencies of the Am-1 and Am-11 modes to 1622 cm™and 1467
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cm™, respectively. Furthermore, due to deuterium substitution, ND bending
and C-N stretching of Am-11 are no longer coupled, which effectively changes
the direction of the TDM vector.'*
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Figure 27. ATR-FTIR and DFT spectra of bulk IMHA and fragment molecules.
IMHA-d refers to S-D and N-D substituted IMHA molecules.

The aliphatic chains of IMHA and Frag give rise to modes around 2852
cm™ and 2926 cm™, attributed to symmetric and asymmetric methylene
stretching motion and scissoring deformation of CH; at 1451-1463 cm™. The
frequency at 1407 cm™ is assigned to the symmetric deformation of the
terminal methyl group 6s(CHs) in the fragment molecule, with its vibrational
energy being affected by the induction effect from the neighboring nitrogen
of the amide group.'®> Upon H/D exchange, the complex N-H stretching
pattern above 3000 cm™ shifts to the 2240-2350 cm™ region, where two
distinct bands, Amide-A' and Amide-B', can be observed at 2352 cm™ and
2288 cm™.1831%* The third band ascribed to the imidazole ring is attributed to
the 2242 cm™ mode.

Some of Im's features had been masked by strong IR absorption bands in
standard solutions, and only the H/D exchange revealed it. Modes in the
IMHA-d spectrum are attributed to the v(C5-H) and v(C2-H) at 3138 cm™
and 3117 cm™, respectively; 2242 cm™ to the N;—D stretching and 1560 cm™
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to the v(C4=C5). The mode at 1494 cm™ in the IMHA spectrum can be
identified as a C2—N3 stretch combined with in-plane C2H bending of the Im,
appearing in the IMHA-d spectrum as a 1480 cm™ frequency shoulder (1484
cm™ in DFT for IMHA), 18160

Table 4. ATR-FTIR, SEIRAS, and DFT Vibrational Modes and Assignments of
IMHA and Deuterium Substituted IMHA

ATR-FTIR SEIRAS DFT Assignment
IMHA IMHA-d IMHA IMHA-d IMHA-d (T-1)
Im related modes
3138 vw 3152 m 3158 vw v(C5-H)
3117 vw 3115 m 3139 vw v(C2-H)
1560 vw 1564 vw v(C4=C5)
1494 w 1480 sh 1493 vw 1484 w v(C2-N3) +
B(C2H) + v(C2—

N1) + v(C5-N1)

Amide bond related modes

1635s 1622's 1645 m 1634 s Am-1 or Am-I’,
v(C=0)

1573s 1467 m 1556 s 1434 m Am-II, v(C-N) +
3(NH) or
Am-II’, v(C-N)

Abbreviations: vw, very weak; w, weak; m, medium; s, strong; sh, shoulder; v, stretching; 8, deformation;
B, in-plane; Am-I1’, deuterium substituted Am-Il; Am-1’, deuterium substituted Am-I.

3.3.2. SEIRAS characterization of IMHA self-assembled monolayer
formation

In this experiment, several monolayers with different IMHA and fragment
ratios were formed on a gold surface in ethanol solution. The formation
process was monitored by recording SEIRAS spectra with a 15-second time
resolution during the first 20 minutes and a 2-minute resolution for up to 90
minutes of monolayer formation. Figure 28A shows the time-dependent
SEIRAS spectra of IMHA monolayer formation in ethanol. Am-I and Am-II
vibrations have their TDM vectors perpendicular to each other in planar -CO-
NH- amide bond (Figure 29)."*®* TDMs conveniently correlate with the
spectral intensities, as the vibrational modes are highly dependent on TDM
orientation with respect to the surface, according to the metal surface selection
rule. Any changes in amide plane orientation will be reflected in the Am-I to
Am-Il intensity ratio.>® Some spectral changes can already be observed in the
first seconds of SAM formation. A prominent feature of Am-I vibration peak
is visible at 1649 cm=with a shoulder at 1626 cm™ and stretching of the C-N
group of imidazole ring at 1487 cm™. Am-Il band at 1558 cm™ appeared later
and dominated in intensity for the rest of the measurement time. Previous
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studies on atomically flat Au surface have shown Am-I11 band to be the most
intense absorption in SAMs formed from alkanethiols with interchain amide
groups. 1°>%8 This demonstrates a direct relationship between strong Am-I|
absorption and its vertical orientation with respect to the surface.
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Figure 28. (A) SEIRAS spectra of IMHA SAM in ethanol adsorption solution at
various incubation times. (B) The time-dependent evolution of the Am-I/Am-II
intensity ratio of SAMs composed of IMHA, Frag, and their mixtures (1/1 and 1/5).
(C) FWHM of Am-11 spectral mode of different composition SAMs.
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Figure 29. Two-dimensional schematic representation of the interchain hydrogen
bond network at the amide group in a binary IMHA/Frag monolayer on Au. Shaded
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regions represent amide group planes, while red lines illustrate the approximate
directions of the Am-1 and Am-II transition dipole moment (TDM) vectors.

The intensity and position of amide spectral modes provide valuable
information, as they are heavily influenced by the strength of hydrogen
bonding. Am-1 is sensitive to the hydrogen bonding strength at the carbonyl
group and the coupling between neighboring carbonyls. In contrast, Am-Il is
primarily affected by H-bonding at the N-H site.'” As the hydrogen bonding
interaction weakens at C=0---H and N-H---O sites, Am-I shifts to higher
frequencies, while Am-I1 shifts to lower frequencies.'***®%° Based on this
information, it can be inferred that SAM formation negatively impacts the
intrachain packing of IMHA at the amide group.

Comparing the ATR-FTIR spectrum of bulk IMHA solution with an
absorption maximum for Am-11 at 1573 cm™ to IMHA on a gold surface (15
s), a downshift by 21 cm™ to 1552 cm™ is observed. It increases to 1559 cm~
! within the next few minutes and then decrease again by several cm™ over
the entire experiment (90 min) (Figure 30).
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Figure 30. Adsorption time dependency of Am-I1 wavenumbers of varied composition
SAMs.

The difference in ATR-FTIR and SEIRAS Am-Il absorbance peak
positions with a & = 14-21 cm™ can only be explained by a reduction in
hydrogen bonding strength. For Am-I, only a minor and steady frequency
decrease is observed during the initial minutes, and virtually no changes for
the remainder of the time. Figure 28B shows a reduction of the Am-I/Am-1I
ratio from 5.2 to 0.8 for the IMHA monolayer during the first 10 min of
formation. This implies that the amide planes reorient into a more vertical
alignment as the molecules adsorb onto the Au surface. The reorientation is
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necessary for forming a robust lateral hydrogen bond network within
molecules in the SAM.

As mentioned, several SAMs composed of various IMHA and fragment
molecule ratios were tested. The synthesized fragment molecule retains all
structural features of IMHA except for the imidazole head group. By
increasing the concentration of the fragment molecule in the SAM, the steric
confinement of the Im group should decrease, which should, in turn, alter
adsorption properties observable through SEIRAS monitoring. Indeed, the
changes in SAM formation dynamics are evident when comparing different
SAM compositions. The amide group reorientation process is faster for
monolayers with higher fragment molecule concentrations. These monolayers
also exhibit lower Am-I/Am-I1I ratio values for fully formed SAMs. For
instance, for the SAMs formed from 100, 50, 20, and 0 mol% of IMHA, this
ratio decreased from 0.4 to 0.2, 0.2, and finally to 0.1. Furthermore, reducing
the amount of IMHA in SAMs also led to a narrowing of the Am-Il peak
(Figure 28C), suggesting a more homogenous hydrogen bond strength
distribution across the SAM at a longer formation time. It appears that the
relatively large and bulky Im group in IMHA hinders the packing of molecules
at the amide group and the formation of a uniform hydrogen bond network.

Recent studies in our laboratory, which involved temperature-controlled
Raman measurements and theoretical modeling, demonstrated that the Im
ring’s v(C2-N3) + B(C2H) mode at around 1490 cm™ is dependent on
hydrogen bond strength at the N1/N3 atoms.*® DFT predictions revealed that
interaction with one water molecule results in a vibrational shift to higher
energy by 2-6 cm™. The addition of a second H.O molecule leads to a total 9
cm™ shift. A clear connection was found between higher energy vibrations of
v(C2-N3) and stronger hydrogen bonding interaction of the Im ring.

~ 1494

£ IMHA Al aba

° (EtOH) A D

o I A

o]

g 1490? A A 5=57 Cm—‘l

s -

& | A

g 1486 1 L L | " 1 | 1 L 1
0 30 60 90

Time / min

Figure 31. Dependency of the v(C2—-N3) + B(C2H) vibration frequency of the
imidazole ring on the SAM formation time.
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In the SEIRAS spectrum, a decrease in wavenumbers from 1494 cm™ for
bulk IMHA (measured by ATR-FTIR) to 1487 cm™ for IMHA in the
monolayer is observed at the beginning of adsorption. This can be explained
by the reduction in hydrogen bond strength in 0.5 mM IMHA EtOH solutions.
While adsorbed at the gold surface, molecules reorient into more orderly,
solid-like SAM, and the peak position shifts upward (Figure 31). This suggests
that the Im, initially more loosely bonded, starts to engage in stronger
hydrogen bonding, and around the 60-minute mark, it reaches the maximum
value, after which no changes in peak position are observed. This does not
coincide with the Am-I/Am-II ratio reaching a plateau in approximately 30
minutes, indicating that the Im properties at the interface are directly
dependent on the structure and packing of the interchain amides.

3.3.3. SEIRAS analysis of the structure of IMHA SAMs

Midrange and high-range spectra were compared to understand the influence
of SAM composition on its structure. Midrange spectra were obtained from
SAMs in ethanol, while high-range spectra were taken from SAMs in heavy
water (D,O) (Figure 32). A careful ethanol/D,O exchange was performed to
(i) eliminate interference from ethanol in aliphatic and aromatic C-H
stretching regions and (ii) shift N-H and O—H vibrational modes to the region
of N-D and O-D stretching.

The analysis of the Am-I/Am-II ratio in the midrange revealed a trend
towards SAM molecule orientation becoming more perpendicular to the
surface as more fragment molecules were introduced into the SAM solution.
This is likely due to decreased steric hindrance created by the bulky
neighboring Im endings on IMHA molecules. This observation is indirectly
supported by an 8.5 cm™ Am-I1 mode frequency shift to higher energy, which
can be explained by stronger N-H group hydrogen bonding interaction.
Furthermore, the decrease of bandwidths for Am-I from 48 to 35 cm™ and for
Am-11 from 44 to 41 cm™ suggests a more uniform hydrogen network. The
weak mode at 1493 cm™, appearing more like a shoulder, is detected only in
pure IMHA SAM and is assigned to the combined vibrations of v(C2-N3) +
B(C2H). Other vibrations related to the Im are found in the high-frequency
range as two strong peaks at 3115 and 3152 cm™, which are assigned to the
stretching vibrations of C2H and C5H, respectively (Figure 32B). The absence
of these bands in the pure fragment SAM spectra confirms their association
with Im motions. While the intensity of these peaks was expected to decrease
with a smaller proportion of IMHA in the SAM, the intensity remained at a
similar level for all IMHA/Fragment ratio mixes used in the D,O environment.
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This can only be explained by the reorientation of the Im to an increasingly
perpendicular orientation to the surface as the IMHA concentration decreases
in the SAM. Additionally, the alignment in the D.O environment was
observed to be more perpendicular than in the deuterated ethanol-ds one
(Figure 33). This can be evidenced by comparing the C-H stretching doublet
intensity with the unchanged intensity of the lower energy C—H stretching
vibrations originating from the aliphatic tail.
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Figure 32. (A) SEIRAS spectra of IMHA, binary IMHA/Frag (1/1 and 1/5), and Frag
SAMs at the 90™ minute of adsorption in ethanol incubation solution within the 1220-
1700 cm™* spectral range. The asterisk denotes the negative band that appears due to
the withdrawal of ethanol molecules from the Au surface. (B) Spectra of SAMs with
the same composition after carefully exchanging ethanol with D,O in the 2800-3250
cm™t spectral range.

The peak in the 2943-2947 cm™ frequency region (Figure 32B) is
attributed to the symmetrical stretching of the CHs motion from the fragment
molecule’s end group. The nitrogen atom's induction effect is responsible for
this mode's relatively high position.'®? Other aliphatic chain modes assigned
to vs(CH2) and vas(CH2) can be observed at 2856 and 2927 cm™ frequencies,
respectively. Due to the surface selection rule, their intensity depends on the
alignment of the carbon chain relative to the surface plane. An acute decrease
in intensity for symmetrical CH, stretching at 2856 cm™ is observed when
comparing bicomponent 1/5 SAM to 1/1. This behavior can be explained by
adopting a more vertical orientation for the carbon chain relative to the
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surface, as the transition dipole moments (TDMs) for methylene groups
become more parallel and less active in SEIRAS. Moreover, an increasing
intensity of the symmetric CHs stretching vibrations from the fragment
molecule is observed without detecting its asymmetric counterpart vas(CHa).
This suggests an orthogonal orientation of the methyl groups to the surface in
SAMs.
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Figure 33. SERAS spectra of IMHA, Frag, and binary (IMHA/Frag 1/1) monolayers
in ethanol-ds (EtOD) incubation solution (60 min) and D0.

For a densely packed, orderly SAM, symmetrical and asymmetrical CH,
group vibrational modes are known to have frequencies near 2850 and 2917
cm™, respectively. Whereas less ordered structures exhibit upshifted high-
range methylene vibrations. *®°*2 |n SEIRAS spectra, the observed bands
are shifted by approximately 10 cm™ to higher frequencies than the ATR-
FTIR. This suggests a less ordered or even a melted state structure of alkane
chains in the SAM, despite the vertical alignment evidence discussed earlier.
The amide and imidazole groups interfere with the orderly packing of carbon
chains. For comparison, molecules measured in the bulk phase had almost the
same frequencies as those in the SAM case: 2852 and 2926-2928 cm™.

Based on the observations from SEIRAS data of various composition
SAMs, it can be concluded that decreasing the relative IMHA concentration
(i) affects the imidazole ring, amide group, and alkane chain orientation,
leading them to adopt a more perpendicular state to the surface, and (ii)
strengthens hydrogen bonding interaction at the N-H group of the amide
moiety. Therefore, it can be stated that mixed SAMs of IMHA and fragment
molecules have stiffer head and tail segments and a more labile and accessible
functional imidazole ring group for interactions.
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3.3.4. Potential-dependent SEIRAS analysis of hydrogen bonding in IMHA
SAMs

A series of potential-dependent measurements were performed with various
SAM compositions to understand better the effects of changing potential
environments on the monolayers and to further investigate hydrogen bonding
interactions at the Im group of the IMHA molecule. Figure 34A and Figure
34B display spectra of the IMHA monolayer at different potentials set for the
gold electrode (vs. Ag/AgCl), starting from 0.3V, -0.1V, -0.5V, and returning
to positive 0.3V from negative polarization.

Interestingly, when the potential changes from 0.3 to —-0.5 V, both Am-II
and Am-1 shift to lower wavenumbers by 5-6 cm™. This is associated with
weakened hydrogen bonding at the N—-H site and strengthened bonding at the
C=0 group. However, we are limited in interpreting the cause of this
wavenumber shift irregularity. One possible explanation is that the enhanced
contact between carbonyl and water molecules (C=OH---OH) at the
negatively charged interface is connected to the lower hydrogen bonding
interaction strength between interchain N-H---O=C groups.
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Figure 34. Potential-dependent SEIRAS spectra of the IMHA monolayer in (A) the
midrange region in H,O and (B) the C-H stretching region in D,O. (C) The
relationship between Am-1I wavenumbers and electrode polarization, and (D) the
dependence of the Am-I/Am-I11 intensity ratio on electrode polarization.

The Am-IlI wavenumber dependence on potential is consistent for all
investigated SAM compositions and correlates with progressively decreasing
H-bonding strength towards negative electrode polarization (Figure 34C).
This weakening is caused by the amide planes reorienting into a less
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perpendicular arrangement with the surface (Figure 34D). This is
accompanied by a significant increase in the Am-I/Am-II ratio at -0.5 V for
all but the IMHA monolayer. Strong intermolecular interactions at the Im
groups in the IMHA monolayer (Figure 34D, red line) cause rigidity in the
molecular structure, reducing the flexibility of the amide group. Changes in
Am-I band shape and significantly larger potential dependence on the Am-
I/Am-11 intensity ratio were observed in other SAM compositions (Figure 35).
Each SAM containing fragment molecule exhibited an unexpected rise in the
low-frequency component at 1628-1630 cm™ of the Am-I band at 0.5 V
bias. Such low wavenumbers in proteins have previously been associated with
a rigid and highly ordered B-sheet secondary structure element,®. Still, in this
case, changes are attributed to the closer alignment of C=0 dipoles with
external field lines (resulting in increased Am-l intensity) and the
development of hydrogen bonding interactions with H>O molecules from the
solution phase.
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Figure 35. Potential dependent SEIRAS spectra of IMHA, IMHA/Frag 1/1, 1/5, and
Frag monolayers in amide region in H,O.

Information on the Im of the monolayer in SEIRAS spectra can be
obtained from the 1492 cm™ mode in H,O and the doublet bands in D,O at
3117 and 3151 cm™. Although the former mode is not well-defined, the
doublet intensity provides a clearer picture of changes in the Im group caused
by electric potential. The lower frequency component at 3117 cm™ for the T-
| form is attributed by DFT calculations and the literature to =C2—-H stretching,
while the 3151 cm™ mode is attributed to the =C5-H.*8!"® These vibrations
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become coupled for the molecule in the T-1I state and participate in out-of-
phase and in-phase vibrational motion, respectively. Due to the adsorption-
induced transition from T-1 to T-11 form, T-11 (N1, N3-D) is considered the
main Im tautomeric form in our system.'? It has been identified that the
position of the =C2-H mode is more sensitive to changing potential. When
electrode polarization was changed from 0.3 to —-0.5 V, the frequency tuning
rate of —=10.4 and —6.3 cm™V* for the low and high-frequency modes was
observed (Figure 36B). Similar tuning rates of —8.3 and —4.0 cm™Vv~* for 1/1
component ratio SAM and —14.1 and -8.5 cm™V* for 1/5 ratio SAM were
seen in bicomponent monolayers.
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Figure 36. Analysis of the ring C—H stretching modes at 3117 and 3151 cm™. (A)
SEIRAS spectra of IMHA SAM in D.O at 0.3 and -0.5 V potentials in the 3056-3193
cm* range. (B) The relationship between 3117 and 3151 cm wavenumber and the
electric potential.

To elucidate the influence of hydrogen bonding interactions on the
vibrational frequency of v(=C-H) modes, DFT simulations were conducted
on 4-ethyl-1-imidazole in the Tautomer-11 form (N1, N3-D) with zero, one,
and two explicit D.O molecules (Figure 37). It was found that, compared to
the N3-D deuteron, the N1 atom in T-1I is more susceptible to hydrogen
bonding. Furthermore, in contrast to the contact at the N1 atom, which
increases the frequency by 8 cm™, the N3-D group (N3-D---D,0) interaction
only weakly affects the vibrational frequency of the modes (8 = -3 cm™). A
compound in the T-I form exhibited almost identical behavior. The N1
hydrogen bond is noticeably shorter than the N3-D hydrogen bond by 8.5 pm,
suggesting greater stability than the ImN1---D,O complex. According to a
supersonic jet FTIR spectroscopy study, Im prefers to accept a hydrogen bond
N---H-O over donating it N-H---0.*"*
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Figure 37. DFT spectra in Im ring =C—H stretching region of 4-ethyl-1-imidazole in
T-11 form without and with explicit D,O molecules at N1 and/or N3-D. The hydrogen
bonding lengths are indicated in pm. Vibrational frequencies were scaled.

Adding a second heavy water molecule to the Im-D,O complex further
stabilized Im. Hydrogen bonds for the N1 and N3-D sites were shortened by
-1.89 and -2.69 pm, respectively, as a result of coordination with two D,O
molecules. To experimentally confirm this, a model compound of imidazole-
4-methanol (Im-CH>-OH) was measured by FTIR in different polarity
solvents, methanol-ds and D,O (Figure 38). The data reveal a noticeable
decrease in the frequency of the v(=C-H) modes in methanol-ds, where
weaker hydrogen interactions are expected compared to D,0.
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Figure 38. Infrared absorption spectra in the transmission mode of the imidazole-4-
methanol (Im-CH,—OH) dissolved in methanol-ds and D,O.

Theoretical and experimental results suggest that a decrease in the
hydrogen bond strength of imidazole corresponds to a shift in the =C-H
frequency towards lower wavenumbers. Figure 36, which shows the potential
dependency, clearly illustrates decreasing wavenumbers with negative
electrode polarization, indicating a reversible reduction in the strength of the
hydrogen bond between Im and its surroundings. The vibrational Stark effect
could explain such a wavenumber change; however, as demonstrated in Figure
39, the frequency tuning rates for Im-SAMs were not substantially different
in environments with varying ionic strengths.

A potential explanation for the decrease in hydrogen bonds could be the
structural changes in interfacial water. The dielectric constant of water is
reduced near surfaces or confined spaces due to the reorientation of water
molecule dipoles.*”® The bias electric potential enhances overall polarization
through field-dipole interactions, competing with the isotropic hydrogen bond
network. With significantly negative polarization, O-D dipoles are oriented
away from the bulk and toward the surface.'” In summary, the configuration
of water molecules at the electrified interface influences the strength of
hydrogen interactions with exposed Im groups.
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Furthermore, an explanation is required for the relative intensities of the
3115 and 3150 cm™ mode. Calculations suggest that the displacement vectors
of the T-11 form Im ring, for the low and high-frequency modes, lie within the
Im plane parallel to the C2—H bond direction and nearly parallel to the N3-D,
respectively (Figure 40).

3150 cm™

>
Figure 40. Displacement vectors calculated for 3115 and 3150 cm™* modes of the 4-
ethyl-1-imidazole in Tautomer Il form.

As a result, changes in the Im ring's surface orientation are reflected in
the relative intensities of the 3150/3115 cm™ mode. When the shift to negative
potentials decreases the lsiso/lsi1s intensity ratio, the imidazole tilts to a
position where the C2-H bond is slightly more exposed to the solution.
Moreover, it is observed that, compared to the two-component SAMs, the
monolayer composed solely of IMHA exhibits somewhat reduced potential-
induced intensity changes. This is likely because the Im groups appear to be
more inclined to engage in intramolecular interactions with each other.
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3.4. Interim conclusions

To gain a deeper understanding of the interactions between the Im and its
local environment at the organic layer-water interface on electrically polarized
electrodes, self-assembled monolayers (SAMs) composed of Im-terminated
alkanethiol molecules and surface dilutor fragment molecules were studied.
H/D substitution SEIRAS was employed to investigate the kinetics of SAM
formation and the structure of the interfacial Im ring. It was found that during
the initial 30 minutes of incubation, the amide groups within the alkane chains
adopted an optimal surface orientation independent of SAM composition.

The frequency shift of the Im structure marker band around 1490 cm™
indicated that changes in the SAM terminal functional group continued until
60 minutes of incubation period. These alterations were associated with the
gradual formation of stronger hydrogen bonds in the Im group. A structurally
rigid organic layer with amide groups only partially engaged in an ideal
hydrogen-bonding network is produced by the IMHA-based SAM.

Incorporating a surface dilutor fragment molecule altered the Im
orientation to be more vertically aligned, enhancing the hydrogen bonding
network between the amide groups. Im’s stretching modes (=C-H) at 3115
and 3150 cm™ exhibited a reversible decrease in vibrational frequencies under
negative electric bias, with frequency tuning rates of —10.4 and —6.3 cm™V™,
This frequency reduction has been attributed to the weakening of the hydrogen
bond between the Im and the adjacent water at the negatively charged
interface.
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4.1. Introduction

Tethered bilayer lipid membranes (tBLM) are a versatile platform for
mimicking biological processes and are helpful in biosensor and biomedical
screening applications.®%"*""~18% One of their key advantages is the presence
of an exchangeable solution reservoir between the solid substrate (gold
electrode) and the bilayer, which enables the incorporation and stability of
transmembrane proteins.'®18 This separation also allows for the mobility of
inserted proteins required for their function.

The tBLM structure is typically formed in two steps. First, the anchoring
layer is formed from polar peptides, carbohydrates, polymers, or self-
assembled monolayers of thiol molecules on the gold substrate,’080183-18
Second, lipid vesicles are fused onto the anchoring layer to form a planar lipid
bilayer. The SAM approach is simple, reproducible, yields low defect density,
and enables control of bilayer fluidity. Gold is a favorable solid substrate for
tBLMs because of its strong chemical bond with sulfur atoms of alkanethiol
molecules. A mixed SAM is formed using a short thiol with a hydroxyl
functional group and a long-chain lipid anchoring thiol on the gold substrate
to create a water reservoir between the electrode and bilayer. This method
ensures that an exchangeable solution reservoir is present, enabling the
transmembrane proteins to remain stable and mobile.”®*8®

The composition and structure of the anchoring SAM strongly
influence the stability and functional properties of tBLMs. And there is
still a limited understanding of the molecular-level structure and formation
of mixed monolayers in solution,%8132182.187-189 Thjs knowledge gap is due
to the scarcity of techniques available for providing molecular information
from the electrode/solution interface. However, SEIRAS is a promising
tool for probing the structure, adsorption peculiarities, and orientation of
adsorbed molecules at the electrochemical interface with sub-monolayer
sensitivity and molecular specificity.1®%! Previous studies have
successfully employed the in situ SEIRAS approach to analyze adsorbed
peptide’s secondary structure, self-assembled monolayer’s conformation,
and surface attached biosensor’s function.*% The present study aims to
use in situ SEIRAS to investigate the development of an anchoring
monolayer and the formation of a bilayer at a gold electrode.
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4.2.Results and discussion
4.2.1. Mixed anchoring SAM formation

A mixed self-assembled monolayer was formed on a gold substrate using a
combination of long-chain (WC14) and short-chain (BME) thiols (see Figure
21). This approach enabled the construction of a bilayer anchoring mixed
SAM, which had previously been used for studying the structure and function
of pore-forming toxins®**% and the interaction of proteins with a membrane.*#
The optimal adsorption solution for the self-assembly of the anchoring
monolayer was a mixture of WC14 and BME thiols in a 30/70 mol% ratio.*®

Figure 41 shows the evolution of SEIRAS spectra during the formation
of a mixed monolayer on gold using WC14/ME (30/70 mol%) thiol molecules
from a methanol-d; (CDs—OD) solution. The introduction of thiol molecules
resulted in the appearance of strong bands at 1464, 1350, and 1157 cm™ in the
fingerprint spectral region after 60 minutes of incubation (Figure 41A). The
band at 1464 cm™ corresponds to the predominant CH; scissoring deformation
vibration of the alkyl chains, which is broadened due to the presence of
polyethylene group units (PEG) in the gauche conformation and PEG in an
amorphous structure, with vibrational bands expected at 1463-1465 and 1460
cm™, respectively.'® The intense band near 1350 cm™ is identified as the
wagging vibration of the PEG units CH, groups in the gauche conformation.'®
The broad and intense absorption band at 1157 cm™ is attributed to the C-O-
C group's characteristic asymmetric stretching vibrational mode, vas(C—O—
C).%8:189.195202 It js important to mention that the strong IR absorption of the Si
prism below 1000 cm™ can alter the shape of this peak.’®® According to
previous studies,'%2%? the position of the band associated with this mode
provides information on the structure of the PEG component of the molecule.
The relatively high frequency value observed in this work suggests the
presence of a predominantly amorphous structure,%52%2

Comparing the width of this band in SEIRAS (Figure 41A) with the
corresponding band of WC14 in solid state IR spectrum near 1114/1147 cm™
(Figure 41C), it can be inferred that there is a prevalence of one relatively
uniform conformational form of PEG chains in the monolayer. This finding is
consistent with previous reports'® suggesting the amorphous structure of the
PEG chain in oligoethylene-glycol-terminated SAMs is highly solvated by
water and able to prevent adsorption of proteins, unlike the ‘all-trans’
conformation.
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Figure 41. SEIRAS spectra measured at various times during the formation of a mixed
SAM (WC14/BME, 30/70 mol%) from a methanol-ds solution. The spectra are
presented (A) in the fingerprint spectral region (1080-1520 cm™) and (B) in the C-H
stretching frequency region (2750-3050 cm™). The reference spectrum was obtained
from pure methanol-ds before introducing thiol molecules into the working solution.
(C, D) IR spectrum of solid-state WC14, BME, and methanol-ds in the corresponding
spectral regions.

Mixed SAM was formed in a methanol-d, solution, and only one intense
band near 1124 cm™ belongs to the solvent molecules in the investigated
spectral region (Figure 41C). This explains some spectral perturbations in the
vicinity of the C-O-C stretching band due to the adsorption/desorption of
solvent molecules during the self-assembly process. In the high-frequency
region (Figure 41B), absorption bands attributed to the symmetric vs(CH>) and
asymmetric vas(CHy) stretching vibrations of methylene chains are observed
at 2856 and 2927 cm™, respectively.®®'® The frequency of asymmetric
vibration band vas(CH2) is indicative of the ordering of alkyl chains, with
highly ordered SAMs displaying values in the range of 2917-2919 cm™ 2%~
26 \while disordering results in an upshift of the frequency. Notably, both peaks
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in SEIRAS spectrum are upshifted by several wavenumbers compared to the
IR spectrum of solid-state WC14 (Figure 41D), suggesting a relatively
disordered structure of the alkyl chains in the mixed SAM. All spectral bands
in SEIRAS spectra were linked to the WC14 compound, and no spectral
characteristics for the BME were detected. The BME bands located at 1416 and
2875 cm™ (as shown in Figure 41C, D) were not observable in SEIRAS
spectra (Figure 41A, B). An increase in the relative intensity of the vas(C—O—
C) band at 1157 cm™ of the PEG segment is observed over time when
compared to the scissoring deformation band of CH, at 1464 cm™ (Figure
41A). It has been demonstrated in other studies®'® that relative
intensification of asymmetric stretching of C—-O-C mode is connected with
more vertical alignment of WC14 molecule, which suggests that reorientation
of molecules into a more upright position occurs during the self-assembly
process.

4.2.2. Formation of a tethered bilayer lipid membrane

The formation of tBLM from a DPPC-ds./cholesterol-d; mixture in the
phosphate buffer solution was monitored in situ by SEIRAS. Figure 42 shows
three distinct spectra representing the initial, intermediate, and final stages of
formation in the range of 2000 to 3700 cm™. The upward peaks represent
newly adsorbed molecules, while negative peaks indicate the withdrawal of
previously absorbed molecules from the surface. Please note, that reference
spectrum was fully formed SAM spectrum, therefore any appearance of
modes related to SAM indicate its structural alterations. Interaction with the
vesicles and planar bilayer formation may disturb the order of the monolayer
and cause spectral changes. After 15 seconds of bilayer formation, a low-
intensity positive peak near 2979 cm™ becomes visible in the SEIRAS
spectrum. It corresponds to the asymmetric stretching vibration of the CHs
group and may be related to the changes in the orientation of the terminal
methyl group of adsorbed WC14. At the same time, a broad negative peak
near 3546 cm™ appears in the SEIRAS spectrum, which is assigned to the O-
H stretching vibration.
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Figure 42. SEIRAS-difference spectra representing initial, intermediate, and final
stages of tBLM formation (DPPC-dg./cholesterol-dz, 60/40 mol%) on a mixed SAM
(WC14/ME, 30/70 mol%) in an aqueous solution.

After 300 seconds of incubation, four positive-going bands appear in the
SEIRAS spectrum at 2071, 2098, 2197, and 2218 cm™ due to the stretching
vibrations of the CD, and CD; groups of DPPC-ds,. Specifically, the bands at
2071 and 2218 cm™ correspond to the symmetric and asymmetric CD3
stretching vibrations vs(CD3) and vas(CDs), respectively, while the bands at
2098 and 2197 cm™ are assigned to the symmetric and asymmetric stretching
modes of the CD, group vs(CD2) and vas(CD,).22 % To better understand
SEIRAS spectral features, IR spectra of bulk cholesterol-d; and DPPC-de,
were measured (see Figure 43). The CDs vibrational modes are more intense
in the surface spectrum than in the bulk infrared spectrum. Additionally, some
contribution from cholesterol-d; may be present in the 2218 cm™ absorption
band of the SEIRAS spectrum (see Figure 42).
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Figure 43. IR spectra of bulk cholesterol-d; and DPPC-ds..

The intensity of 2071, 2218, and 2966 cm™ band and the negative water
absorption feature near 3479 cm™ increase with an incubation time of 60
minutes. Notably, the latter band shifts towards lower wavenumbers,
indicating fewer hydrogen-bonded water molecules leave the interface during
the bilayer formation. The relative intensification of the CDs stretching bands
may be related to approaching closer to the surface and changes in orientation
of the DPPC-de, alkyl chains. Furthermore, negative-going features at 2854
and 2924 cm™ of vs(CH2) and vas(CH>), respectively, are visible after 60
minutes of bilayer formation, which are linked with changes in the alignment
of the alkyl chains of adsorbed WC14 molecules. Overall, the decrease in
relative intensity and redshift of the stretching CH, bands indicate a more
perpendicular and orderly orientation of the WC14 alkyl chains with respect
to the surface,?042%

Figure 44 shows the temporal evolution of SEIRAS bands during the bilayer
formation process. In the first 20 minutes, changes in the DPPC-dsz vas(CDs)
band and the anchoring monolayer vas(CH2) band exhibit different temporal
behaviors, while water withdrawal from the surface behaves similarly to the
changes in DPPC-ds2. To quantitatively analyze the data, a Boltzmann model
was applied to fit the experimental results:

y() = 255 + Ay, (10)

1+ e dx
where A; and A; are the initial and final values of the measured parameter, and

Xo is the time of the process midpoint. The midpoint of the process, Xo, was
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found to be 6.0 £ 0.35 min and 4.5 £ 0.11 min for Ivas(CD3) and Av(OH)
alterations, respectively, and 9.9 + 0.31 min for Ivas(CH2) changes.
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Figure 44. The temporal evolution of spectral mode intensities during tBLM formation
for the first 20 minutes (A) and the full 105-minute period (B). Specifically, it shows
the intensities of modes related to DPPC-de, adsorption and reorientation on a surface
[Ivas(CD3)], as well as the reorientation of anchoring molecules [Ivas(CH2)]. The
temporal evolution of the integral intensity of v(OH) is related to the removal of water
molecules from the surface during tBLM formation for the first 20 minutes (C) and
the full 105-minute period (D). The experimental results were fitted with a Boltzmann
model, represented by the red lines in the figures. The model yields a 50% process
threshold at 6.0 = 0.35 minutes [Ivas(CD3)], 9.9 + 0.31 min [Ivas(CH2)], and 4.5 £ 0.11
min [Av(OH)].

The fitting of SEIRAS data revealed a two-step mechanism for the
formation of the bilayer. The first step involves the adsorption of the DPPC-
de2/cholesterol-d; lipid bilayer onto the mixed anchoring monolayer with
simultaneous water withdrawal from the interface. The second step consists
of transforming the alkyl chains of the WC14 monolayer due to the insertion
and interaction of the bilayer. After approximately 60 minutes, the spectral
changes due to the bilayer formation process are essentially complete, as
shown in Figure 44B and Figure 44D.

4.3. Interim conclusions
Surface-enhanced infrared absorption spectroscopy was used to investigate
the two-step process of constructing tethered bilayer lipid membranes
(tBLMs) on gold substrates. The first step involved the formation of the mixed
self-assembled monolayer, and the second step involved the development of
the lipid bilayer at the mixed SAM. Obtained results revealed that the ethylene
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glycol chains of long-chain thiol in SAM are primarily in the amorphous state,
while the alkyl chains are in the disordered state, providing the necessary
flexibility for the formation of the bilayer.

The SEIRAS data showed that the formation of the bilayer lipid proceeds
through two stages. The first stage involves the adsorption of lipids onto the
surface and the simultaneous desorption of water from the interface. The
second stage consists of the insertion and interaction of the lipids with the
monolayer, leading to structural changes in the alkyl chains of the SAM. The
lipid bilayer formation process was completed after approximately 60 minutes
following the introduction of vesicles composed of a mixture of partially
deuterated compounds DPPC-dg,/cholesterol-d-.
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5.1. Introduction

Water is an essential and ubiquitous molecule in various natural and
engineered systems, playing a critical role in determining their properties and
performance. Its unique physicochemical properties, including a high
dielectric constant, hydrogen bonding capacity, and polarity, make it vital in
numerous interfacial phenomena.?**#2 The behavior of water molecules at
interfaces and submembrane layers is critical in the design, function, and
analysis of SAMs, tBLMs, and other biomimetic systems.**

Dielectric properties of interfacial water are smaller than those of bulk
water, attributed to the reduced rotational freedom of water dipoles. Studies
have shown a significant decrease in polarizability so that the e value is
approximately 2 for the first two to three water molecules within the interfacial
layer.”*®> However, directly measuring water dielectric properties at thin
interface layers can be challenging. As infrared absorption spectroscopy is
inherently sensitive to water due to its large extinction coefficient, SEIRAS
adds surface specificity due to rapid electric field decay, effectively avoiding
interference from bulk solutions.** Moreover, the metal surface selection rule
makes it selective and thus a valuable tool for detecting molecular structural
changes.

The O-H stretching mode, v(O—H), absorbs infrared in a broad spectral
range divided into three regions related to the motion of more loosely
hydrogen-bonded multimer water at ~3600 cm™ and network water centered
at ~3400 and ~3250 cm.24"21% The latter is sometimes considered as ice-like
water mode and is attributed to coupling between collective in-phase O-H
stretching and overtone of deformation vibration, (OHy).?°

Water molecules can form ordered structures, with hydrogen bonding
networks oriented towards or away from the surface, depending on surface
properties.??! The behavior of water at the interface can significantly impact
the adsorption, organization, and stability of SAM and tBLM, as well as their
interactions with other biomolecules. Water forms stronger hydrogen bonds
with polar groups of lipids than with other water molecules.?™® Studies have
shown that metal surface adsorbed sBLM and water cushion supported
floating bilayer lipid membranes (fBLM) become slightly lifted from the
support as water molecules move towards the metal electrode at increasingly
negative electric potentials.??222* The water structure in the submembrane is
minimally affected by external potential, with positive potentials causing
minor disordering effects.?* However, potentials more negative than —0.4 V
vs. Ag/AgCI electrode can cause membrane electroporation, increasing
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membrane defectiveness and leading to a surge of water in the submembrane
and increased capacitance.

SEIRAS studies of lipid membranes have revealed that water forms a
more ordered hydrogen bonding network in the submembrane of fBLM than
in the submembrane of SBLM.?** In this work, the behavior of water in the
tBLM submembrane layer was investigated using the electrochemical
SEIRAS technique. One of the most critical parameters of tBLMs is the
specific resistance of the submembrane reservoir.??® The dielectric constant of
water confined within the submembrane reservoir is believed to decrease,
which effectively increases the Gibbs free energy of solution ions and
redistributes them on both sides of the membrane, affecting the electric
properties of the model membrane.

5.2. Spectroscopic characterization of the tBLM and hBLM membranes

To understand water sublayer formation, tBLM and hBLM membranes were
created by differentiating the composition of SAM. By adjusting the SAM
composition using WC14 and BME, mixed SAMs were made, leading to the
formation of tBLM with DOPC and cholesterol. Conversely, when the SAM
consisted solely of WC14 molecules, hBLM formation occurred. Therefore,
one system has an artificially made 1-2 nm water sublayer, and the other does
not. In Figure 45, mixed WC14/ME and pure WC14 formed SAM SEIRAS
spectra are presented (upper spectra in A and B, respectively). All positive
spectral lines are attributed to the WC14 compound as BME spectral features
are weak. Negative peaks are attributed to ethanol removed from the surface
as SAM was formed. Peaks at 2854 and 2925 cm™ in mixed SAM spectra
attributed to vs(CH.) and vas(CH>) stretching vibrations show relatively orderly
stacked alkane groups. Peculiarly, in 100% WC14 SAM, both ethanol and
SAM spectral modes are positive. This behavior has been repeatedly observed
in SAMs formed from pure WC14 and may be related to the reorientation of
ethanol molecules, although the exact reason is unclear. Further studies are
needed for clarification.

Other vibrational modes in the fingerprint region of mixed SAM, such as
1277, 1348, and 1466 cm™, are attributed to the twisting, waging, and
scissoring vibrations of the WC14 methyl group, respectively. As discussed
in part 4, the absorption band at 1140-1150 cm™ is attributed to the C-O-C
group's characteristic asymmetric stretching vibrational mode, vas(C-O—
C).%8189.195-202 Higher frequency and intensity of this peak in the WC14
spectrum shows more distinguished all-trans and amorphous structure than in
mixed SAM and is usually observed in a non-hydrated environment.*?¢2?
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Figure 45. SEIRAS spectra of SAMs and bilayer lipid membranes on Au electrode.
SAMs were formed from (A) WC14 and BME (30 and 70%) and (B) WC14 (100%).
Lipid layers in tBLM and hBLM were formed from DOPC and cholesterol (60 and
40%).

Differences in tBLM and hBLM membrane structure can be noticed from
the Figure 45 SEIRAS spectra (lower spectra in A and B, respectively).
Asymmetrical vas(CH,) vibrations of 2925 cm™ in hBLM show higher order
than those in tBLM of 2927 cm™. Additionally, less defined bands in the
fingerprint region of the tBLM spectral range also confirm more fluid
membrane structure. Only vs(CH,) spectral band at 2852 cm™ does not
“comply”, but it can be explained by poorly resolved low intensity shoulder
near the symmetrical methyl group band.

Interestingly, C—O-C vibrations from SAM can be seen redshifted in
hBLM to 1142 cm™ position. Two effects can explain it. Firstly, SAM is
stretched even more due to interaction with DOPC, resulting in a higher PEG
part order of the WC14 molecules, which agrees well with the higher relative
intensity of vs(CH2) and vas(CHz) bands in comparison to vs(CHz) and vas(CHs).
Secondly, the dismissal of water by the membrane reduces the solvation of
EG chains.

Spectral bands at 1232-1234 cm™ are attributed to asymmetric stretching
of a phosphate group, vas(PO*).%® Lower frequency at tBLM may indicate
phosphate group interaction with water forming hydrogen bonds but is a
somewhat speculative guess due to the small difference value. Carbonyl
stretching is found at 1738-1741 cm™. It is affected by negative water bending
vibrations at ~1645 cm™ in both systems. Additionally, broad feature related
to O-H stretching in the 3000-3600 cm™ range are related to the water
molecules removed from the interface during MLV fusion and subsequent
tBLM formation.

80



5.3.SEIRAS probed water response to potential changes at gold interface

To evaluate water interaction in submembrane space, fully formed tBLM and
hBLM systems on gold were introduced to potential changes ranging from 0.4
V t0 0.8 V (vs. Ag/AgCl). The first spectrum obtained at 0.4 V was used as
a reference (Figure 46). Only some minor changes are observed in both
systems while potential decreases from 0.4 V to —-0.4 V. Lowering potential
further up to 0.8 V leads to a rapid increase of O—H stretching in 3000-3600
cm™ range for the tBLM system, indicating increase of water in submembrane
space. On the contrary, C-H stretching vibrations in the 2850-3000 cm™
region decreases. This could be explained by the reduction of IR enhancement
due to tBLM distancing caused by water induced submembrane layer
thickening. Reversing potential to —0.4 V spectrum shows that the system
returns to its previous state observed in the potential range from 0.4 to -0.4 V.
Water O-H and alkane C—H negative bands almost disappear. Further shift to
the positive potential up to the initial 0.4 V shows a decrease in water bands,
indicating that more water leaves submembrane space compared to the initial
tBLM system state.

A tBLM B hBLM

Absorbance

3624 =

‘,A/\\/il
04

1 mAU
W !

3444,
| 3477

3000 3500 4000 3000 3500 4000 3000 3500 4000
Wavenumber / cm™ Wavenumber / cm™ Wavenumber / cm™

Figure 46. Potential dependent SEIRAS spectra of (A) tBLM and (B) hBLM in 0.1 M
Na,SO, and 0.05 M NaH,PO;, solution (pH 4.6). The potential window was from 0.4
to 0.8 V. (C) SEIRAS spectrum of H,0.

Such an observation indicates that the membrane approaches the surface.
The shift of the water band should be mentioned as well. The highest water
band intensity was found at 0.8 V with the peak position at 3382 cm™,
considerably redshifted compared to the spectrum at 0.4 V potential (3444 cm™
1. It can be concluded that from -0.4 V negative potential, more damages start
appearing due to the membrane electroporation effect, and water is
sequestrated inside the submembrane space, where it is involved in the internal
hydrogen bonding network. By returning potential back to positive values,
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excess of weaker bound water leaves the submembrane space. Thus, we
observe a decrease in higher average energy (3444 cm™) peak intensity.

The effect of potential change is somewhat opposite for hBLM system.
Its behavior is similar to the tBLM in the first stage until the —0.4 V potential
is reached. A negative peak at 3624 cm™ starts appearing with a further
decreasing potential, showing the loss of free water from the vicinity of the
interface. Further potential decrease and reverse seem to influence even more
water loss. Peak minimum at 3624 cm™ redshift to the 3477 cm™ showing that
at first free water is lost and then followed by more H-bonded water. At the
same time, intensity of stretching C—H vibrations of CH, and CHz groups in
alkane chains increase. Overall, water loss during the potential expedition is
higher for the hBLM system. At the same time, the tBLM system
demonstrated water absorption capacity of a similar level (total water band
intensity travel distance). It shows that submembrane space water is visible by
the SEIRAS method.

5.4. SEIRAS probing of the dielectric constant

The importance of dielectric properties and the challenges associated with
measuring them at the interface have already been established at the beginning
of this chapter. As a result, the N-(6-mercapto)hexylpyridinium (MHP)
compound (see in Figure 21) was incorporated into a self-assembled
monolayer (SAM) composition at a ratio of 4:3:3 (MHP:WC14:BME).
Previous work in our group demonstrated that this molecule is sensitive to
changes in the dielectric environment and can be used as a vibrational
marker.??® It has been reported that the dielectric constant change is linear with
regard to ratio of isopropanol and water solutions.?®® This feature can be
linked/calibrated to a vibrational response, providing information for
dielectric MHP surrounding the environment.
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Figure 47. Schematics of MHP/WC14/BME SAM formed from Isopropanol (left side)
interchanging into the tBLM system (right side).

The preparation of the SAM and tBLM is described in the methods
section. A simple schematic of the experiment can be found in Figure 47.
Firstly, mixed SAM was formed on the gold surface for over 60 minutes in an
isopropanol-ds solution. Secondly, isopropanol-ds was gradually exchanged
for D,O. Finally, tBLM layer in D,O was formed. SEIRAS spectra were
collected during all the steps.

The ATR-FTIR spectrum of solid MHP is shown in Figure 48A. Only a
few available solid MHP spectral bands could be used for our initial purpose
due to band overlapping, especially since MHP is mixed with WC14. This
limitation primarily excludes the stretching and bending CH. vibrational
bands of the aliphatic MHP chain, leaving only the vibrations from the
pyridinium ring.
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Figure 48. (A) ATR-FTIR spectrum of solid MHP. Transmission FTIR spectral
regions of MHP in different ratio D,O/Isopropanol-ds solutions.

To determine which spectral bands are most sensitive to dielectric
environment changes, FTIR spectra of the MHP molecule were measured in
solutions with varying isopropanol-ds/D,O compositions. Three spectral
bands were identified as responsive to changes in the solvent mixture by
exhibiting frequency shifts (Figure 48B): the band at 1638 cm™ assigned to
combination vibrations of v(C2=C3) + v(C6=C5) and the 3074 and 3095 cm™
! band assigned to the stretching =C—H vibrations of the pyridinium ring.?2>%°

Unfortunately, the strong absorbance at 1638 cm™ demonstrated a
relatively small band shift (5 = 2.3 cm™) over the full solvent exchange range.
However, one of the stretching =C—H vibrations exhibited a & = 13.3 cm™
increase as the solvent gradually changed from isopropanol-ds to D.O. A
similar SEIRAS experiment with MHP in the SAM revealed that the
solution’s impact shifted this band by & = 7.1 cm™ towards higher
wavenumbers (Figure 49A).

Figure 49B compares the MHP stretching =C—H vibrational mode in the
solution and the SAM, indicating a lower dielectric constant in the SAM
layer’s environment, with an estimated value of 30. This is likely due to a less
hydrophilic environment, as MHP is surrounded by WC14 and BME-ds. No
changes in the MHP mode were detected upon the addition of a tBLM to the
preformed SAM, suggesting that the additional membrane layer does not
affect the MHP environment, as lipids are located further from the surface and
do not interact with the deeper layer of the mixed SAM.
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Figure 49. (A) SEIRAS spectra of SAM composed from WC14/ME/MHP (3/3/4) in
solvent mixtures of D,O and isopropanol-ds; (B) The dependency of MHP stretching
=C-H mode’s wavenumbers of the bulk molecule and incorporated in SAM on the
solvent composition and its dielectric constant.

5.5. SEIRAS analysis of pH influence on tBLM

Tethered bilayer lipid membranes have gained significant traction in biosensor
applications, especially when paired with electrochemical impedance
spectroscopy (EIS). EIS is instrumental in monitoring membrane damage
levels. However, its interpretations can sometimes be misleading due to its
dependence on consistent dielectric conditions in the submembrane. In
collaborative research, SEIRAS was employed to investigate the behavior of
submembrane tBLM water. Our joined findings indicate that EIS signal
reductions can be attributed to pH-mediated alterations in submembrane water
properties rather than actual membrane damage.?!

Figure 50 shows the SEIRAS spectra for tBLM in the 2830-3800 cm™
range. Within this range, specific modes of symmetric and asymmetric
methylene stretching (located at 2856 and 2927 cm™) and asymmetric methyl
stretching (2959 cm™) of the alkyl chain are observed. The pronounced
negative peak near 3500 cm™ is attributed to the O—H stretching mode of
water, which is displaced from the Au interface upon the formation of tBLM.
When the tBLM is submerged in solutions with pH values of 4.5 and 7.3,
consistent alterations in the volume of submembrane water are observed in the
SEIRAS spectra. For a control measurement, the freshly formed tBLM was
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extensively rinsed with a phosphate solution at pH 4.5, matching the pH of the
multilayer vesicle solution. The rinsing displayed negligible influence on the
SEIRAS spectra, as shown in Figure 50. However, altering the pH to 7.3
subsequently led to an increase in interfacial water, as indicated by a decrease
in the intensity of the negative (O—H) mode. The consistency of this process
is highlighted by the observed alterations in pH values between 4.5 and 7.3.
Specifically, the absolute integral intensity drops to 81-84% at pH 7.3 and
ascends to 91-93% when the pH is readjusted to 4.5. Thus, it can be inferred
that transitioning the pH from 4.5 to 7.3 induces a significant rise in the sub-
membrane water content.
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Figure 50. SEIRAS spectra of tBLM in the range of 2830-3800 cm™. Sequential pH
exchange between 4.5 and 7.3 are marked (1-5). Spectrum of water on gold is used
as a reference. Intensities were normalized according to the asymmetric stretching
mode of methylene at 2927 cm™.

A more in-depth examination of the processes can be observed in Figure
51. Here, SEIRAS spectra at different pH levels are presented using the fully
formed tBLM spectra as the reference baseline. Apparent changes can be
observed when transitioning from pH 7.3 back to pH 4.5.
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Figure 51. SEIRAS spectra of tBLM exposed to pH 7.3 (a) and then to 4.5 solutions
(b). The reference spectrum was as-formed tBLM membrane in pH 4.5 phosphate
solution.

Following the immediate shift to pH 7.3, disturbances are evident in the
C-H and O-H stretching regions. These changes signal an increase in sub-
membrane water volume and a reorientation of molecules within the organic
layer. The upward trends in methylene stretching vibrational modes suggest a
tilting of carbohydrate chains relative to the surface normal. However,
attributing these changes to specific components, whether anchoring or lipid
layer, is indeterminate. When exposed to the pH 7.3 solution, both methylene
stretching modes experienced a redshift of 2-3 cm™, moving to 2854 and 2924
cm™ compared to the initial tBLM as shown in Figure 50.

In Figure 51a, an upward-facing O—H stretching mode suggests an
increased water presence within the tBLM structure at pH 7.3, contrasting
with tBLMs in a more acidic environment of pH 4.5, as shown in Figure 51b.
The O-H spectral mode shape can be deconvoluted into three components
characterized by a Gaussian-Lorentzian. Two components at the lower
frequencies, specifically at 3250 and 3400 cm™, were identified as "network
water". The 3250 cm™ component corresponds to a structured network of
strongly hydrogen-bonded water molecules, while the more pronounced 3400
cm™ component aligns with a liquid water state. The "multimer water”, which
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refers to water molecules that form a disrupted hydrogen-bond network, may
be associated with the spectral component apparent at 3600 cm 214215218219
The positive intensity and shape of the OH mode at pH 4.5 suggest incomplete
recovery from structural modifications after the tBLM's exposure to pH 7.3.

For quantitative analysis, integral intensity ratios Rnework @and Rmuttimer
were calculated (Table 5). While Rnework represents a concentration of tightly
interconnected water molecules, Rmurimer IS related to a water network with
weakened hydrogen bonds.*® For comparison, bulk water was measured on
pristine silicon ATR crystal (Table 5). The SEIRAS findings at pH 7.3
highlight an influx of water to the submembrane, characterized by an enlarged
proportion of multimer water and a relatively reduced amount of network
water compared to the ATR spectrum of bulk water. Furthermore, a close
examination of peak positions revealed a significant upshift up to 64 cm™,
indicating a reduction in hydrogen bonding interactions among water
molecules adjacent to the lipid membrane. A return to pH 4.5 drastically
reduced the water content within the tBLM, yet an excess remained compared
to the originally formulated tBLM. One might attribute the positive bulk-like
water mode to the thinning of the lipid bilayer. However, past research has
shown a minimal correlation between pH levels and variations in lipid layer
thickness, 3223

Table 5. Frequencies of the O-H stretching modes and proportional network and
multimer water distributions.

1 _Aszso _ Azg00
No pH Wavenumber/cm™ R, ciwork = Ao Rouitimer = Aoves + Aur
1 7.3 3280 3468 3591 0.35 0.08
2 45 3240 3419 3562 0.66 0.09
3 7.3 3276 3467 3593 0.43 0.08
4 45 3242 3414 3553 0.85 0.16
Si | H20 3224 3404 3585 0.74 0.03

The SEIRAS findings indicate a significant augmentation in water
content within the sub-membrane and/or bilayer regions when transitioning
the solution pH from 4.5 to 7.3. This additional water predominantly displays
an elevated proportion of the multimer fraction compared to the network
fraction. Such a pattern could be attributed to the prevailing influence of
solvated ions. Moving the pH from 4.5 to 7.3 could result in a heightened
concentration of solvated ions in the sub-membrane region. This would, in
turn, reduce the specific resistance of the sub-membrane, manifesting as an
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upward shift in the admittance phase minimum, as documented by the EIS
measurements in the collaboratively published work.?*

In conclusion, the SEIRA spectroscopy data indicate that ion content is
the primary physical factor behind the variation in submembrane resistivity.
As the pH shifts from acidic to neutral, there's a surge in ion concentration in
the submembrane. This results in an increase in specific conductance and a
corresponding decrease in specific resistance within that region. The exact
mechanism driving this change remains somewhat ambiguous. Still, the
protonation of lipid head groups and the subsequent alteration in the charge
equilibrium of the constrained area could be the key contributors.

5.6. Interim conclusions

In conclusion, the experiments in this study provided valuable insight into the
formation and behavior of tBLM and hBLM systems formed on mixed and a
single component WC14 SAMs. The SEIRAS spectra revealed key molecular
arrangement and fluidity differences between the two systems. Specifically,
asymmetrical vas(CH2) vibrations at 2925 cm™ in hBLM demonstrated higher
order than those in tBLM at 2927 cm™. Moreover, the fingerprint region of
the tBLM spectral range confirmed its more fluid membrane structure.
Deuterated phospholipids and cholesterol provided clearer differentiation
between the SAM and membrane signals, facilitating a more accurate analysis
of the lipid bilayer’s formation and behavior.

The potential-dependent behavior of interfacial water for both tBLM and
hBLM systems was explored, showing that water content could be modulated
by applying different potentials. Starting from —0.4 V and going to the more
negative potentials, the tBLM system exhibited increased sub-membrane
water content, while the hBLM system experienced decreased interfacial
water. The return to positive potentials resulted in weaker hydrogen-bound
water removal from the tBLM submembrane and further water removal in the
hBLM system. Interestingly, both systems showed similar capacity of water
involved in potential range experiments.

Furthermore, the incorporation of MHP into the SAM composition
allowed for the investigation of the dielectric environment in the SAM layer
through SEIRAS measurements. It was demonstrated that stretching =C-H
vibrations from the pyridinium ring exhibit the biggest frequency changes in
different dielectric constant environments in bulk solutions (5 = 13.3 cm™) as
well as at the interface (8 = 7.1 cm™). It was measured that the environment
within the SAM layer was less hydrophilic compared to the solvent mixture,
with an approximate dielectric constant value of 30. It was also observed that
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a tBLM did not significantly alter the MHP environment, as lipids were
situated further away from the surface and did not interact with the deeper
layer of the mixed SAM. Therefore, effective use of MHP is somehow limited
to its immediate surroundings.

Finally, it was shown that SEIRAS indicates a substantial rise in water
content within the sub-membrane space and/or bilayer region when the pH
shifts from acidic to basic. It was proposed that this heightened water content
in the confined area between the electrode and the bilayer indicates a surge in
the concentration of hydrated charge carriers. This phenomenon may
correspond to an enhanced dielectric constant of the submembrane at
increased pH levels.

Overall, these findings contribute to a deeper understanding of the
behavior and interactions of tBLM and hBLM systems and the influence of
submembrane water and applied potential on membrane properties.
Additionally, the use of SEIRAS as a powerful tool for investigating the
submembrane environment and its response to potential changes was
demonstrated, which can aid future studies in this field.
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6. IN SITU MONITORING OF MELITTIN INCORPORATION
INTO THE PHOSPHOLIPID BILAYER MEMBRANE

Y
PDB: 2MLT

https://doi.org/10.2210/pdb2MLT/pdb
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6.1. Introduction

Melittin (Figure 52) is a small antimicrobial peptide (AMP) that is the main
component of bee venom. AMPs are known to create toroidal pores in lipid
membranes and act as a defense mechanism for many organisms,'192342%
AMPs are defined as small peptides in the range of 12 to 60 amino acids that
can take on various structural conformations such as helical, B-sheet, cyclic,
globular, and others. Despite the structural variations, they are all described
as cationic, amphipathic peptides with a broad spectrum of microbicidal
activity linked to membrane permeabilization.**® Although a large body of
research has been devoted to studying AMPs, the mechanism of action of how
they work remains poorly understood, and the interpretation of experimental
results is a topic of ongoing discussion,*1>23.237

kink

Figure 52. Melittin structure view as a ribbon with side chains (A), the backbone of a
peptide chain (B), and only ribbon structure (C). Nitrogen and oxygen atoms are
colored blue and red, respectively. Red arrows in B show the direction of TDM for
stretching C=0 vibrations (Am-I) (PDB: 2MLT).

Melittin provides a good example of an AMP class peptide to study
membrane permeation processes and factors affecting them. A two-phase
process explains its mechanism of action.®® Firstly, it assumes a kink-
separated two a-helix conformation structure®** (Figure 52C) from a rather
disordered one®*® by binding to the membrane, with its helical axis parallel to
the membrane surface and entering the so-called S (surface) state. As more
peptides adsorb to the surface, the peptide-to-lipid ratio changes and melittin
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reorients by entering the membrane and forming toroidal pores - T state. This
reorientation drastically changes the TDM vector direction of amide bonds
(Am-1 and Am-I11) (Figure 52B), which can be informative in studying such
transformations by infrared techniques, such as IRRAS, PM-IRRAS, or
SEIRAS.

To monitor and compare melittin insertion into the membrane, a system
from DOPC and cholesterol was constructed to assemble into hBLM and
tBLM to monitor the process in situ by the ATR-SEIRAS method. Schematic
representations of both hBLM and tBLM are presented in Figure 16. The main
idea was to survey and compare melittin's interaction with more biological
membrane mimicking systems in tBLM's case with a more restricted hBLM
construct, having a more stable and ordered structure and, therefore, more
rigid and difficult to penetrate. The main distinction between both systems is
the presence of a water layer between SAM and BLM. In a collaborative
project to study melittin insertion into the membrane, SEIRAS method was
employed as complementary alongside other techniques, such as
spectroscopic ellipsometry (SE) in total internal reflection configuration and
electrochemical impedance spectroscopy (EIS).

6.1.1. Melittin-membrane interaction probed by SEIRAS

To investigate how melittin interacts with the hydrophobic core of a
membrane, SEIRAS experiments were performed using tBLM and hBLM
systems. The SEIRAS spectra were recorded at different time intervals from
the injection of melittin (final concentration being 1.75 uM) to the 120-minute
limit. The summarized spectral results for melittin interaction with tBLM and
hBLM are presented in Figure 53a,b.

Information on alterations in the submembrane space during the
interaction between melittin and lipid membranes can be obtained from the
O-H stretching vibrations region at 3000-3700 cm™, which can be separated
into different water states. The band at 3600 cm™ is attributed to the "multimer
water" network of disrupted hydrogen bonds. In this state, water molecules
are not strongly bonded to one another, and the network of hydrogen bonds is
disrupted. The mode at 3400 cm™ is assigned to liquid water, where water
molecules are more closely packed, and hydrogen bonds are stronger. Finally,
the band at 3250 cm™ is assigned to an ice-like water state, where the
hydrogen bonds are even stronger than in liquid water, leading to a slightly
lower frequency and sharper absorption band in the IR spectrum,?14215:218219
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Figure 53. SEIRAS difference spectra of melittin after 15s, 75 s, 20 min, and 120 min
incubation time with tBLM and hBLM membranes. Difference spectra were
constructed by taking membrane spectrum (either tBLM or hBLM) as a reference.
Left: a) tBLM and b) hBLM membranes without correcting H>O contribution; right:
c) tBLM and d) hBLM membranes with subtracted HO spectral contribution. ATR-
FTIR spectrum in ) shows the spectral features of the melittin in H,O solution.

The alterations observed in water structure are attributed to the various
lipid membrane topologies and melittin activities. Within 15 seconds of
melittin injection, a reduction in the water band centered at 3480 cm™ is seen
for both membranes, indicating disruption of the water structure. With longer
incubation durations, this disruption is more apparent in tBLM. The removal
of water molecules from the vicinity of the gold surface and subsequent
shortening of WC14 PEG segment chains suggest an increase of melittin
molecules in the submembrane space. Notably, the reduction of the ice-like
water band in tBLM indicates that the confined or strongly hydrogen-bonded
water is disturbed by the presence of melittin in the submembrane space.

In the 1800-1500 cm™ region, melittin introduction reveals Amide | (Am
I) and Amide 1l (Am II) bands centered at 1655 cm™ and 1547 cm™,
respectively, for both tBLM (Figure 53c) and hBLM (Figure 53d) systems.
The concentrated melittin aqueous solution ATR-FTIR spectrum (Figure 53e)
indicates absorption bands for the relevant amide moieties at 1648 cm™ and
1543 cm™. Protein secondary structure information can be inferred using the
Am | mode. It is known that melittin mainly adopts a disordered form in
diluted aqueous solutions, with predicted absorption at somewhat lower
wavenumbers, about 1648 cm™, than that of the o-helix close to 1656 cm™.2%
242 \When comparing the SEIRAS spectra in Figure 53¢ to the melittin solution
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ATR-FTIR spectrum (Figure 53d), a change can be seen in the Am | position.
The interaction with the lipid-membrane causes the a-helical secondary
structure of melittin, which is demonstrated by the frequency increase of 7-8
cm™.

In the region of 3000-2800 cm™, it is easy to observe melittin-induced
structural alterations for tBLM and hBLM membranes (Figure 53c and d). The
positive bands at 2962 cm™ and 2874 cm are associated with the asymmetric
and symmetric methyl vibrations, vas(CHs) and vs(CHs), respectively, while
the negative bands at 2923 cm™ and 2853 cm™ are associated with the
asymmetric and symmetric methylene vibrations, vs(CH2) and vs(CH>)
respectively.'’>?** These spectrum variations are caused by the changes in
molecule orientation at the surface due to the surface selection rule.®* The
negative bands at 2923 cm™ and 2853 cm™ indicate that the transition dipole
moments of the methylene groups of SAM molecules acquire an orientation
somewhat more vertical to the surface. The bands are assigned to the SAM
alkane chains, ignoring lipids due to exponential SEIRAS signal damping with
the increasing distance from the surface.?*® Melittin is the source of the
positive vas(CH3) mode, as evident from the ATR-FTIR spectrum of the
melittin solution. Furthermore, the tBLM spectrum shows higher intensity
vas(CHs) stretching modes relative to amide I than in bulk melittin ATR-FTIR
data, demonstrating melittin’s preference for the horizontal orientation.

Am | and Am |l transition dipole moments are perpendicular®*, and
changes in their relative intensities, given as the intensity ratio Am-I/Am-II,
readily reflect the orientation of peptides with respect to the surface. The
ATR-FTIR spectra of melittin in solution show an intensity ratio of 1.3 for the
disordered structure (Figure 53e). In Figure 54a, the progression of the Am-
I/Am-11 ratio over time reveals different melittin interactions with hBLM and
tBLM. For hBLM, the ratio of around 1.0 remains constant over the course of
100 min, indicating that melittin is mainly adsorbed lying horizontally on the
lipid bilayer. On the other hand, the initial ratio of 1.3 for tBLM suggests a
higher proportion of melittin molecules have their a-helices aligned with the
surface normal due to tBLM's naturally occurring defects. Earlier research has
shown that melittin's interaction with dimyristoylphosphatidylcholine
(DMPC) vesicles in water for one hour resulted in an Am-I/Am-II ratio of
1.3.2% While the ratio of around 1.3 indicates the existence of random melittin
orientation, the same ratio in tBLM suggests the presence of transmembrane
melittin orientation.

Even though the overall intensity of the amide bands gets stronger over
time, a prolonged unvarying ratio lasting for about 90 minutes may signal a
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gradual buildup of melittin in the submembrane space, resulting in a greater
signal for the Am Il bands. The last step, beginning at 90 minutes, points to
the formation of lipid-peptide aggregates. Similar behavior is observed for the
hBLM, with the amide | band showing a slight increase in intensity with
respect to Am 11

Figure 54b shows an initial interaction of melittin with the membrane in
the form of the integral ratio Avom/Aam-i, indicating the expulsion of water
molecules from the lipid-solvent interface by melittin (increase in Am Il
intensity) since the absolute intensity of v(OH) has been used in the ratio. The
water loss effect is evident for both membrane types.

24

a) b) o
16 F o (BLM ﬁ 2L qjtﬁbwcgmp
o llBLM‘ 20 [0
® =
z o 26l o (BLM
- (o} © o 0 090w f o hBLM
12t =
— <12
(m] o B DDDEFDPD
oo )
x -
').x 1 1 1 1 1 1
10 100 0 2 4 6 8 10

Time (min) Time (min)

Figure 54. a) Melittin's Am-I/Am-11 intensity ratio changes over time as it interacts
with tBLM and hBLM. Water's spectral contribution has been subtracted. The image
displays error bars with a 90% reliability correlation. b) Time-dependent evolution of
the v(OH)/Am-II ratio calculated from absolute integral intensities.

6.2. Interim conclusions

SEIRAS data provide clear evidence of membrane disturbance following the
introduction of melittin. Both the hBLM and tBLM systems exhibited a
decrease in water content within the first 15 seconds, with the tBLM system
showing greater water expulsion and accumulation of melittin molecules in
the submembrane space over longer incubation times. The shortening of the
ethylene oxide chain segment of WC14 supports this. The strongly hydrogen-
bonded water band in tBLM also decreased, indicating water network
disturbances after melittin introduction into the submembrane space. The
negative bands at 2923 cm™ and 2853 cm™ are associated chiefly with alkane
chains of WC14. They indicate orientation changes in the hydrophobic part of
SAM molecules into a more vertical alignment due to TDMs of methylene
lining up with the surface normal, resulting in a thinner layer. The methylene
bands are assigned to SAM because SEIRAS prioritizes proximal alkane
chains of SAM rather than the distal lipid layer.?*®
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In the hBLM system, thinning can be attributed only to the WC14 chain
segment shortening and outer leaflet but not the inner leaflet. The initial
SEIRAS spectra show water expulsion from the vicinity of the gold surface,
but it is less effective than in the tBLM case, as the ratio of v(OH)/Am-II is
almost twice lower in hBLM (Figure 54b). Water removal in tBLM increases
with time as melittin accumulates in natural membrane defects and the
submembrane region. For hBLM, melittin initially interacts with the outer
layer of the lipid membrane, followed by a decrease in the ratio after a couple
of minutes, suggesting that water removal from the surface is caused by the
aggregation of peptides at the membrane's surface. This behavior is very
similar to what has been described by Juhaniewicz and Sek in the supported
membrane system, showing that melittin primarily acts in the submembrane
space.?*® In the longer incubation times above 90 minutes, for both hBLM and
tBLM systems, aggregation of melittin with lipids occurs, leading to
membrane destruction. These findings support a detailed characterization of
melittin interaction with the bilayer membrane using other synergetic
techniques.
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CONCLUSIONS

1. ATR-SEIRAS measurements revealed that SAM formed from 100%
IMHA molecules forms a less ordered organic layer than the bimolecular
IMHA/fragment SAMs due to geometric constrictions from the bulky
imidazole ring. This leads to engagement of amide groups in suboptimal
hydrogen-bonding network.

2. Measurements under controlled potential conditions from 0.3 to -0.5 V
vs. Ag/AgCI electrode have shown that imidazole ring’s stretching
vibrations (=C-H) at 3115 and 3150 cm™ reversibly downshift with
frequency tuning rates of —10.4 and —6.3 cm™V towards more negative
potentials. A decrease in frequency has been linked to the weakening
hydrogen bonding strength of Im and the adjacent water.

3. ATR-SEIRAS revealed that anchoring SAM formed from WC14 and
BME molecules is amorphous at ethylene glycol chains and disordered at
the alkyl chains, providing the necessary flexibility required for the
tBLM formation. tBLM forms in two stages. Firstly, lipid vesicles adsorb
onto anchoring SAM and replace interfacial water molecules. Secondly,
vesicles cast on a surface plane and form planar lipid bilayer, which
interacts with the WC14 alkyl chains to form stable tBLM in
approximately 60 minutes.

4. For the first time water structure in the inner layer of the tBLM was
probed by the SEIRAS technique, showing submembrane water increase
at the negative polarization below -0.4 V (vs. Ag/AgCl) and release of
less hydrogen-bound water by returning potential to the positive value.

5. By using N-(6-mercapto)hexylpyridinium molecule as SEIRAS probe,
we were able to determined dielectric constants withing the anchoring
SAM layer and the tBLM submembrane reservoir, which were
approximately 30.

6. The SEIRA spectroscopy data showed that ion content is the primary
physical factor behind the variation in submembrane resistivity. As the
pH shifts from acidic to neutral, there's a surge in water and ions in the
submembrane.

7. SEIRAS experimental data of melittin interaction with model membranes
confirmed transition in melittin structure from unordered to a-helix at the
timescale less than 15 s. At longer incubation, melittin accumulation in
submembrane space follows, exchanging the interfacial water. SEIRAS
comparison data from hBLM and tBLM experiments have shown almost
two times higher total water expulsion from the vicinity of the gold
surface at the interaction of membranes with melittin.
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SANTRAUKA
Ivadas

PavirSius ir faziy riba labai svarbiis visiems gyvybe palaikantiems procesams,
pradedant vandens kondensacija ir baigiant sudétingomis biomolekuliy
saveikomis katalizéje, energijos transformavime arba elektrony perdavime per
lipidy membrang. Pagrista manyti, jog vienas i§ pagrindiniy veiksniy,
padéjusiy "pagreitinti" pirmyjy savireplikuojané¢iy molekuliy atsiradima buvo
bitent faziy riba. Ko pasekoje, kompleksiniai molekuliniai dariniai
evoliucionavo j siandien Zinomas gyvybés formas.? Sia tema atliekama daug
tyrimy. Dauguma jy, viena ar kita forma, susije su reiskiniais faziy riboje, ir
ju spektras yra labai platus: pradedant nuo pavirsiaus jtampos poveikio® iki
lasteliy membranos tyrimy.* Sgveikos struktiriskai tvarkinguose
molekuliniuose sluoksniuose, pavyzdZiui, savitvarkiuose monosluoksniuose
(SAM) arba fosfolipidy membranose yra gerai zinomos ir dokumentuotos.
Visgi, svarbu suprasti, kad molekuliy savybés faziy riboje yra kitokios nei
tirpaluose ar kietame buvyje, todél turimos Zinios apie molekuliy savybes
tiryje negali gali buti tiesiogiai pritaikomos pavirSiuje adsorbuotoms
molekuléms. Dél poreikio tirti faziy riboje vykstan¢ius procesus buvo sukurta
daug moderniy eksperimentiniy metody. Tarp jy verta paminéti atominés
jégos ir elektrony mikroskopija, masiy spektrometrija, neutrony bei rentgeno
spinduliy technikas, mikrofluidikg ir optine spektrometrija.> Optiniai metodai,
ypac¢ veikiantys matomojo ir infraraudonyjy spinduliy srityse, daZnai
naudojami biomolekuléms tirti. Pritaikytos pavirSiaus tyrimams, $iuolaikinés
optinés spektroskopijos technikos suteikia galimybe labai jautriai stebéti
biomolekuliy sgveikg faziy riboje. Vienas tokiy metody yra pavirSiaus
stiprinta infraraudonyju spinduliy sugerties spektroskopija - SEIRAS.
Metodas zinomas jau daugiau nei dvideSimt mety, tadiau pradétas taikyti
biologiniy membrany ir baltymy tyrimuose tik pastarajj desimtmetj.® Be to,
SEIRAS yra vienas i§ nedaugelio metody, leidzianéiy tiesiogiai stebéti
vandens molekuliy pokycius. Kartu su in situ SAM ir lipidiniy membrany
tyrimais, SEIRAS tampa itin vertingu jrankiu tokiems moksliniams tyrimams.

Siame darbe buvo taikyti jvairiis metodai. ATR-SEIRAS metodas buvo
naudojamas kaip pagrindinis optinés spektrometrijos jrankis, naudojamas
kartu su potenciometrija bei pagrindiniu aukso dangos ant silicio elektrodu.
Iprastiné infraraudonyjy spinduliy (IR) spektrometrija, pralaidumo ar ATR
konfiguracijoje, naudota gryny medziagy spektry gavimui. Be to, izotopy
pakeitimo technika, skenuojancioji elektrony mikroskopija ir kvantinio
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modeliavimo (DFT) metodai buvo taikyti kaip papildomos technikos, svarbios
vibracinés spektroskopijos duomeny iSaiskinimui.

Siuo darbu buvo siekiama iitirti savitvarkiy monosluoksniy bei
modeliniy lipidiniy membrany formavimasi, struktiirg ir sgveikas faziy riboje.
Tyrinéjome jy sgveikg su poras formuojanciu baltymu, jy tarpusavio ir
aplinkos salygotas reakcijas. Ar SEIRAS matavimais in situ galime stebéti
Siuos procesus? Ar elektrinio potencialo poky¢iai aukso pavirSiuje veikia
susidariusiy sluoksnius ir ar galima juos kontroliuoti? Tai tik keletas keliamy
klausimy, siekiant geriau suprasti biologisSkai aktualiy modeliniy membrany
susidaryma ir jy sgveika su supancia aplinka.

Darbo tikslas. Siuo darbu buvo siekiama istirti SAM struktiirinius
pokyc¢ius, modelines dvisluoksnio lipidy membranas (BLM) ir jy sgveika su
poras membranoje formuojan¢iu toksino baltymu melitinu in situ,
panaudojant SEIRAS metoda.

Darbo uzdaviniai:

1. Suformuoti ir charakterizuoti savitvarkius monosluoknius, sudarytus
i5 imidazolio ziedo galing funkcing grupe turin¢iy IMHA ir/arba
fragmento molekuliy, panaudojant ATR-SEIRAS.

2. Istirti, kaip vandeniliniai ry$iai bei potencialo pokyciai faziy riboje
jtakoja savitvarkius monosluoksnius formuojancias molekules
turin¢ias imidazolo galing grupe.

3. Istirti inkariniy savitvarkiy monosluoksniy bei jy miSiniy
formavimasi aukso pavirSiuje bei pakabinamy dvisluoksniy lipidiniy
membrany susidaryma.

4. TIstirti vandens struktiiros poky¢ius faziy riboje prie pakabinamos ir
hibridinés lipidiniy membrany (tBLM ir hBLM) dél potencialo
poveikio.

5. Nustatyti dielektring konstantg pomembraniniame tBLM rezervuare
panaudojant molekulinj Zymen;.

6. Istirti pH pokyciy jtaka tBLM.

7. ATR-SEIRAS metodu in situ palyginti poras formuojancio baltymo
melitino sgveika su tBLM ir hBLM membranomis.

Darbo naujumas:

Esminis histidino vaidmuo baltymy struktiiroje ir jy Kkatalizingje
funkcijoje priskiriamas jo 3oninei grupei, imidazolo Ziedui (Im).” Im
dalyvauja aromatinéje ir vandeniliniy rysiy sgveikoje bei gali koordinuoti
metaly (IT) katijonus per laisva azoto atomo elektrony pora.® Vandeniliniai
rySiai labai daznai stebimi ties poliniais pavirSiais. Nepaisant iy rysiy didelés
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biologinés svarbos, eksperimentinis vandeniliniy ry$iy pokyciy stebéjimas
elektrocheminiame pavirSiuje yra labai sudétingas dél riboto metody
pasirinkimo. Pasinaudojus elektrocheminiu ATR-SEIRAS, pirmg kartg tirtas
imidazolo Ziedo (Im) vandenilio rySio sgveikos stiprumas su aplinka faziy
riboje Au-vanduo. Be to, buvo tiriama Im turin¢iy molekuliy adsorbcija ir
savaiminis i$sidéstymas ant Au pavirSiaus. Parodytas rySys tarp Im turin¢iy
alkantioliy molekuliy koncentracijos pavir§iuje ir Im orientacijos.
Pademonstruota, kad monosluosniui sudarytam i§ Im turinéiy molekuliy,
didelis Ziedas trukdo formuoti optimaly i$sidéstyma, taip pat létinamas
monosluoksnio formavimasis. Nustatyta, kad Im grupés =C—H virpesiai yra
jautriis vandenilio rySio stiprumui, o tarp Im ir vandens vandenilio rysio
sgveikos stiprumas griztamai priklauso nuo iSorinio elektrinio lauko.
Elektrinio potencialo pasikeitimas | neigiama susietas su grjztamais Im
orientacijos pokyc¢iais, matomais dviejy Im =C—H virpesiniy juosty 3150/3115
cm™ santykinio intensyvumo poky¢éiu.

Vandens molekulés pavir§iuose ir pomembraniniame sluoksnyje gali
paveikti SAM ir BLM adsorbcija, jy tvarkingumg ir stabiluma bei jy sgveika
su kitomis biomolekulémis.®*® Tacdiau, net panaudojant moderniausius
Siuolaikinius metodus, tiesioginis vandens dielektriniy savybiy stebéjimas
plonuose pavirsiy sluoksniuose iSlieka labai sudétingas. Siame darbe ATR-
SEIRAS metodu buvo tiriama pomembraninio tBLM vandens strukttra bei
potencialo sglygojamas jos kitimas. Taip pat buvo tiriamas vandens
dalyvavimas modeliniy membrany formavime bei potencialo pokyciy
poveikis jau suformuotoms BLM. Spektrometrinis Zymuo buvo panaudotas
pavirsinio bei pomembraninio vandens dielektrinés skvarbos iSmatavimui. Be
to, buvo parodyta, jog pH pasikeitimy jtakoti pomembraninés savitosios
varzos pokyc¢iai tBLM sistemoje yra susijes SU jony koncentracijos poky¢iais,
0 ne su membranos vientisumo pakeitimais.

ATR-SEIRAS metodas panaudotas modelinés  pakabinamos
dvisluoksnés fosfolipidinés membranos formavimuisi tirti ant SAM sudaryto
i5 WC14 bei BME junginiy miSinio. Nustatyta, jog membrana formuojasi
dviem etapais, pirmiausia adsorbuojantis fosfolipidams nustumiamas vanduo.
Po ko seka membranos formavimasis jai sgveikaujant su SAM. Duomenys
panaudoti poras formuojancio toksino melitino ir dviejy skirtingos
architektliros biomimetiniy lipidy membrany (tBLM ir hBLM) saveikai tirti
in situ. Identifikuotos dvi skirtingos baltymo-lipido sgveikos elgsenos
priklausomos nuo dvisluoksnés lipidinés membranos struktiros. Parodyta,
kad toksino kaupimasis prie membranos pradiniame etape veikia jos struktiirg
bei yra atsakingas uZ vandens i$stimimg abejose sistemos (hBLM ir tBLM).
Tai sukelia strukttrinius pokyc¢ius SAM sluoksniuose, dél ko jie tampa
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plonesni. Melitino sgveikos su skirtingomis membrany sistemomis
eksperimentais patvirtintas peptidy kaupimasis pomembraninéje erdvéje
vélesngje stadijoje. Po 90 min inkubacijos membrana suardoma dél melitino
agregacijos su lipidais.

Ginamieji teiginiai:

1. Imidazolio Ziedo grupé trukdo susiformuoti IMHA monosluoksniams
bei veikia monosluoksnio formavimosi dinamika.

2. Elektros potencialo pokytis nuo 0,3 iki —0,5 V mazina vandenilio
rySio stiprumg su imidazolo ziedu IMHA molekuléje.

3. tBLM pomembraniniame rezervuare randama suristo vandens
savybiy turin¢io vandens, bei rezervuaro dielektriné konstanta yra
Zymiai sumazg€jusi.

4. Jony koncentracija pomembraniniame rezervuare didéja pH kintant is
rigstinés ] neutralig.

5. Saveikaudamas su tBLM melitinas persitvarko i§ netvarkingos | o-
spiralés antring struktiirg per maziau nei 15 s; véliau melitinas pradeda
kauptis pomembraniniame rezervuare.
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Metodai:

Izotopy pakeitimas:

Stabiliyjy izotopy keitimas molekulése leidzia identifikuoti vibracines juostas
ir padeda atskirti jas nuo kity persiklojanéiy juosty. Vibracijos daznis
tiesiogiai proporcingas jégos konstantai (K) ir yra atvirks¢iai proporcingas

. . . ey . 1 1 1
redukuotai atomy masei (). Redukuota masé skai¢iuojama T +—, kur
1 2

m1 ir m; atitinka abiejy branduoliy mases. Kadangi ry$io jéga K priklauso tik
nuo branduolio ir elektrony kriivio, vibracijos daznis (w,) yra veikiamas
masés skirtumo. Todél lengvesnio izotopo keitimas j sunkesnj lemia daznio
sumazéjima.'?

Eksperimentuose persiklojanc¢iy juosty atskyrimui buvo naudojami arba
deuterinti junginiai, arba deuterinti tirpikliai, tokie kaip D,O ir CD;—CD>—OD.
Buvo pasinaudojama tuo, jog vandenilio esancio prie N, O ir S atomy mainai

su tirpiklio deuterio atomu jvyksta akimirksniu dél jy didelio judrumo.*®

FTIR spektroskopijos sistemos:

ATR-FTIR spektrai buvo gauti naudojant Alpha spektrometra (Bruker,
Vokietija) su deimanto kristalo ATR priedu ir DTGS (angl. deuterated
triglycine sulfate) detektoriumi. Spektrometro parametrai buvo nustatyti ties
7,5 kHz skenavimo greidiu, o spektriné rezoliucija ties 4 cm™. Fonui ir
méginiui buvo kaupiama po 200 skenavimy, nebent nurodyta kitaip.

ATR-SEIRAS matavimai buvo atliekami naudojant Vertex 80v
spektrometra (Bruker, Vokietija) su skysto azoto auSinimu MCT (angl.
mercury cadmium telluride) detektoriumi. Spektrometras veiké 40 kHz
skenavimo grei¢iu ir 4 cm™ skiriamaja geba naudojant 2 mm apertiira.
Pavyzdzio ir fono skenavimams buvo kaupiama atitinkamai po 50 ir 100
iteracijy, nebent nurodyta kitaip. Eksperimentai buvo atlickami naudojant
Svieziai paruostg azoto dujy srove dziovinta Au dangos Si kristalg. Kristalas
buvo komplektuojamas j kintamo kampo prieda VeeMax III su Jackfish
matavimo cele J1F (Pike Technologies, JAV, 1 pav.). ATR priedas buvo
naudojamas su 63 laipsniy kampu. Prie§ atlieckant eksperimenta,
spektrometras buvo dZiovinamas prapuciant sausu oru per naktj, Siekiant
pasalinti vandens gary sugerties juostas.
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A N, jleidimas B

Ag/AgCl

Palyginamasisel. v ISpuciamy dujy spastai

‘T « Teflonokinas
!« Aliuminio Ziedas
) “-) < Sikristalas
Pt elektrodas & /1 )

< Kristalo laikiklis

PUCE == VeeMAX 11

allly

Optiné schema

1 paveikslas. (A) VeeMax® kintamo kampo ATR priedas IR spektrometrui (Pike
Technologies, JAV) su elektrochemine cele (Jackfish SEC Manufacturing). (B)
Priedo optiné schema bei kristalo fiksavimo dalys.

Elektrocheminiai matavimai

Elektrocheminiai matavimai buvo atliekami naudojant trijy elektrody sistema,
kurioje pagrindiniu elektrodu buvo naudojamas auksas, palyginamasis
Ag/AgCI ir pagalbinis Pt elektrodai. Pries kiekvieng SEIRAS eksperimenta
ant Si kristalo esan¢io aukso sluoksnis buvo aktyvuojamas pH 5.8 natrio
acetato tirpale (0.1 M), naudojant cikling voltametrija (CV) valdoma
PGSTAT101 potenciostato (Methrom, JAV). Prie§ aktyvacijg celé buvo
pripildoma natrio acetato tirpalu (0.1 M) ir 30 minuc¢iy deaeruojama azoto
dujomis. CV ciklai buvo atliekami pradedant nuo 200 mV nuo atviros
grandinés potencialo (OCP) 20 mV/s skenavimo greiciu. Po 3 cikly potencialo
diapazonas buvo didinamas 100 mV anodo potencialo kryptimi ir procediira
buvo kartojama kol pasiekiama aukso oksidacija ties mazdaug 1.0 V (2 pav.,
A). Pavirsiaus Svarumo bei aktyvumo patvirtinimui buvo atliekami SEIRAS
matavimai ties nurodytomis potencialo vertémis (2 pav. B). Palyginamieji
(méginio) spektrai buvo renkami prie =100 mV (600 mV), siekiant
identifikuoti aukso pavirsiuje adsorbuoto acetato juostg v(COO") ties 1400
cm™. Juostos intensyvumas su kiekvienu tolimesniu CV ciklu augo.
Atsizvelgiant ] tai, jog pernelyg ilgas CV veikimas didina aukso sluoksnio
suardymo rizikg, procediira buvo stabdoma pasiekus keliy tikstantyjy
absorbcijos vienety ribg. Tokio stiprumo signalas buvo pakankamas
tolimesniems SEIRAS eksperimentams atlikti.
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2 paveikslas. (A) CV atlikta 20 mV/s grei¢iu 5.8 pH 0.1 M Acetato tirpale. (B)
v(COO") acetato juosta iSmatuota prie 0.6 V palaikomo potencialo Au pavirSiuje
(mélyna) ir nuplauto dejonizuotu vandeniu Au pavirSiaus spektras (palyginamasis
spektras iSmatuotas palaikant —0.1 V potencialg).

I, A

Au
redukcija

Sugertis, mS.v.
B O B N W A~ O

Skenuojanti elektroniné mikroskopija (SEM)

SEM mikrografijos gautos JSM-1T200 InTouchScope™ (Jeol, Japonija)
mikroskopu naudojant 20-25 kV greitinimo jtampa, kaip nurodyta
paveiksléliuvose. Detekcijai naudotas antriniy elektrony detektorius (angl.
secondary electron detector). Méginiai buvo plaunami distiliuotu vandeniu ir
dziovinti azoto dujy sraute pries klijuojant juos prie stalo su lipnia anglies
pluosto juostele stabilumui padidinti.

DFT modeliavimas

Teorinis modeliavimas buvo atliekamas naudojant Gaussian 09W.™!

Geometrijos optimizacija ir daZzniy skaiiavimai buvo atlikti naudojant
B3LYP funkcijg ir 6-311++G(2d,p) bazinj rinkinj. Apskai¢iuoti dazniai ir
intensyvumai buvo koreguojami pagal procediira, apraSyta kitur.}®

Apskaiciuotuose spektruose jsivaizduojamy juosty nebuvo gauta.

Aukso sluoksnio formavimas

Aukso sluoksnis formavimui panaudotas beelektrodis nusodinimas, taip pat
Zinomas cheminio nusodinimo pavadinimu. Sis metodas buvo adaptuotas i3
M. Osawa publikuoty duomeny.*® Galutinis aukso paruosimo protokolas buvo
sudarytas atsizvelgiant | Keliuose literattiros Saltiniuose publikuotas
squgas.52'55'58'133‘137

Kristalo pavirSiaus paruoSimas. Si kristalo atspindin¢ioji plok§tuma
buvo poliruojama ranka naudojant poliravimo pagrinda (QATM, Vokietija) ir
vandening deimanty suspensijg. Suspensijos daleliy skersmuo buvo
mazinamas poliravimo eigoje nuo 3 um (5 min), 1 um (5 min) iki 0.25 um (20
min). Poliravimas buvo atliekamas pieSiant ,,c0 simbolj bei pasukant kristalg
90 laipsniy kas 15 sekundziy. Po kiekvieno poliravimo etapo kristalas
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kruops¢iai plautas dejonizuotu vandeniu. Iki veidrodzio atspindzio
nupoliruotas Si kristalas buvo plaunamas ultragarsinéje voneléje du kartus po
10 minuciy acetone ir vandenyje. Kristalas dziovintas azoto dujy srautu po
kiekvieno plovimo. Nuplauto Si kristalo korpusas prie$ aukso dengima buvo
apsaugomas 0.1 mm teflono juostele, kad biity iSvengta pazeidimy.

Vieno etapo Au dengimas buvo atliekamas su Svieziai paruoStu Au
miSiniu. Misinys ruoSiamas teflono indelyje jj nuolat maisant. Lyggs tdriai (1)
druskos tirpalo (0,15 M Na,SOs;, 0,05 M Na;S;03, 0,05 M NH4CI), (2) NH4F
(20 sv%), (3) HF (2 sv%) ir (4) NaAuCl, (0,03 M) sumaisyti iki 2 ml galutinio
tario. (4) tirpalas buvo ruoSiamas SvieZiai kiekvienam dengimui. Prie$ pat
dengima poliruotas Si kristalo pavirSius 4 minutes buvo veikiamas 1 ml HF
(2%) tirpalu. Po 4 minuc¢iy HF tirpalas kei¢iamas 1 ml Au miSiniu prie§ tai
nuplaunant kristalo pavirSiy dejonizuotu vandeniu. Au misinys inkubuotas 3—
4 min kambario temperatiiroje, kol dangos spalva pakito j rySkiai geltona.
Dengimo reakcija buvo stabdoma perkeliant kristalg j dejonizuoto vandens
vonig 5-10 minuciy intervalui. SEM vaizdai rodo mazdaug 50 nm skersmens
nanostruktiry susidaryma (3A paveikslas).

Dvieju etapy Au dengimas buvo atlickamas, kad pageréty aukso
sluoksnio stabilumas pagal Yaguchi ir Uchida publikuotus duomenis. Po
pirmojo aukso sluoksnio susidarymo pavirsius buvo nuplaunamas distiliuotu
vandeniu ir greitai i8dziovintas azoto sraute. Keletas lasy (~ 0,6 iki 0,8 ml)
koncentruotos aqua regia ragsties tirpalo (4:1 HCI/HNO3) buvo pridéti ant
pavirSiaus, kad istirpinty susidarius] aukso sluoksnj, kuris tuomet buvo
nedelsiant nuplaunamas distiliuotu vandeniu, o paskui dziovinamas azotu.
Silicio pavirSius tapo pilkas ir matinis. Antrasis aukso nusodinimas buvo
atlickamas pridedant Au miS$inj tokiam paciam laikui, kaip ir pirmojo aukso
sluoksnio formavimo metu. Dengimas buvo sustabdytas jmerkiant Si kristalg
] vandens vonig 5 min, o paskui kristalas buvo dziovinamas oro srove ir
montuojamas j SEIRAS priedg. Kiekvieno kristalo paruosimas vyko pries
eksperimentg, kad bty i§vengta ilgalaikio saugojimo ir galimo uZsiter§imo.
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3 paveikslas. Si kristalo pavirSiaus SEM mikrografijos (A-C) po vieno etapo Au
dengimo (A), aukso pasalinimo aqua regia tirpalu (B) ir dviejy etapy aukso dengimo
(C). SEM tyrimuose naudoty kristaly nuotraukos (D-E).

SAM ir membranos formavimas

Savitvarkiai monosluoksniai buvo formuojami inkubuojant tiolio molekuliy
etanolinj tirpalg ant $vieziai paruoStos aukso dangos. Siame darbe buvo
panaudoti keli skirtingi SAM miSiniai: (i) WC14, (ii)) WC14/BME 3:7, (iii)
WC14/BME/MHP 3:3:4, (iv) IMHA, (v) IMHA/Frag 1:1, (vi) IMHA/Frag 1:5
ir (vii) Frag. Prie§ SAM formavima, aukso pavir§ius buvo keletg karty
nuplautas dejonizuotu vandeniu bei iSmatuotas palyginamasis SEIRAS
spektras, naudotas vandens spektriniy juosty atiméiai. Celé praplauta grynu
etanoliu, kuris buvo skiedziamas jpilant SAM inkubacijos tirpalo iki bendros
0,5 mM tioliy koncentracijos. SAM formuotas misinj inkubuojant ilgiau nei 1
valanda. Po inkubacijos pavirSius keletg karty nuplautas etanolu, pertekliniy
tioliy pasalinimui nuo suformuoto monosluoksnio.

Membranos formavimas

Dvisluoksniy lipidiniy membrany formavimas susideda i$ keletos procesy:

e inkarinio SAM suformavimo;

o daugiasluoksniy ptsleliy (MLV) paruo$imo;

e MLV isliegjimo ant SAM pavirSiaus, taip suformuojant

dvisluoksne lipiding membrang (BLM).
SAM, tinkamas tBLM formavimui, buvo ruoSiamas ant aukso

inkubuojant 0,5 mM etanolio tirpalg su WC14 ir f-merkaptoetanolio (BME)
junginiais, atitinkamy 3:7 moliniu santykiu. hBLM formavimui SAM buvo
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ruoSiamas tik i WC14 tioliy. Per 1 valanda suformuotas SAM buvo atsargiai
plaunamas pirmiausia etanoliu ir po to fosfato buferiniu (0,1 M NaCl, 0,01 M
NaH.POg, pH 4,4) tirpalu.

MLV suspensijoms paruosti, buvo naudojamas 4:6 santykio cholesterolio
ir 1,2-dioleoil-sn-glicerolio-3-fosfocholino (DOPC) misinys. Lipidai iStirpinti
99% chloroforme iki galutinés 10 mM koncentracijos ir prie§ naudojimg
chloroformas isgarintas azoto srautu, taip suformuojant plona, akimi matoma,
lipidy plévele. Plévelé suspenduota j homogeniska drumsta tirpalg fosfato
buferio tirpalu, létai traukiant-§virk§¢iant automatine pipete (~1 ciklas/s).*?

Membrana ruosta jpilant daugiasluoksniy pisleliy suspensijos ant SAM
esancio fosfatiniame tirpale. Viskas inkubuojama kambario temperatiiroje 1
val. ar kaip nurodyta prie eksperimento duomeny. Visy eksperimenty metu
reakcijos celé uzdengiama siekiant sumazinti tirpikliy nugaravimg. Po
membranos suformavimo, celé plaunama fosfatinio buferio tirpalu siekiant
pasalinti perteklinius lipidus, galimai trukdanéius sekantiems eksperimento
etapams.

Duomeny tvarkymas

Visi neapdoroti spektriniai duomenys buvo tvarkomi naudojant OPUS 7.5
programing jrangg (Bruker, Vokietija). Apdoroti spektrai buvo eksportuojami
] tinkama formatg tolimesnei analizei ir vaizdinimui naudojant Origin 9.5
(OriginLab, JAV) arba Excel 2019 (Microsoft, JAV). Spektriniy juosty
iSskirstymui (dekonvoliucijai) buvo naudojama GRAMS/AI 8.0 programiné
jranga (Thermo Scientific Inc., JAV).
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Imidazolo Zieda turinciy savitvarkiy monosluoksniy elektrocheminé
SEIRAS analizé

Histidino svarba ir savybés

Histidinas yra esminé aminortgstis, iSsiskirianti savo savybémis lyginant su
kitomis aminorigstimis. Jo pKa verté 5,9, kas yra artima fiziologinei pH
vertei. Histidino Salutiné imidazolo (Im) grandiné gali dalyvauti svarbiose
sgveikose, kurios yra esminés Dbaltymy struktirai ir kataliziniam
aktyvumui.”** Im gali formuoti vandenilinius rysius, veikti kaip aromatiné
sistema ir koordinuoti metalo (IT) katijonus per nepriklausoma elektrony
pora.? Im pKa verté siekia 6,9, tod¢l fiziologinémis salygomis protonuojamas
tik vienas azoto atomas, dél ko yra stebimi du tautomerai (4 pav.).
Tautomeras-1 (T-1) protonuotas ties N1 atomu (N1-H, N3), o Tautomeras-II
(T-11) ties N3 atomu (N1, N3-H). Kambario temperattroje, neutralaus pH
tirpaluose nedidelio energetinio pranasumo vyrauja T-I forma.'*® Tautomerine
pusiausvyrg gali paveikti temperatiiros, tarpmolekuliniy sgveiky, cheminés
aplinkos ir kiti veiksniai. PavyzdZiui, Zinoma, jog Im grupe turiné¢iy molekuliy
adsorbcija ant metalo pavirsiaus salygoja aisky T-1 peréjima j T-11.24

CH CH
N3 AN N X
\\—1N\ \—_1N
H
Tautomeras | Tautomeras |l

4 paveikslas. Histidino Soninés grandinés I ir II tautomery struktiira fiziologinémis pH
saglygomis.

Vandenilis rySys yra viena i§ svarbiausiy saveiky, reguliuojanti baltymy
konformacijg ir susipakavima. Neutralioje blisenoje Im Ziedas gali veikti kaip
vandenilio donoras ir kaip akceptorius. Taéiau tokiy sgveiky tyrimas
jelektrintuose pavir§iuose yra sudétingas dél metody trikumo. Vibraciné
spektroskopija leidZia analizuoti molekuliy aplinkg, tarpmolekuling saveika ir
elektros lauko sukeltus molekulinius pokycius. Pavyzdziui, Raman
spektroskopija gaunama informacijg apie Im struktiirg ir sgveikas su
dvivalenc¢iais metalo Kkatijonais tiek natiiraliose biomolekulése, tiek
modeliniuose  junginiuose.***™* Kita vertus, Furjé transformacijos
infraraudonyjy spinduliy absorbcijos spektroskopijos (FTIR) absorbcijos
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skerspjavis daug didesnis, todél ji ypa¢ naudinga dinaminiams procesams tirti
ypac tada, kai tiriamy molekuliy skai¢ius yra ribotas.

Siekiant geriau suprasti Im sgveika su ji supancia aplinka organinio
sluoksnio-vandens faziy riboje, buvo panaudotas ATR-SEIRAS metodas.
Tikslui pasiekti, ant aukso pavirSiaus buvo formuojami monosluoksniai is
miisy laboratorijoje susintetinto N-(2-(1H-imidazol-4-yl)etil)-6-
merkaptoheksanamido (IMHA) junginio (5 pav.). Funkcinés Im grupés
poky¢iy stebésena SEIRAS metodu suteiké naujy duomeny apie savitvarkiy
molekuliy adsorbcijg ir persiorientavimo dinamika. Stebint potencialo
sukeltus SAM poky¢ius, nustatyti vandeniliniy ry$iy sgveikos su Im grupe
spektroskopiniai Zymenys. Siuo tyrimu buvo geriau suprasta Im grupés
elgsena faziy riboje, kas labai svarbu baltymy struktiirai ir jy funkcijoms.
Surinkta informacija taip pat naudinga pavirSiaus chemijos taikymams.

Merkapto grupeé Amidas
—C2
o) N3=
IMHA I N\
Hs Cas. /
N/\/ cs
o H
w Imidazolo grupé
HS
N/
H
Alifatiné grandinélé
IMHA N-(2-(1H-imidazol-4-il)etil)-6-merkaptoheksanamidas

Fragmentas 6-merkapto-N-metilheksanamidas

5 paveikslas. IMHA ir fragmento junginiy struktira.

Norint geriau suprasti Im sgveika su aplinka ant aukso pavirsiaus tirti
skirtingos sudéties savitvarkiai monosluoksniai, sudaryti i Im zieda turin¢iy
alkanotioliy molekuliy ir pavirsiaus skiediklio fragmento molekuliy (5 pav.).
Taikant H/D pakeitimg, SEIRAS metodu buvo tirta SAM susidarymo kinetika
bei Ziedo jtaka monosluoksnio struktiirai. ISmatuoti amidiniy rySiy
intensyvumo pokyciai laike (6A pav.) leido nustatyti SAM miSiniy
formavimosi aukso pavirSiuje tendencijas. Pademonstruota, jog didéjant
IMHA junginio santykiniai koncenracijai miSriame monosluoksnyje, jis
formuojasi 1é¢iau. Visgi, amidy grupés alkany grandinése orientuojasi
optimaliai pavirSiui per 30 inkubacijos minuciy, nepriklausomai nuo SAM
sudéties (6B pav.).
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6 paveikslas. (A) IMHA SAM junginio SEIRAS spektrai skirtingais adsorbcijos
laikais. (B) Skirtingy SAM mis8iniy Am-I/Am-II santykio kitimo laike kreivés. (C) Im
Ziedo kombinacinio virpesio v(C2-N3) + B(C2H) kitimo kreiveé.

Stebint Im spektroskopinio Zymens, esancio ties 1490 cm™, poslinki,
buvo nustatyta, kad galiniy funkciniy grupiy poky¢iai yra létesni nei SAM
amidiniy grupiy orientavimasis ir tesiasi iki 60 minuéiy (6C pav.). Sie
poky¢iai susije¢ su stipresniy vandenilio ry$iy prie Im grupés formavimusi.
IMHA SAM sudaro strukttriS$kai standzius organinis sluoksnis su amido
grupémis, kurios tik dalinai dalyvauja vandenilio rysiy tinkle.

Suformuoti  IMHA/Fragmento  monosluoksniai  taip pat buvo
analizuojami  keiCiant potencial3. Buvo parodyta grjztama jtaka
monosluoksniams potencialui neigiaméjant nuo 0,3 V iki —0,5 V (7 pav.). Am-
II smailés daznio mazéjimu potencialui neigiaméjant (7A pav.) grindziamas
tarpmolekuliniy vandeniliniy ryS$iy silpnéjimas monosluoksniuose. Tg patj
rodo ir alkilo grupés vas(CH>) daznio didéjimas, siejamas su monosluoksnio
tvarkos sumazéjimu (7B pav.). Sis monosluoksnio vandeniliniy rysiy
silpnéjimas potencialui neigiaméjant buvo fiksuotas visiems tirtiems
IMHA/Fragmento SAM misiniams (7C pav.). Taip pat buvo nustatyta, jog
SAM padétis pavirsSiaus atzvilgiu yra labiau vertikali prie teigiamo potencialo
ir labiau palinkusi potencialui mazéjant. Tik gryno IMHA SAM atveju nebuvo
stebima jokiy Am-I/Am-II santykio pasikeitimy prie skirtingy potencialy (7D
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pav.), kas parodé, jog tankiai i8sidés¢iusios Im grupés trukdo viena kitai ir tai
jtakoja viso monosluoksnio savybes.

1572
(A) IMHA 35.{ (B) IMHA 3541
(H,0)
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7 paveikslas. IMHA monosluoksnio SEIRAS spektrai prie skirtingy jtampos veréiy
(A) pirsty antspaudy zonoje vandenéje terpéje ir (B) C—H regione D.O terpéje. (C)
Am-II bangos skai¢iaus priklausomybés nuo potencialo kreivés skirtingiems SAM
miSiniams. (D) Skirtingy SAM Am-I/Am-II santykio kitimo priklausomybés nuo
potencialo kreivés.

Buvo nustatyta, jog suformuotame SAM Im virpesiy (=C-H) 3115 ir
3150 cm™ daznis mazéja neigiamo potencialo salygomis, su daznio pokygiais
-10,4 ir -6,3 cm™V? (8 pav.). Sis daznio sumaz¢jimas buvo priskirtas
vandenilio rySio tarp ziedo ir Salia esanCio vandens silpnéjimui neigiamai
jkrautoje faziy riboje. Atitinkamai, juosty intensyvumo kitimas parodé, jog Im
Ziedo pozicija kinta, orientuojant C2—H ry3§j statmeniau pavirSiui neigiamo
potencialo aplinkoje.

(A) a (8)
IMHA (D,0) o
c a5t A— 3155
~ D © -— A
© 5 2 3 U
+ | o3v 50 \
9] T 3110 A AL - 3150
%D © ~ ﬁ -\ A\\ /
an =] 3 3 A
™ el !JOD ..ﬂ‘
-05V g "
o 3105 | 43145
3075 3125 3175 0.3 -0.1-0.5-0.1 0.3
Bangos skaicius, cm™ Potencialas, V

8 paveikslas. Im Zedo valentiniy C-H virpesiy ties 3117 ir 3151 cm™ SEIRAS
duomenys. (A) IMHA SAM SEIRAS spektrai D,O tirpale prie 0,3 ir -0,5 V
potencialo. (B) 3117 ir 3151 cm™ dazniy priklausomybés nuo potencialo kreivés.
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Pakabinamuy dvisluoksniy lipidiniy membrany formavimosi ant aukso
pavirSiaus tyrimas SEIRAS metodu

Pakabinamos dvisluoksnés lipidinés membranos veikia kaip universalios
platformos skirtos nagrinéti biologinius procesus ir naudingos biosensoriy bei
biomedicininiuose tyrimuose.’®*"*""18 Vjenas i3 jy esminiy privalumy —
pomembraninis vandens rezervuaras, kuris susidaro tarp kietojo substrato
(pvz., aukso elektrodo) ir lipidy dvisluoksnio ir uztikrina transmembraniniy
baltymy integracija ir stabiluma.’®>'® Be to, rezervuaras padeda i$laikyti
baltymy judruma membranoje reikalinga jy funkcijy atlikimui.

Pakabinamos dvisluoksnés modelinés membranos paprastai paruoSiamos
dviem etapais, pirmiausia suformuojant inkarinj monosluoksnj i§ poliariniy
peptidy, angliavandeniy, polimery ar tiolio molekuliy ant aukso
substrato.’**8183-18 pg ko seka lipidy vezikuliy iSliejimas ant inkarinio
sluoksnio taip suformuojant pakabinama dvisluoksne lipiding membrang
(tBLM). Tokiy membrany konstravimas panaudojant SAM yra pranasus dél
jo paprastumo, pakartojamumo, mazo defekty tankio ir galimybés kontroliuoti
dvisluoksnio klampg. Aukso pagrindas yra palankus substratas tBLM dél
stiprios sgveikos su SAM molekuliy merkapto grupe. Norint sukurti vandens
rezervuarg tarp elektrodo ir dvisluoksnio, ant aukso suformuojamas misrus
SAM, susidedantis i$ trumpy ir ilgy grandiniy molekuliy. Sis metodas
uztikrina pomembraninio rezervuaro suformavimg.’®%

Inkariniy SAM struktira ir sudétis lemia tBLM stabiluma bei
funkcionalumg. Taciau vis dar truksta informacijos apie detaly Siy
98132.182187-189 Dy giausia tai
susije sumetodikos triikumu, kuris leisty detaliai analizuoti elektrodo ir tirpalo
faziy ribos pasikeitimus. SEIRAS metodu galima detaliai tirti molekuliniy
sluoksniy struktiira, jy adsorbcija ir orientacija faziy riboje.’%%*! Ankstesni
tyrimai rodo, kad in situ SEIRAS metodika yra efektyvi analizuojant
adsorbuoty peptidy struktiira, monosluoksniy konformacijg bei pavirSiuje
prikabinty biosensoriy funkcionaluma.****% Sjuo tyrimu buvo siekiama
detaliau iStirti inkarinio monosluoksnio bei lipidinio dvisluoksnio
formavimas] ant aukso elektrodo panaudojant in situ SEIRAS metoda.

PavirSiaus  sustiprinta  infraraudonyjy  spinduliy  absorbcijos
spektroskopija buvo naudojama tiriant dviejy etapy procesa, susijusj su
pakabinamy dvisluoksniy lipidy membrany (tBLM) konstravimu ant aukso.
Pirmasis etapas susijgs su misraus savitvarkio monosluoksnio formavimu, o

molekuliniy sluoksniy formavimasi tirpale.

antrasis etapas - su pakabinamos dvisluoksnés lipidinés membranos
formavimusi ant misraus monosluoksnio (WC14/BME, 30/70 mol%). ATR-
SEIRAS metodu buvo parodyta, jog suformuoto SAM WC14 junginio
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etilenglikolio grandinés yra daugiausia amorfinés biisenos, o alkilo grandinés
iSsidésto netvarkingai. Taip suteikiant reikiamg monosluoksnio lankstuma
tBLM formavimui. In situ SEIRAS duomenys leido detaliau charakterizuoti
modelinés pakabinamos membranos, sudarytos iS DPPC-ds>/cholesterolio-d;
60/40 mol% santykio junginiy, susidarymg bei su tuo susijusius procesus.
Eksperimentiniais duomenimis parodyta, jog lipidai sgveikauja su inkariniu
monosluoksniu nuo pat pradziy (9 pav.). Kintantis WC14 junginiy valentiniy
vas(CH3) virpersiy intensyvumas rodo alkilo grandiniy orientacijos kitimg
pavirSiaus atzvilgiu j vertikalesng.

Sugertis

Lipidai
c-D

2000 2400 2800 3200 3600
Bangos skaicius, cm™ 1 ag7 cm?

9 paveikslas. SEIRAS skirtuminiai spektrai reprezentuojantys prading, tarping ir
galuting tBLM formavimosi faze (DPPC-dsz/cholesterolis-d;, 60/40 mol%) ant
miSraus SAM (WC14/BME, 30/70 mol%) vandenyje.

Surinkti SEIRAS Kkinetiniai duomenys leido identifikuoti dviejy etapy
pakabinamos dvisluoksnés lipidy membranos formavimasi (10 pav.). Visy
pirma lipidai adsorbuojasi ant SAM padengto aukso pavirSiaus tuo pac¢iu metu
iSstumdami vandens molekules. Po to seka, membranos formavimasis jai
sgveikaujant su monosluoksniu. I$stumiamo vandens valentiniy O-H virpesiy
smailés poslinkis laike j maZesnés energijos puse (A67 cm™) parodé, jog
pirmiausia iSstumiamos iS pomembraninio sluoksnio vandens molekulés
pasizymincios silpniausiais vandeniliniais rysiais, galimai esancios toliau nuo
pavirSiaus. Véliau iSstumiamos labiau vandeniliy rySiy susaistytos molekulés.
IS kinetiniy kreiviy (10 pav.) nustatyti lipidinio sluoksnio formavimosi ir
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vandens i§stimimo procesy puslaikiai (Xo), kurie lygtis 6,0 £ 0,35 min ir 4,5 £
0,11 min (I vas(CD3); A v(OH)), kai tuo tarpu iSmatuotas SAM monosluoksnio
kitimo puslaikis ilgesnis — 9,9 = 0,31 min (pagal | vas(CH2)). Poky¢iai visame
modelinio tBLM formavimo procese nusistovi ties 60 minuciy laiko zyma.

0.5 25
é (A) | Vas(CDS) é 20} (B) I Vas(CD:x)
€ 2218 cm™! £ : 2218 cm™
~ S~ 15f
v (%]
£ € 10
5 00r S ’
2 2 o5}
%] %]
3 1,s(CH,) 5 ool & 1 v,s(CH,)
E 2924 cm™' E L 2924 cm™'
- - =05t
-0.5 L
1 10
2 00} ©) 3 00F ©)
S 05| £ -05f
~ A v(OH) ~ -10f A v(OH)
a -1.0r 3500 cm”’ a 151 3500 cm!
© _15L © ’
Eo 15 Eo -20}
= =20t 1 = -25 Il 1 1 1
£ 1 10 £ 0 30 60 90
Laikas/min Laikas/min

10 paveikslas. Spektriniy smailiy intensyvumo kitimo laike kreivés tBLM
formavimosi pirmosiomis 20 minuéiy (A ir C) ir visame 105 minuciy periode (B ir
D).
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Potencialo jtakos pomembraniniam vandeniui DOPC/cholesterolio
tBLM sistemoje tyrimas SEIRAS metodu

Vanduo - esminé jvairiy nattraliy ir modeliniy sistemy molekulé, svarbi jy
savybéms ir veikimui. Unikalios fizikocheminés savybés, tokios kaip auksta
dielektriné skvarba, vandeniliniy rySiy formavimas, poliskumas, padaro
vandenj gyvybiskai svarbiu komponentu daugelyje reiskiniy.?***** Vandens
molekuliy elgesys faziy riboje ir pomembraniniuose sluoksniuose yra ypac
svarbus formuojant SAM, tBLM ir kitas biomimetines sistemas.®*® Yra
Zinoma, jog vandens dielektrinés savybés faziy riboje yra mazesnés nei
skystyje ir gali nukristi iki e ~2 pirmiesiems dviem ar trims vandens molekuliy
sluoksniams.?® Visgi tiesioginiai dielektrinés konstantos matavimai faziy
riboje yra sudétingi, ypac¢ sudétingose sistemose. SEIRAS metodas yra vienas
18 nedaugelio Siai uzduociai tinkamy metody dél jo trumpo veikimo nuotolio
bei didelio absorbcijos koeficiento vandeniui.*°

Zinoma, jog vanduo gali formuoti tvarkingas vandeniliniy rysiy tinklo
strukttiras nukreiptais link pavirsiaus arba nuo jo, priklausomai nuo pavirsiaus
savybiy.??! Be to, vandens elgesys faziy riboje gali paveikti SAM ir tBLM
adsorbcija, tvarka, stabiluma bei jy saveika su kitomis biomolekulémis.*®
Pademonstruota, kad metalo pavirSiuje adsorbuotas sBLM ir vandens
pagalvéle paremtos pakabinamos dvisluoksnés lipidy membranos (fBLM) yra
»pakeliamos®, kai vandens molekulés juda link metalo elektrodo, prie
neigiamo potencialo.?222%

tBLM

i g

W NIRRT AN AN AT NN

oH BME
HeT N B WC14

/\/\/\/\/\/\/\/\/\/\(\/\/\/\/\/\/\/\w

i /\\/\/ P AN P NP

DOPC

Cholesterolis .

11 paveikslas. hBLM ir tBLM strukttiros grafiné reprezentacija (virSuje). SAM ir
BLM modelinéms struktiiroms panaudoti junginiai (apacioje).
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Siame darbe vandens elgesys pomembraniniame sluoksnyje buvo
tiriamas palyginant potencialio bei pH pasikeitimo sukeliamus skirtumus
tBLM ir hBLM sistemoms (11 pav.). ATR SEIRAS metodu buvo palyginti
suformuoti SAM ir BLM, bei identifikuoti pagrindiniai jy skirtumai (12 pav.).
hBLM sistemai paruotas monosluoksnis i 100% WC14 junginiy formuoja
labiau iSreiksta trans etilenglikolio amorfing struktiira, ka parodé glikolio
segmento vas(C—O-C) didesnis virpesiy daznis ties 1149 cm™. Smailés Sioje
padétyje dazniausiai stebimos nehidratuotose sistemose.??*??’ Kaip ir buvo
tikimasi, hBLM membrana formuojama tvarkingiau, ka iSduoda mazesnio
daznio asimetriniai vas(CH>) virpesiai 2925 cm™ lyginant su 2927 cm™ daznio
smailémis tBLM sistmoje. Takesng tBLM membranos struktiirg taip pat
patvirtina labiau iplites pirsty antspaudy 1100-1500 cm™ regionas.

EtOH vC-0-C  6CH, vP-O  VvCH,

A B
WC14/ME 30/70% “’“AUI WC14100% g‘zmAuI
0 5 ¢
I S 28 N
E A _AN— WJ\A}/J\I\IJ\A_ &
% T S M gy 3 %8
3 o ) -
N
HZO/\—-J/\/\ ‘\/\/\\,\/\Hzoﬁ

1000 1200 1400 1600 2800 3000 3200 1000 1200 1400 1600 2800 3000 3200
Bangos skaicius, cm™ Bangos skaicius, cm™
12 paveikslas. SAM ir BLM SEIRAS spektrai ant aukso. SAM suformuoti i8 (A)

WC14 ir BME (30:70 mol%) bei (B) WC14 (100 mol%). Lipidinés membranos
formuotos i8 DOPC ir cholesterolio (60:40 mol%).

Nustatyta, kad kei¢iant potencialg vandens kiekis gali biiti moduliojamas
tBLM ir hBLM sistemoms. SEIRAS eksperimentu parodyta, jog potencialui
mazéjant nuo —0,4 V iki -0,8 V, tBLM sistemoje vanduo ima kauptis
pobmembraningje erdvéje, o hBLM sistema praranda vandenj (13 pav.).
Parodyta, jog potencialui kei¢iantis hBLM sistemoje pirmiausiai paveikiamas
laisvas vanduo, matomas ties 3624 cm™. Palaipsniui seka suristo vandens
mazéjimas, O-H smailei slenkantis 3477 cm™ link. tBLM sistemoje ties
neigiamu potencialu pritraukto vandens O-H smailés padétis ties 3382 cm™
rodo vandeniliniy rysiy tinklo stipréjimg pomembraninéje erdvéje.
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DOPC/Chol (60:40)
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13 paveikslas. SEIRAS spektrai prie skirtingy potencialy. (A) tBLM ir (B) hBLM
sistemos testuotos 0,1 M Na;SO; ir 0,05 M NaH,PO4 pH 4,6 tirpale. (C) Vandens
SEIRAS spektras.

Potencialui grjztant j teigiama, buvo stebimas tBLM pomembraninio
vandens biisenos grjzimas j artimg pradinei. Matomas vandens sumazéjimas
galimai dél sistemos pertvarkos ir membranos priartéjimo prie pavirSiaus
(pomembranés erdvés suplonéjimo). hBLM sistemoje vandens juosty
intensyvumo maz¢éjimas buvo stebimas ir toliau. ISmatuota, jog abejose
sistemose buvo matomas panaSus nuo potencialio kintantis bendras vandens
kiekis.
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Tirpalo dielektriné konstanta

14 paveikslas. (A) WC14/ME/MHP (3/3/4 mol%) junginiy monosluoksio SEIRAS
spektrai skirtingo santykio D.O:izopropanolis-ds tirpaluose. (B) Laisvos ir
adsorbuotos formos MHP junginio =C-H valentiniy virpesiy dielektrinés konstantos
kalibracinés kreivés.

Bangos skaicius, cm™
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Gana svarbus tBLM parametas yra pomembraninio rezervuaro
dielektriné skvarba. Manoma, kad vandens dielektriné konstanta
pomembraniniame rezervuare sumazéja, dél ko didéja tirpalo jony laisvoji
Gibbs*o energija veikianti membranos elektrines savybes.?

Misy laboratorijoje susintetinto, N-(6-merkapto)hexilpiridino (MHP)
jterpimas j SAM sudétj buvo panaudotas dielektrinés aplinkos SAM
sluoksnyje tirti (14 pav.). Siekta, patikrinti, ar §is junginys gali buti
naudojamas spektroskopiniu dielektrinés konstantos Zzymeniu SEIRAS
matavimuose. ISmatavus suformuoto WC14/ME/MHP (3/3/4 mol%) junginiy
monosluoksnio SEIRAS D;O:izopropanolio-ds tirpaly gradiente, sudaryta
piridino Ziedo =C—-H virpesiy poslinkio kreivé (17B pav.). Atitinkami MHP
junginio matavimai tirpale parodé & = 13,3 cm™ =C-H smailés poslinkj 0—
100% D,O:izopropanolio-ds gradiente, lyginant su & = 7,1 cm™ i$matuotu
faziy riboje ant aukso pavirSiaus. Nustatyta, jog SAM sluoksnio aplinka yra
maziau hidrofiliné su dielektrinés konstantos verte lygia 30. Papildomas
tBLM sluoksnis neturéjo jtakos MHP aplinkai, iSlaikant piridino ziedo =C-H
daznj nepakitusiu. Kas rodo, jog tBLM formavimas S$ioje sistemoje nejtakoja
SAM dielektrinés aplinkos.
suristas laisvas
pH7.3

™~
&
b 0.001]
[

(;2856

Sugertis
Sugertis

pH 4.5

(3)4.5_»

30‘00 32‘00 34‘00 38‘00
2900 3200 3500 3800 Bangos skaicius, cm™
Bangos skaicius, cm™

(1) tBLM rinsed with PBS (4.5)
1

15 paveikslas. tBLM SEIRAS spektrai 2830-3800 cm™! intervale. Kairé: nuoseklus
pH keitimas i$ 4,5 7,3 ir atgal pazymétas skaiCiais nuo 1 iki 5. Intensyvumai
normalizuoti pagal metileno asimetriniy virpesiy 2927 cm™ smailg, fonui naudotas
vandens ant aukso SEIRAS spektras. Desiné: tBLM SEIRAS (2) ir (3) spektrai su
i$skleistomis vandens juostomis. Spektrai perskai¢iuoti fonui pritaikant (1) spektra.
Rodyklémis pazyméti vs(CHy) ir vas(CH.) virpesiai.

Galiausiai, SEIRAS matavimais buvo parodyta, jog pakabinamos
dvisluoksnés lipidinés membranos yra jautrios pH poky¢iams. pH kintant i$
rigstinio | neutraly vanduo pritraukiamas ar¢iau pavir§iaus | pomembranj
rezervuarg (15 pav., kairé). Procesas yra grjztamas aplinkai vél raigstéjant.
Detalesné SEIRAS vandens juosty analizé parodé, jog neutralioje aplinkoje
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pritraukiamas suriStas vanduo, kurio juostos pasislinkusios j didesniy dazniy
pusg, silpnesnés vandenilinés sgveikos zZymuo. Taip pat pastebéta, jog prie
neutralaus pH fosfolipidy alkilo grandinés suartéja, dél ko vs(CH2) ir vas(CH2)
juosty padétis pasislenka j mazesnés energijos pus¢ (18 pav. desiné). Ivertinus
SEIRAS bei kitos laboratorijos bendros veiklos rezultatus, buvo pasilyta, kad
padidéjes vandens kiekis pomembraniniame rezervuare rodo hidratuoty
kriivio neS$éjy koncentracijos padidéjimg, dél ko sumazéja savitoji

pomembraniné varza.?*!
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Melitino saveikos su fosfolipidine dvisluoksne membrana in situ tyrimas

Melitinas, pagrindinis bi¢iy nuody komponentas, yra mazas antimikrobinis
peptidas (AMP). Zinoma, kad APM lipidy membranose formuoja toroidines
poras ir veikia kaip organizmy gynybos mechanizmo dalis.***?**%> AMP
apibréziami kaip mazi peptidai, sudaryti i§ 12—60 amino rigsciy bei aptinkami
jvarios struktiirinés konformacijos, pavyzdziui, a-spiralés (16 pav.), p-laksto,
ciklinés, globulinés ir kitokiy junginiy. Nepaisant §iy struktiiriniy AMP
variacijy, jie apibiidinami kaip katijoniniai, amfipatiniai peptidai su turintys
platy mikrobicidinj poveikj, veikiant] per membranos pralaidumo funkcijos
trikdyma."™® Daug moksliniy tyrimy skiriama AMP, visgi, jy veikimo

mechanizmas i§licka nevisiSkai suprastas, o dél eksperimentiniy rezultaty
interpretacijy teisingumo nuolat diskutuojama.

%% &, 13«

g u,‘r

115,236,237

a a
kink
16 paveikslas. Melitino struktiira pavaizduota (A) su Soninémis aminorigséiy
grupémis, (B) peptidinés grandinés bei (C) a-spiralés formose. Rodyklémis parodyta
valentiniy C=0 virpesiy kryptis (PDB: 2MLT).

Melitinas, kaip nespecifinés lizés peptidas, yra geras AMP klasés peptido
pavyzdys leidZiantis tirti prasiskverbimo per membrang procesus ir su tuo
susijusius veiksnius. Jo veikimo mechanizmas yra aiskinamas dvejy faziy
procesu.”® Pirma, saveikaudamas su membrana jis orientuojasi i$
netvarkingos®® j o-spiralés konformacija (16C pav.),”® lygiagrediai
membranos pavirS§iui ir pereina ] vadinamgjg S (angl. surface) biisena.
Padidéjus peptido koncentracijai pavirSiuje bei jy santykiui su lipidais,
melitinas persiorientuoja jsiterpdamas j membrang ir formuodamas toroidines
poras - T biisena. Sis persiorientavimas kei¢ia amidiniy virpesiy (Am-I ir Am-
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I) dipolio momento (TDM) vektoriy kryptis (16B pav.), todél gali bati
panaudojama tyrimuose IRRAS, PM-IRRAS ar SEIRAS metodais, kaip
peptido orientacijos Zymuo.

Yra zinoma, jog melitino veikimui yra svarbus pomembraninis
rezervuaras.?*® Todé¢l melitino sgveikai su membrana stebéti in situ ATR-
SEIRAS metodu, buvo panaudojamos hBLM ir tBLM modeliniy membrany
sistemos, kuriy duomenys palyginti tarpusavyje. Sios sistemos skiriasi tuo, jog
pomembraninis rezervuaras susiformuoja tik tBLM atveju.

2 mAU 1 tBLM ZE 1 mAU I é
D S
\v/’ // O — AJ\ ]

i

ey

.‘2 75s ) ol
put 20 min &
[ —— 120 min a oo 2 ~
Qo QA ® - X
> al ba)
) g hBLM
d) o
i s =
b + %
& ©° © “
- &
S ¢ L. ion
L & % Melittin
=] 1©) e X004
4000 3500 3000 2500 2000 1500 3000 2800 1700 1600 1500
Bangos skaicius, cm™ Bangos skaicius, cm™

17 paveikslas. Melitino SEIRAS spektrai po 15 s, 75 s, 20 min ir 120 min inkubacijos
tBLM ir hBLM sistemose. Skirtuminiy spektry gavimui naudoti suformuotos
membranos (tBLM arba hBLM) spektrai. Kairé: a) tBLM ir b) hBLM spektrai
skirtingais inkubavimo su melitinu laikais be vandens korekcijos. Desiné: ¢) tBLM ir
d) hBLM spektrai su vandens korekcija; ) melitino vandenyje ATR-FTIR spektras.

IS palyginty SEIRAS duomeny buvo nustatyta, jog melitinas jau
pirmosiomis sekundémis sgveikauja su abiejy tipy membrana i§stumdamas
vandenj. [lgiau inkubuojant, melitinui priskiriamy juosty intensyvumas didéja
hBLM bei tBLM sistemose, tafiau vanduo toliau iSstumiamas tik prie
pakabinamos lipidinés membranos (17 pav. karé¢). Tuo grindZiamas tolimesnis
melitino kaupimasis pomembraniniame rezervuare iSstumiant vandeniline
saveika suridtas vandens molekules (v(OH), 3480 cm™) ir taip suardant
pomembranio vandens struktiira.

Neigiamos smailés ties 2923 cm™ ir 2853 cm™, priskiriamos vas(CHo) ir
vs(CHz2) WCI14 junginiui, rodo SAM molekuliy orientacijos pokycius j
vertikalesne padétj. Sie poky¢iai didesni melitinui saveikaujant su tBLM (17
pav., desiné). Amidiniy virpesiy regiono analizé parodé, jog melitinas
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sgveikaudamas su tBLM ir hBLM sistemomis yra a-spiralés biisenoje nuo pat
saveikos pradzios. Ismatuota Am-I smailés padétis 1655 cm™ yra pasislinkusi
lyginant su Am-I 1648 cm™ smailés dazniu, i§matuotu tirpale esancio laisvu
melitinu (17c,d,e pav.). Pastarasis daznis budingas i$sivyniojusios antrinés

struktiiros baltymams.?*%2%?

24
a) b) o
1.6 BLM f c otteen
o 1 ® e RS

o hBLM
g o il o (BLM
= o 9 © 0ooasusE® N AR
- 12 F =
- <12
0 0 O opgpdtiP
oo g
()x 1 1 x L 1 1 1 1
10 100 0 2 4 6 8
Laikas (min) Laikas (min)

18 paveikslas. a) Melitino sgveikos su tBLM ir hBLM Am-I/Am-Il santykio kitimo
laike kreivés. b) v(OH)/Am-II kitimas laike suskai¢iuotas absoliu¢ioms integralinéms
vertems.

Ivertinus melitino amidiniy ry$iy santykio kitima laike, buvo parodyta,
jog pirmosiomis melitino sgveikos su membrana minutémis iSstumiamo
vandens Kiekis yra beveik du kartus didesnis tBLM nei hBLM sistemoje (18b
pav.). Be to, tBLM vandens atstimimas toliau didéja, melitinui kaupiantis
membranos defektuose ir pomembraninéje erdvéje, kai tuo tarpu hBLM atveju
vandens atstimimas mazéja. Galimai dél to, jog vandens pasalinimas yra
sukeltas peptidy agregacijos ant membranos pavirsiaus. Didesnis Am-I/Am-
Il santykis tBLM atveju, patvirtina labiau vertikalia melitino orientacija
pavirSiaus atveju. Inkubuojant ilgiau 90 minuciy, melitinas ima agreguotis su
lipidais, ir membrana yra suardoma.
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ISvados

Naudojant IMHA/fragmento  misinj  formuojami  tvarkingesni
monosluoksniai su stipresne amidiniy grupiy vandenilinio ry$io sgveika
nei 100% IMHA.

Im Ziedo valentiniai (=C—H) 3115 ir 3150 cm™ virpesiai grjztamai
slenkasi veikiami potencialo. Nustatytas potencialo priklausomybés
dazniui poslinkio vertés lygios atitinkamai —10.4 ir —6.3 cm™V . Dazniy
kitimas priskiriamas susilpnéjusiai Im ziedo ir gretimy vandens
molekuliy vandeniliniy ry$iy sgveikai.

Nustatyta, jog iS5 WC14 ir BME formuojamas amorfinés biisenos
monosluoksnis su netvarkingai iSsidés¢iusiomis alkilo grandinémis.
tBLM formuojamas dviem etapais, pirmiausia lipidy paslelés
adsorbuojasi SAM pavirSiuje iSstumdamos pavirs§inj vandenj, po to, dél
saveikos su WC14 alkilo grandinémis, jos iSsilieja ir suformuoja plokscig
membrang. Proceso trukmé ~60 minuciy.

Pirmg kartg SEIRAS metodu tirtas potencialo poveikis pomembraninei
vandens struktiirai. Nustatyta, jog ties —0.4 V (Ag/AgCl) potencialu
pomembraninio vandens padaugéja. Potencialui griztant | teigiama
pomembraninio vandens mazéja pradedant maziausiai vandeniliniai
rySiais suriStomis molekulémis.

Panaudojus spektroskopinj Zymenj (MHP), nustatyta SAM ir vidinio
tBLM vandens rezervuaro dielektrinés konstantos verté ~30.

SEIRA spektroskopijos tyrimu parodyta, jog pagrindinis membranos
savitosios varzos kitimo faktorius yra jony koncentracijos pasikeitimas.
Jony pomembraniniame rezervuare daugéja pH kintant i§ rugstinés j
neutralig.

SEIRAS metodu patvirtinta melitino netvarkingos struktiiros
transformacija j alfa spirale per maziau nei 15 s sgveikaujant su
modelinémis membranomis. Ilgiau sgveikaujant, melitinas ima kauptis
pomembraniniame rezervuare iSstumdamas vandenj. Melitinas
sgveikaudamas su tBLM iSstumia dvigubai daugiau vandens nei hBLM
atveju.
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