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INTRODUCTION

Every living cell is surrounded by plasma membrane. It protects and
separates the inside of the cell from the outside. Membrane consists mainly of
phospholipids arranged in two-layer structure where the hydrophilic heads are
directed outward and the hydrophobic tails are directed inwardly of the
bilayer. Plasma membrane has the property to accommodate different
proteins: integral (such as ion channels) [1] and peripheral (such as electron
carriers, enzymes or peptides) [2] membrane proteins. Therefore membrane
models were developed as a platform for protein studies [3].

The first lipid membrane model was called black lipid membrane [3].
Membrane was freely suspended in an aperture (diameter was usually between
tens and hundreds of micrometers) of hydrophobic material [3],[4]. However
main drawback of black lipid membranes was lack of stability, thus solid
supported [5] and tethered [6] bilayer lipid membranes were developed. The
addition of solid support for membrane models enabled to apply surface
sensitive methods: atomic force microscopy, surface plasmon resonance or
electrochemical impedance spectroscopy. Tethered bilayer lipid membrane
(tBLM), which was anchored to solid surface by a self-assembled monolayer
[7] or a polymer layer [8], appeared to be the more favourable membrane
model due to higher stability.

The key point of membrane applicability for protein studies is the
existence of thin ionic reservoir between solid support and phospholipid
bilayer [9]. It acts as a cytosol and ensures incorporation of transmembrane
proteins inside lipid membrane without the loss of protein biological activity.
Hence, anchoring self-assembled monolayers have been developed that
ensures ionic reservoir formation during phospholipid bilayer formation
[6]1[71[9]- Most studies of phosholipid bilayer formation have been done on
gold-thiol systems [6][7][9][10][11]. The strong covalent bond between gold
and thiols (Au-SR) ensures the stability of formed layers and such systems
proved to be applicable for protein studies [12] or for the development of
biosensors [13][14]. However, due to expensive preparation and the lack of
optical transparency of gold surfaces other substrates could be considered for
tethered bilayer membrane formation. One of the examples include metal
oxides and their functionalisation with silane based self-assembled
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monolayers have been showed on different oxide surfaces: indium tin oxide
[15], sputtered Ti/TiO. [16], metallurgical Ti [17] and Al [18]. The
commercial availability and ease of preparation are some of the beneficial
properties of the metal oxides. These properties enhance the applicability of
oxide surfaces as substrates for the phospholipid bilayer formation. However,
the lack of commercially available silane based molecular anchors prevents
from developing tethered bilayer membranes on metal oxide surfaces with thin
ionic reservoir. Nevertheless, phospholipid bilayer formation on metal oxide
surfaces could improve the known gold-thiol system by decreasing the
effective cost of membrane related investigations or possible application as
biosensing devices.

The aim of this study was to design and characterise phospholipid
bilayers on metal oxides, particularly on cadmium tin oxide and fluorine
doped tin oxide surfaces as well as to demonstrate the application of
phospholipid bilayers for the development of biosensors for membrane
damaging/pore forming toxins detection.

The objectives of this study:

1. To establish optimal conditions of cadmium tin oxide thin film
deposition for the formation of OTS self-assembled monolayer and
phospholipid bilayer membrane. To characterise SAM and bilayer with CA,
CV and EIS methods.

2. To establish optimal conditions of OTS SAM formation on fluorine
doped tin oxide. To investigate phospholipid bilayer membrane formation and
test the functionality of the membrane with vaginolysin and phospholipase A
toxins. To apply SECM method for the characterization of modified FTO
surface along with EIS, CV and CA methods.

3. To investigate phospholipid bilayer membrane formation on fluorine
doped tin oxide surface functionalised with mixed SAM consisting of OTS
and MTS and test the functionality of the membrane with melittin toxin. To
investigate surface hydration effect on SAM and bilayer membrane properties.
To characterise formed SAM and bilayer with CA, CV and EIS methods.

4. To functionalize FTO surface with synthesized trichloro(3-
(octadecylthio)propyl)silane (TOPS) molecular anchor for tethering bilayer
lipid membrane formation containing water reservoir between the solid
surface and the membrane. To investigate biological relevance of the
membranes with pore-forming toxin a-hemolysin. To characterise formed
SAM and bilayer with CA and EIS methods.

5. To test the reusability of silane-based self-assembled monolayers on
FTO surface for the formation of phospholipid bilayer.

11



SCIENTIFIC NOVELTY

Artificial membrane models were designed as a platform to study
membrane/protein related processes. Most studies of artificial membrane
systems have been done on gold surfaces modified with alkylthiol self-
assembled monolayers. However, these systems display several drawbacks.
First, anchoring molecules exhibit surface mobility on gold surfaces resulting
in cluster formation, that lipid bilayer would not form after vesicle fusion on
the same sample, therefore gold substrates are disposable after single use.
Second, atomically flat Au surface is usually prepared by magnetron
sputtering device and the overall expenses of buying the material itself make
the preparation of the potential biosensing device expensive. Additionally,
gold surfaces are not transparent and could not be investigated by optical
methods. Meanwhile, metal oxides are cheaper, do not require expensive
devices for preparation, oxides as thin films are transparent and silane based
self-assembled monolayers, exhibiting the chemical stability of siloxane
bonds could be potentially reused for lipid bilayer formation. Thus, metal
oxides functionalized with silane-based SAM are promising platform for
artificial lipid membrane formation. However the lack of research in this
particular scientific area as well as essential materials for the development of
tethered bilayers on metal oxide surfaces are major challenges for developing
tBLMs. With respect to the aforementioned problems, the major contributions
of this thesis are:

1. Optically transparent, low-cost in preparation and/or commercially
available thin films of cadmium tin oxide and fluorine doped tin oxide
functionalized with OTS monolayers were proposed to use for DOPC/Chol
phospholipid bilayer formation.

2. It was demonstrated that in contrast to similar tBLMs on gold,
phospholipid bilayers on silanized FTO surface can be easily regenerated
several times without losing their functionality.

3. It was determined that depending on FTO surface hydration
phospholipid bilayers can be formed on SAMs with even sparsely populated
OTS molecular anchors (containing up to 80% of MTS back-filler).

4. Simplified procedure for the tethered bilayer membrane formation on
FTO surface functionalised with synthesised silane based molecular anchor
was proposed, and biological relevance of formed membranes with pore
forming toxins melittin and a-hemolysin was shown.

To sum up, metal oxides, such as cadmium tin oxide and fluorine doped
tin oxide can be successfully applied for phospholipid bilayer formation,
reducing the expenses for the development of biosensors for toxin detection.

12



STATEMENTS FOR DEFENCE:

1. Cadmium tin oxide and fluorine doped tin oxide functionalised with
OTS can be used for the hybrid bilayer membrane formation.

2. Scanning electrochemical microscopy along with CA, CV and EIS
can be used for self-assembled monolayer characterisation.

3. Fluorine doped tin oxide functionalised with a mix of OTS molecular
anchor and short-chain MTS can be used for the formation of mixed hybrid
bilayer membrane suitable for reconstitution of melittin toxin.

4. Synthesised trichloro(3-(octadecylthio)propyl)silane  molecular
anchor can be used for fluorine doped tin oxide functionalisation and
formation of the tethered bilayer membrane containing submembrane water
reservoir that is needed for functional reconstitution of a-hemolysin pores.

5. Surface of fluorine doped tin oxide functionalised with silane based
self-assembled monolayer can be used multiple times for the formation of
phospholipid bilayer membrane exhibiting the same electrochemical
properties.

13



1. LITERATURE REVIEW
1.1. Phospholipid bilayer membrane

Cell is the smallest structural unit of every living organism. It is
surrounded by plasma membrane, which separates interior of the cell from the
outside. Plasma membrane is two dimensional bilayer that consists mainly of
phospholipids, but also includes sphingolipids, sterols, proteins [19].
Phospholipids have hydrophilic phosphate heads and hydrophobic tails of two
fatty acid chains. Due to amphiphilic structure of phospholipids, hydrophobic
tails are facing inwards and hydrophilic heads are facings outwards in the
bilayer membrane. The hydrophobic interior and hydrophilic exterior of the
membrane, makes it a convenient platform for immobilization of different
types of proteins [20].

Fig. 1. Fluid mosaic membrane model, where proteins are embbeded in lipid
matrix [21].

The composition of the lipids in the membrane influences
physicochemical properties of the membrane. There are four types of
phospholipids that are predominant in cell membrane: phosphatidylcholine
(PC), phosphatidylethanolamine  (PE),  phosphatidylinositol  (PI)
phosphatidylserine (PS). Electrically neutral PC, PE, Pl and negatively
charged PS are important for membrane fusion, disassembly, apoptosis,
membrane-mediated cell signalling [22]. The saturation and length of fatty
acids in phospholipids plays an important role in phase transition of the
membrane. Lipids with longer chains and fully saturated have tendency to
interact decreasing mobility of the lipids in the membrane, thus membrane
transitions to gel (solid phase) [23]. To avoid it, membranes in nature contains
a mixture of lipids with saturated and unsaturated, shorter and longer
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hydrocarbon chains, increasing membrane fluidity [19]. Sterols, such as
cholesterol, increase packing of the phospholipids in the membrane, prevent
from hydrocarbon chains coming together and impede phase transition into
gel maintaining membrane fluidity [24]. The diversity of lipids allows to form
functional phospholipid membranes for different types of cells in eukaryotes
(neurons, blood cells, etc), prokaryotes (bacteria, etc.) and for organelles of
the cell [19]. In 1972 fluid mosaic membrane model was presented where
proteins are embedded in lipid matrix by random distribution (Fig. 1) [21]. In
general, lipid membrane is a complex structure that requires considerable
amount of research. Therefore model membrane systems were developed to
investigate the properties of phospholipid membranes [6][9][25][26][27][28].
The artificial bilayer provides milieu for reconstitution of biomaterials such
as proteins [29][30], DNA chains [31], pore-forming toxins [32], etc. to study
their functionality under conditions closely mimicking those in natural
organisms.

1.2. Model membrane systems
1.2.1. Liposomes

Liposomes are phospholipid bilayer membranes in spherical shape.
They were first described by Bangham et al. in 1960s [33][34]. Liposomes are
readily formed by exposing dehydrated phospholipids to aqueous solution
[33]. Liposomes are classified as unilamellar vesicles or multilamellar
vesicles (MLV). Freshly prepared liposomes usually are MLV, where each
vesicle contains several concentric bilayers. Meanwhile unilamellar vesicles
has only one bilayer and can be small (SUV, diameter 20-100 nm), large
(LUV, diameter more than 100 nm), and giant (GUV, more then 1 pm).
Liposomes are mostly applied for drug delivery. It enhances the effectiveness
of the drug while reducing the toxicity of the drug.

Hydrophobic
portion

Phospholipid
Aqueous

bilayer
media

Hydrophilic
portion

Fig. 2. Structure of liposome [35].
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1.2.2. Hybrid bilayer lipid membranes

Immobilization of the phospholipid membranes on the solid support

allows applications of surface sensitive techniques such as reflection-
absorption infrared spectroscopy (RAIRS) [36], surface plasmon resonance
(SPR) [37], quartz crystal microbalance [38] and others. If artificial bilayer
membrane systems are formed on solid conducting surfaces, then
electrochemical methods can be applied for experimentation [39][40].
To obtain stable, nearly defect free surface supported membranes, typically,
the self-assembled monolayer (SAM) serving as a molecular anchor of
phospholipid bilayer is formed. Subsequently, the bilayer can be deposited
atop SAM via solvent exchange [9][41], unilamellar [42] or multilamellar [43]
vesicle fusion processes. Monolayer composition and structure influence the
solid supported membrane properties. If monolayer consists of one type of
molecules, for example, long-chain alkylthiol, such as octadecylthiol, a hybrid
bilayer membrane (hBLM) is accomplished (Fig. 4) [44]. hBLMs are
characterized as stable and they can be successfully used for biotin binding
protein study [45] or for membrane sensitivity characterization using lipids
hydrolysing proteins such as phospholipase A, [46].

Fig. 3. Vesicle fusion process on solid surface: A - vesicle approaches surface;
B — defects in monolayer lead to close contact between SAM and vesicle; C —
vesicle ruptures as lipid layer spreads out on SAM; D — completed bilayer
lipid membrane [47].
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1.2.3. Tethered bilayer lipid membrane

Although hBLM can be used for protein-membrane studies as showed
earlier [45][46], however it does not possess sufficient biological relevance
due to the absence of water reservoir between the solid support and bilayer, as
well as the rigidity of proximal to a surface layer, therefore reconstitution of
integral transmembrane proteins into hBLM is being impeded [49]. To address
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Fig. 5. Structure of tethered bilayer lipid membrane [7].

such issues monolayers of mixed molecular anchors of different lengths were
suggested to assemble sparsely tethered phospholipid membranes (Fig. 5)
[71[9]. Short molecular backfillers along with the long-chain anchors create
enough void to accommodate 1-2 nm thick water ionic reservoir between the
membrane and the surface [25]. This makes tethered bilayers similar to

phospholipid membranes in living cells [7][50], which are bathed by water
phase from both sides [9][25][30].
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1.3. Self-assembled monolayer

Modification of electrode surfaces by self-assembled monolayers
(SAMs) is widely used by many researchers [51][52][53]. Molecular adlayers
of SAMs are usually deposited spontaneously on substrate surfaces by
immersing the substrate into a surfactant solution [54][55]. Preparation of
SAMs does not require expensive equipment [54], moreover, the obtained
monolayers improve chemical and physical surface properties such as
hydrophilicity [56][57] and electric charge [58]. Therefore, the method of
modification of surfaces by SAMs is applied for studies in nanoscience and
technology. The most versatile systems for designing SAMs are monolayers
of alkanethiols on gold substrate [59][60][61].

In addition to self-assembled monolayers of alkanethiols, the method of
surfaces silanization is widely used, particularly when silica and metal oxides
are applied as substrates [52][58][62]. The process of silanization of the oxide
surfaces is well developed [55][58][62]. Deposited silane monolayers are
stable because of a strong attachment to the surface through covalent bonding
[52][57]. Fig. 6 depicts schematic representation of surface silanization
reaction. First, oxide surface is enriched with hydroxy groups (Fig. 6 A), then
surface is immersed in trichloro or trimethoxy silane solution (Fig. 6 B) and
reactive silanol groups are formed (Fig. 6 C). After hydrolysis reaction (Fig.
6 D and E), strong covalent bonds are formed with oxide surface. These kinds
of systems like silica or metal oxides modified by silanization reaction have
been used to investigate proteins for new drug delivery methods [63], cell
growth [64].

Native oxide

el g

C [¢] Cc Cc

Hydroxylal i i i =
e, i
C [} Cc

/S'\ /Si\ /S'\ -
R R R R
/; / / /
D CH, CH2 (‘:H2 ?Hz
HO — SI HO— S/ \SI/O\S oH

/\/\/\ SEM forim o /\/\/\

Fig. 6. Scheme showing the mechanlsm of silanization reaction [65].
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1.4. Metal oxides

Most of the silane SAMs studies are carried out on Si/SiO, surface
[66][67][68][69]. Although low electrical conductivity and increasing cost of
silica caused different metal oxides to become more attractive for surface
silanization and phospholipid bilayer membrane formation [70]. Tin oxide is
convenient to use in biological systems [71] because of its good electrical and
optical properties, absence of toxicity and, most importantly, biocompatibility
[72][73]. In consequence, when investigating the electrical properties of
biomembranes, it is convenient to use indium tin oxide (ITO) as a substrate
[74][75][76].

It should be noted that there are plenty of research papers around the
use of ITO, however slightly different variation of the substrate — fluorine
doped tin oxide (FTO), is applied scarcely and mostly investigating its optical
and electrical properties [77][78][79], also in the field of solar cells and
photovoltaic devices [80][81]. Min-Jung Song et al. has proposed that
modified FTO electrode can be applied for use in the enzyme-free, direct
electrochemical detection of serotonin [82]. The advantage by comparison to
differently doped tin oxide (ITO) is that FTO has similar/superior properties
in addition to being cheaper.

1.4.1. Cadmium tin oxide

Transparent conducting oxides have been widely studied over the last
several decades. They belong to the semiconductor materials with wide energy
band gap, low resistivity and high optical transparency. One of the most
widely studied are the films of ternary oxides [83][84][85] due to variety of
properties such as low metal-like electrical resistivity (10-6 Q m), high
transmissivity (>90%) in the visible range of the light spectrum and high
reflectivity in the IR range. One of them is cadmium tin oxide (CTO), which
due to relatively low cost of cadmium is considered as a potential substitute
for a variety of semiconductor applications of more expensive oxides of rare
elements such as indium.

For optoelectronics film materials are of great interest. One of the first
studies of CTO films was carried out by Nozik in 1972 [86]. The charge carrier
concentration of 5 x 10'® cm was reported in this work. Later CTO thin films
were deposited using: spray pyrolysis [87][88], magnetron sputtering
[89][90][91], pulsed laser deposition [92][93], sol-gel method
[94][95][96]1[97], chemical bath deposition [98]. These methods differ by their
complexity and equipment necessary to produce oxide films. There are certain
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advantages using relatively simple and inexpensive sol-gel method: it does not
require sophisticated vacuum devices and it is energy saving. Sol-gel film
properties can be controlled by changing thin film deposition conditions. Sol-
gel deposition of CTO films was first proposed by Dislich et al. [99]. Later
such a technology was used in a number of studies in other groups [97][100].
CTO films can be deposited by the sol-gel dip-coating using tin isopropoxide
[97] and tin tetra-t-butoxide [100][101] as tin precursors and cadmium acetate
as a source of cadmium.

Because of their optical and electrical characteristics, CTO films are
good candidates as transparent conductive electrodes in CdS/CdTe and
CdS/CIGS type solar cells. Therefore CTO films may find applications in
photovoltaic cells [89][90][95][102][103], liquid crystal displays [104] and
heat mirrors [105]. Recent studies show that cadmium tin oxide thin films can
be used also in development of unconventional radiation dosimeters [106].

1.4.2. Fluorine doped tin oxide

Tin oxide has been extensively studied because of its wide range of
applications in different fields [107][108][109]. As thin films, it can be
prepared using various methods: sol-gel method [110], spray pyrolysis [111],
pulsed laser deposition [112], chemical vapor deposition [113] and others.
Different properties could be obtained using various dopants, such as indium
[112][114], antimony [115], fluorine [110][111][116], manganese [117].
Electrical conductance and optical transmittance was found to be increasing
using various concentration of fluorine, indium or antimony dopant
[112][115][118] [119][120]. Using manganese as dopant magnetic
semiconducting properties were observed [117]. Tin oxide can be used in
different devices such as organic light emitting diode (OLED) devices [121],
solar cells [122] and photovoltaic devices [123], gas sensors [109][124].

1.5. Membrane damaging/pore forming toxins

To test the biological relevance of formed phospholipid bilayers,
membrane damaging or pore forming toxins may be used. Toxins are
peptides/proteins that are usually produced by bacteria or are found in the
venom of insects or snakes. The effectiveness of the toxin depends on the
structure and composition of phospholipid bilayer and toxin itself.
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Vaginolysin (VLY). VLY is produced by Gardnerella vaginalis bacteria
that causes bacterial vaginosis in women of reproductive age [125]. VLY
belongs to cholesterol-dependant cytolysin (CDC) family but uses
complement regulatory molecule CD59 as its receptor [125]. Vaginolysin
damages cell membrane by forming oligomeric pore that reaches diameter of
26 nm [126]. In general, CDC pore formation can be described in several steps
(Fig. 7): first, water soluble monomer bounds to receptor on the surface of the
bilayer membrane. Then monomer oligomerizes and forms prepore structure.
It unfolds from a-helical bundles into B-hairpins. Lastly transmembrane [-
barrel forms [127].
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Fig. 7. Schematic representation of CDC pore formation in phospholipid
bilayer [128].

Phospholipase A2 (PLA2). Phospholipases are peripheral membrane
proteins that hydrolyse phospholipibs by binding to phospholipid interface.
The products of hydrolysis depend on type of phospholipase (Fig. 8).
Phospholipase A (PLA2) hydrolyse fatty acid at sn-2 position of
phospholipids, generating corresponding fatty acids and lysophospholipids
[129]. Most of phospholipids have unsaturated fatty acid at sn-2 position,
which is transformed into eicosanoids. Eicosanoids are signalling molecules

PLA,

PLC PLD

Fig. 8. Hydrolysis of phospholipids by different phospholipases: A1, Az, C
and D [129].
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that accelerate or inhibit inflammation, allergies, fever, other immune
responses, affect miscarriages and normal child development, pain sensation,
regulate cell growth [130].

Phospholipase A: is classified into 4 main groups: secreted PLA2,
citosolic PLA2, calcium independent PLA2 and platelet activating factor
acetyl hydrolase/oxidized lipid lipoprotein associated PLA2 [131]. Secreted
PLA2 has been used in this work, thus will be discussed in more detail.

Secreted phospholipase A (SPLA2) was the first type of PLA2 that was
discovered. Itis found in a variety of snakes, scorpion venom, pancreatic juice,
synovial fluid and many other mammalian tissues[132]. sPLAZ2 is low
molecular weight ( 13-15 kDa), it has histidine at the active site and requires
Ca?* ions for activity [131].

Melittin (Mel). Melittin is a cationic amphiphilic peptide that consists
of 26 amino acids. It is found in honey bee (Apis mellifera) venom and it is
the main pain producing ingredient [133]. Each peptide consists of two a-
helixes that are connected at amino acid positions 10-12, which results in a
bent conformation [134]. At the lipid-liquid interface melittin peptides act as
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Fig. 9. Schematic representation of carpet-like mechanism for membrane
disruption: a — peptides electrostaticaly binds to the surface of phospholipid
bilayer; b and ¢ — when high enough concentration of peptides on surface of
membrane is reached, peptides form transient holes leading to micellization
[135].

surfactants because of their amphiphilic nature and lower surface tension
[136]. Then peptides easily oligomerize into tetramer and form
transmembrane channels inside plasma membrane which lead to lysis of the
cell [137]. Usualy melittin is calssified as a carpet-like disruptor [138] Fig. 9,
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however, depending on concentration the mechanism of membrane disruption
can be switch to forming of the pore [139].

a-hemolysin (aHL). a-hemolysin (33 kDa) is a toxin from
Staphylococcus aureus which upon the contact with cell membranes inserts
and forms hexameric/heptameric transmembrane pores Fig. 10. Such process
disrupts membrane integrity, impairs ionic homeostasis and leads to cell
death. Mechanism of a-hemolysin reconstitution into mammalian
phospholipid membranes is well established [140]. Even though the toxin is
not strictly dependent on cholesterol, the latter accelerates damage of cell
membranes [141].
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Fig. 10. Structure of a-hemolysin: A - heptamer; B — monomer [142].

1.6. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy is often applied to investigate
Kinetics of electrochemical reactions by measuring impedance of a system in
dependence of the altering current (AC) [143].

The potential (E) of AC can be expressed as a function of time (t):

E = E;sinwt (@8]

where, Eo — amplitude of altering potential, o — radial frequency (rad/s;
frequency f (Hz) multiplied by 2m).

The response of altering current () is observed in sine function with a
phase shift () (Fig. 11):

[ =1, sin (wt + @) 2

where, lo — amplitude of altering current.
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e or i

Fig. 11. The response of altering current as a sine function [143].

Considering an electrochemical system as resistance (R) and capacitor
(C) in series, applied voltage must be equal:

E = ER + EC (3)
Er and Ec can be expressed as:

Ep=1IR (4)
EC = — (5)

Following equations will be expressed as complex notation (j = v—1).
Combining (3), (4) and (5):

E=I(R—ji) (6)
Z=R—j— )

where, Z — impedance. It can also be expressed as:
Z ="Zpe = JZim (8)

Where, Zgre and Zm is real and imaginary parts of the impedance. The
phase shift (¢) can be expressed as:

Zim  Xc 1
tan(pzz—kzyzm (9)
One the most common ways to represent impedance data is through
Nyquist plot, where displays Zim Vs Zr. for different values of o (Fig. 12 a).
Bode plot is also commonly used as it displays log Z or ¢ vs log o (Fig. 12 b
and c).
Cole — Cole plot may be also used (Fig. 13), where Cgre and Cim are
calculated from Zge and Zm:

Z
ZRe
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Fig. 12. Electrocemical impedance spectra in: (a) Nyquist plot; (b) and (c)
Bode plot [144].
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Fig. 13. Electrochemical impedance spectrum in Cole — Cole plot.

Cole — Cole plot is convenient to use to determine the complex
capacitance of surface double layer. The diameter of semicircle multiplied by
two gives an estimate of the complex capacitance value. Cole — Cole plot can
be easily applied to investigate surface modification with self-assembled
monolayers and phospholipid bilayers. Considering SAM formation on
conductive surfaces as planar capacitors in series, the total capacitance can be
expressed as:

S (12)

Cmeas. Csam Csurf.

Where Cmess. — IS the measured capacitance of surface functionalized with
SAM; Csam — is the capacitance of SAM; Csut. — i the capacitance of the
conductive surface.

From equation (12) follows that by modifying the surface with SAM,
diameter of semicircular El spectrum should shrink and complex capacitance
should decrease [7][39][145][146].
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2. MATERIALS AND METHODS
2.1. Cadmium tin oxide thin film deposition

Cadmium tin oxide thin film electrodes were made by the sol-gel
method. The sol-gel deposition solution was prepared as follows. 1 mL (1.02
g) of tin(1V) tert-butoxide (Alfa Aesar GmbH & Co KG, Germay) was
dissolved in 13 mL of absolute methanol (Poch s.a., Poland) followed by
dissolution of 1.06 g of anhydrous cadmium acetate (Roth, Germany). After
full dissolution of the salts, 0.2 mL of acetylacetone (Fluka, Germany) were
added to the solution. Then it was left to equilibrate overnight and stored in a
desiccator filled with anhydrous CaCl, (Reachem Slovakia, Slovakia).

Microscope glass plates (2.5 cm x 2.5 cm) (Thermo scientific,
Germany) were used as substrates for CTO film deposition. The substrates
were cleaned by sonication in a Micro 90 (Sigma-Aldrich, Germany)
detergent ethanol mixture, deionized water and 2-propanol (Roth, Germany),
each time for 8 min. Film deposition procedure followed these steps:

1. 200 pL of sol-gel solution was dropped onto cleaned and dried
substrates, rotating at 3000 rpm; SCS SpinCoater P6700 was used throughout
the work.

2. Spin-coated samples were dried for 20 min at 200 °C on a
hotplate in a hood.

3. First and second steps were repeated 2-4 times.

4, Deposited films were heated at 400 °C and 520 °C for 20 min in
each temperature in an in-house designed quartz tube furnace with the
automatic temperature control.

All samples were allowed to cool in air. Temperatures below 100 °C
were typically reached within 2 min.

2.2. Cadmium tin oxide thin film characterisation

The sheet resistance of the CTO films was measured with APPA 201N
multimeter keeping 1 cm distance between two electrodes. The phase
composition of the CTO films was characterized by Rigaku MiniFlex2
diffractometer. Bragg-Brentano geometry was used for measurements of the
reflection from films.

The ultraviolet-visible (UV-Vis) absorbance spectrum was acquired on
Perkin Elmer Lambda 25 UV/VIS Spectrometer, in 400-700 nm wavelength
range. The twin beam measurement mode was used with a glass substrate as
reference.
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CTO samples were probed by the Perkin-Elmer FTIR Frontier Dual-
Range spectrometer. Measurements were carried out in a wavelength range
from 2700 cm™ to 3100 cm?, with the resolution of 2 cm™. Spectrometer was
equipped with the Pike GladiATR single reflection diamond prism allowing
measurements in a total internal reflection mode. As a reference a spectrum
of the neat, non-silanized CTO film was used.

Dependence of the CTO film resistance on temperature was estimated
using 4 probe method. The sample was placed into the in-house designed tube
furnace with tungsten thermocouple. Measurement was performed using
nitrogen gas flow in the temperature range 20 - 70 °C.

The thickness of CTO thin films was measured using Talystep (Taylor
Hobson) profilometer. In order to measure the thickness, films were partially
coated with vacuum oil. The uncoated parts of the sample were exposed to
HCI (1:10) solution. After etching in acid a steep step was formed and the
distance from the glass to the top of the film was measured. Reasonable
number of measurements (per sample) were performed to assess statistically
significant interval of thicknesses. Typically, the CTO film thickness was
found in the interval form 65 to 80 nm.

2.3. Preparation of fluorine doped tin oxide

FTO covered glass sheet (300 x 300 x 2 mm) was purchased from Sigma-
Aldrich, Germany and cut into smaller pieces (1 cm x 2.5 cm). Cleaning
procedure of FTO samples were as follows: FTO electrodes were incubated
in sonication bath for 10 min in each medium: (i) in 2% “Micro 90” cleaning
solution (Sigma Aldrich, Germany), (ii) in deionized water. Then glass slides
were incubated in concentrated H,SO,4 (Reachem Slovakia, 98 %, Slovakia)
for 1 h in order to remove any surfactant residues left from ‘“Micro 90”.
Afterwards, electrodes were washed with copious amount of deionized water
and incubated in sonication bath for 10 min in each medium: (i) in deionized
water and (ii) in 2-propanol. Electrodes were dried in a stream of nitrogen gas
(Elme Messer, Lithuania) and immediately used for further experiments.

2.4. Synthesis of trichloro(3-(octadecylthio)propyl)silane

Synthesis procedure was adapted from the reference [147], where
chemicals for click reaction were mixed at equimolar ratio. In this work, we
used thiol- and allyl- groups containing chemicals in 1:2 molar ratio.
Specifically, octadecanthiol (ODT, Fluka, Germany) and allyltrichlorosilane
(ATS, Aldrich, USA) were mixed in a clear glass vial at molar ratio 1:2. Then
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2 mol% of photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPA,
Acros Organics, USA) was added into the mixture and mixed until dissolved.
This mixture was irradiated using 365 nm wavelength 5 W UV light for 24
hours. After this synthesis procedure, half of the ATS reacted with ODT to
make TOPS and half of the ATS left in the synthesis mixture as residue. Thus,
we have ready-to-use silanization mixture (TOPS:ATS 1:1) for SAM
formation. The TOPS:ATS 1:1 mixture was kept wrapped in aluminium foil
to avoid direct sunlight which could possibly influence chemical activity of
prepared mixture. Synthesis reaction of the mixture is shown in Fig. 14.

'H and *C nuclear magnetic resonance (NMR) spectra were determined
with Bruker Ascend 400 spectrometer (400 MHz frequency for *H NMR and
100 MHz for **C NMR) by using residual solvent (CDClIs) signals. Chemical
shift are given in the & scale (ppm). In descriptions of the spectrum *H NMR
the following abbreviations are used: d — doublet; t — triplet and m — multiplet.

24 h, UV (365 nm)
CHs; —(CH,);;— SH + CH,=CH — CH, — SiCl, >

" i OCH;3
1 mol ODT 2 mol ATS Sl DUER <j))j°°”3
‘ S
b’ a’ a b c 2
—> CHy ~(CHy)y5s—CH, — CH, — S — CHy— CH, — CH, — SiCl; + CH,= CH — CH, — SiCl,

1 mol TOPS 1 mol ATS

Fig. 14. Synthesis reaction of TOPS via click reaction between ODT and ATS.
Atoms marked with the letters a, b, ¢, a' and b' showed characteristic signals
in the 1H and 13C NMR spectrums of the reaction products (Fig. 49-50).

2.5. Self-assembled monolayer formation

CTO and FTO functionalisation with OTS monolayer. 50 mL of
heptane (Sigma-Aldrich, Germany) was heated to 60 °C in a small beaker,
then octadecyltrichlorosilane (OTS, Aldrich, USA) was added to reach,
depending on needs, 0.1 — 5% (v/v) of OTS. The sample plate was fixed
vertically in the solution, which was intensively mixed. Temperature was kept
constant at 60 °C throughout 60 min of silanization. After that, sample plate
was rinsed 3 times with pure heptane and dried using N stream.

FTO functionalisation with mixed OTS:MTS monolayer. FTO were
functionalised by applying two different protocols: (i) direct silanization of
FTO sample by mixture of silanes (SAM-P1) and (ii) overnight incubation of
FTO sample in deionized water prior to silanization procedure (SAM-P2). For
P1 and P2 protocols silanization procedures were as follows: 50 mL of heptane
was heated to 60°C in a 50 mL volume beaker. After that, silanization solution
was prepared: OTS and methyltrichlrosilane (MTS, Alfa Aesar, Germany)
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was added to heptane to make the total concentration of 2.5 mM at different
OTS:MTS molar ratios. The same 2.5 mM concentration was used during all
experiments. FTO glass slide was immersed into stirred silanization solution
in a vertical position and incubated for 60 min at 60°C. Then, silanized FTO
sample was rinsed with heptane and dried in a stream of nitrogen.

FTO functionalisation with TOPS:ATS monolayer. The silanization
solution was prepared by heating 20 mL of heptane to 60 °C and adding 30 pL
of synthesised TOPS:ATS mixture into heated heptane. The FTO electrode
was immersed into silanization solution, fixed in a vertical position, and
incubated for 1 h at 60 °C while mixing. Afterwards, FTO electrode was
washed with heptane and dried in a nitrogen gas stream. Then, the electrode
was heated at 100 °C for 1 h in air to remove adsorbed water and solvent
residues.

2.6. Phospholipid bilayer membrane formation

tBLM formation was carried out using vesicles fusion method.
Preparation of vesicles solution is described in detail in ref [43]. In this work,
two compositions of tBLMs were formed: 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC, Avanti Polar Lipids, inc., USA) and cholesterol
(Chol, Avanti Polar Lipids, inc., USA) at molar ratio 6:4 (DOPC/Chol 6:4)
and 100% DOPC. Total lipid concentration in vesicles solution was 1 mM in
phosphate buffer saline (PBS) pH 4.6 (0.1 M NaCl (Reachem Slovakia),
0.01 M NaH:PO. (Reachem Slovakia)). Vesicles solution was injected
directly into electrochemical cell on SAM and incubated for 1 h. Then, it was
rinsed out of the cell using a syringe with PBS pH 7.1. Biological relevancy
of formed membranes was tested using vaginolysin (VLY was provided by dr.
Milda Pleckaityte at the Institute of Biotechnology, Vilnius University),
phospholipase A, (PLA2) from bee venom (Sigma-Aldrich, Germany),
melittin (mel) from honey bee venom (Sigma-Aldrich, Germany) and a-
hemolysin (aHL) from Staphylococcus aureus (Sigma-Aldrich, Germany). All
toxins were dissolved in PBS pH 7.1.

2.7. Regeneration of self-assembled monolayer

Regeneration of SAM was carried out in these steps: (i) lipid bilayer
was formed by vesicle fusion method (2.5 section), (ii) EI spectra was
recorded. Then (iii) lipid layer was removed by rinsing the SAM with 2-
propanol and deionised water mixter (1:1 v/v), followed by rinsing with
deionised water. (iv) After filling the cell with PBS pH 7.1, El spectra of SAM
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was recorded. Repeating (i) - (iv) steps multiple times regeneration of SAM
was determined.

2.8. Contact angle measurements

Surface wetting characteristics were measured using Theta Lite optical
tensiometer from Biolin Scientific (Finland). Contact angles of 5 pL
deionised water droplet at 6 different spots on each sample were measured and
averaged.

2.9. Electrochemical measurements

All measurements were carried out in PBS pH 7.1. Solution of the redox
active probe was made of 1 mM potassium ferrocyanide trinydrate and 1 mM
potassium ferricyanide in PBS pH 7.1.

Electrochemical impedance spectroscopy (EIS) measurements were
recorded using either pAutolab (Type III) potentiostat/galvanostat or Zennium
electrochemical workstation (Zahner GmbH, Germany), frequency range 0.1
Hz — 100 kHz. Fast Fourier transform (FFT) impedance spectrometer EIS-
128/16 (University of Kiel, Germany) constructed by G. Popkirov [148][149]
was used for dynamic electrochemical impedance spectroscopy (EIS)
measurements. Cyclic voltammetry curves were recorded using pautolab
(Type 11) potentiostat/galvanostat.

Measurements were performed in 6 vial cell, which was described
previously (supporting material in ref. [150]). A three-electrode cell was used
for all electrochemical measurements, where the FTO glass slide (0.32 cm?
geometric surface area) served as the working electrode, Pt wire (99.99%
purity, Aldrich, Germany) as a counter electrode and Ag/AgCl, NaCls:
(Microelectrode Model M-401 F, Bedford, JAV) as a reference electrode. All
the potentials given in this study are vs Ag/AgCl, NaClsa. electrode.

Approach curves were recorded using Sensolytics SECM — 030
equipment combined with Autolab PGSTAT 30 potentiostat/galvanostat. A
conventional three electrode cell based on (i) Ag/AgCI/Clsx as reference
electrode, (ii) platinum wire (99.99%) as counter and (iii) platinum ultra-
microelectrode (UME, diameter — 20 um) as working electrode was applied.
Measurements were recorded in PBS pH 7.1 All measurements were recorded
at -0.75 V vs Ag/AgCI/Cls.
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3. RESULTS AND DISCUSSION
3.1. Hybrid bilayer formation on cadmium tin oxide
3.1.1.Characterisation of cadmium tin oxide

Film fabrication conditions. One of the important characteristics of the
metal oxide films is their conductivity. Therefore, before attempting surface
functionalization, the electrical properties of the sol-gel CTO films were
estimated. We found several factors determining square resistance of the CTO
films. First, as follows from the data in Fig. 15A, the effect of the number of
sol-gel layers is non-monotonic. Resistance minimum was observed for 3-
layer films, which exhibited values of the square resistance near 0.35 + 0.05
kQ.
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Fig. 15. The dependence of the resistance of CTO films on (A) the number of
CTO layers (annealing temperature 520 °C), and (B) annealing temperature (3
layer films). Annealing time 20 min.

Two- and four-layer CTO films exhibited significantly higher
resistances 1.9 £ 0.1 and 0.9 £ 0.1 kQ correspondingly. The absence of
resistance scaling with the film thickness, which is obvious from the data in
Fig. 15 A, points to the role of film thickness in the solid state chemistry
determining the residual conductivity of the films. This may be primarily
related to the oxygen exchange between films and ambient during the
annealing process. As pointed out, loss of oxygen and generation of oxygen
vacancies may be responsible for increased conductivity of CTO [151][152].
An increase of film thickness limits such a process that occurs during
relatively short annealing (approx. 20 min), thus, leading to increased square
resistance. Therefore, for further experiments 3 layer CTO substrates were
used.
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Another important factor affecting the resistance of CTO films is the
annealing temperature [100][152]. We observed quite significant variation of
the resistance in a relatively narrow annealing temperature interval from 500
°C to 530 °C, with the clearly expressed minimum at 520 °C (Fig. 15 B), at
which films attained resistance of 0.35 + 0.05 kQ. This value is fairly close to
the one reported earlier [100]. It is important to note that in ref. [100] the
global (temperature interval from 400 to 900 °C) minimum of the resistance
of CTO films on Si substrates was recorded at 750-800 °C with the resistance
values 15-20 Q. In the current study, we substituted Si with glass substrates,
therefore we “traded” higher CTO film conductance for less expensive glass
substrates, which required lowering the annealing temperature of the films.
Lower annealing temperatures yield significantly lower CTO conductance.
Taking into account these factors, the optimal annealing temperature was
found to be at 520 °C.

Electrical and optical properties. Fig. 16 A displays film resistance
temperature dependence trace in the 20-70 °C temperature range. Sharp local
drops of the resistance seen in the plot (Fig. 16A) were artefacts, most likely
related to the instability of the contact resistance. However, the general
temperature trend, shown in Fig. 16 B was fairly reproducible. Plotting the
resistance vs. temperature curve in the Arrhenius type plot (inset Fig. 16 A)
indicate the extremely shallow donor level of about 10 meV below the
conduction band. This along with the high carrier concentration (vide infra)
suggest that CTO film electrical properties are close to a transition from the
semiconductor-type to metal-type.
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Fig. 16. CTO sol-gel film resistance and optical transmission spectra.

The sol-gel CTO films were transparent (Fig. 16 B) in the visible
wavelength range. In the interval from 400 to 700 nm, the transmission was
above 90%. Assuming the direct transition the optical band gap estimated
from the transmission coefficient dependence from the photon energy was
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2.92 eV. So, the transparent, yellowish CTO films used in this work exhibited
properties of wide-band gap, conducting metal oxide semiconductors.

Crystal structure. Crystallinity of CTO films was assessed by the XRD
method. The representative XRD curve is presented in Fig. 17. From Fig. 17
it follows that the samples annealed at 520 °C exhibited partial crystallinity
with the large fraction of amorphous material. The major crystalline
component of the films is cubic Cd.SnOs with the most intense peak
corresponding to a reflection from (311) crystallographic planes. Relative
intensities of the XRD lines roughly correspond to a randomly oriented
powder samples, so we may conclude our CTO samples were polycrystalline
non-textured films. The presence of a large amorphous “bulge” in the low 26
range is consistent with the earlier observations [100] for 600 °C CTO films.
However, in our case, we consistently detected second, CdO, component with
the most prominent reflections from planes (111), (200) and (220). The CdO
diffraction lines exhibited noticeably narrower FWHM (Fig. 17) compared to
the lines of Cd,SnOs4. The very presence of CdO crystals points out to an
incomplete solid state reaction between cadmium and tin precursors.
Moreover, significantly larger CdO crystallites suggest that during the
annealing process CdO forms first (or faster), thus becoming the precursor
sites for further solid state transformation into Cd>SnOa.
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Fig. 17. Typical XRD pattern of the CTO films on glass annealed at 520 °C
for 20 min.

Flat-band potential and carrier concentration. To probe type and
concentration of carriers in CTO films the Mott-Schottky plots were derived
from the electrochemical impedance spectroscopy (EIS) data. Fig. 18 displays
typical electrochemical impedance data sets plotted in the complex
capacitance plots (Fig. 18 A) and Mott-Schottky type curve estimated from
the EIS data (Fig. 18 B). The complex capacitance plots exhibit typical semi-
circular shape similar to ones observed earlier [100]. Such a shape is typical
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for ideally polarizable interphases exhibiting near ideal capacitive behaviour.
The increase of the bias potential triggers significant reduction of the diameter
of semicircles reflecting a decrease of the capacitance on an interphase
between CTO surface and solution. This effect leads to a conclusion that CTO
is an n-type semiconductor consistent with previous works
[86][91]1[93]1[96][100]. EIS spectra in Fig. 18 A can be fitted as it was done in
ref. [100] to a simple R(CPE, Rif) model, where R is the resistance of the bulk
CTO material and liquid electrolyte, and CPE is the constant phase element of
the interphase, and Ry is the residual resistance of interface accounting for the
residual electron transfer currents due to reduction and/or oxidation of residual
electroactive impurities such as dissolved oxygen and others. The
experimental impedance spectra were fitted to this model, in which the CPE
exponents were found to be between 0.95 and 0.98. Due to relatively
insignificant deviation of the CPE exponent from 1.00 we have treated the
coefficient of the CPE element as a capacitance. Thus estimated electrode
capacitance vs. potential was plotted in the Mott-Schottky coordinates as
shown in Fig. 18 B. The near linear relationship between the squared
reciprocal of capacitance and the potential allows estimation of carrier density
and flat band potential of CTO electrodes using the Mott-Schottky
relationship. The mean value of the flat band potential obtained from the
intersection of the Mott-Schottky line with abscissa was close to -0.1 V, while
the charge carrier concentration established as described in [100] was found
to be Ng = (3.31 £ 0.38) - 10 cm?. Together with the weak temperature
dependency (Fig. 16 A, inset) high carrier concentration hints at electronic
degeneracy of the fabricated CTO films.
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Fig. 18. Electrochemical impedance spectra obtained at various potentials by
using CTO electrode annealed at 520 °C, t = 20 min, surface area 0.32 cm?,
(A) - Cole-Cole plot; (B) - Mott-Schottky plot.
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3.1.2. Formation and properties of octadecyl silane self-assembled monolayer on
CTO

To obtain compact and highly electrically isolating phospholipid
monolayers (bilayers) solid supports need to be functionalized by the anchor
molecules [10][153]. In contrast to noble metals, metal oxide surfaces are
typically tailored by oxysilane chemistry. In this study, OTS was used to
functionalize surface of CTO films. The progress of the silanization was
monitored by several surface sensitive techniques.

The most straightforward way to detect the formation of hydrophobic
organic material layer is the contact angle measurements. In Fig. 19 contact
angles of differently silanized CTO are presented. Pristine CTO films are
hydrophilic, they exhibited contact angles of 40 + 6 degrees. Silanization
significantly increased hydrophobicity, thus attesting for the formation of the
hydrophobic overlayer on CTO surface. The degree of hydrophobicity varied
depending on silanization conditions. Maximal contact angle values of 103
degrees were achieved upon silanization in 0.1% OTS solutions. Taking into
account the beneficial effects of the surface hydrophobicity on phospholipid
layer completeness [10] (the higher the contact angle the more complete
phospholipid overlayer can be formed), the CTO samples silanized in 0.1%
OTS solution were chosen for further phospholipid monolayer anchoring
experiments.
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Fig. 19. Contact angles of CTO sol-gel film electrodes silanized using various
OTS concentrations.

The silanized CTO films were analysed using the reflection absorption
FT-IR spectroscopy. In FT-IR spectrum (Fig. 20) three vibration absorption
bands are detected in the methyl and methylene C-H bond vibration spectral
range. The bands at 2851 and 2922 cm™ (Fig. 20) are assigned as the
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symmetric stretching mode (vs(CH2)) and asymmetric stretching mode
(vas(CHy)) vibrations of the methylene groups, respectively . The band at 2959
cm? is associated with in-plane (ip) and out-of-plane (oop) asymmetric
stretching vibrations of the methyl groups (vas(CH3)ip and vas(CHs)oop)). The
position of the vas(CH2) band is a strong metric for order in the alkyl chains
[154], appearing at 2917 cm™* for highly ordered SAMs and shifting to higher
wavenumbers with increasing gauche conformations along the polymethylene
chain. In our case, vas(CH2) appears at 2922 cm™, thus indicating disorder in
the anchor monolayer formed via silnization.
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Fig. 20. FT-IR spectra of silanized (0.1% OTS solution) CTO electrode.

Nevertheless, because of relatively low wavenumbers of the vs(CH>) as
well as vas(CH2) we conclude that silanization of the CTO films yielded partly
ordered monolayer of alkyl chains on the surface. Such situation may be
observed only in case of relatively high density of the anchor molecules.

The completeness of an anchor monolayer may be assessed by the
electrochemical techniques. In particular, one may expect a significant
differential capacitance decrease upon formation of an insulating organic film.
Also, the electron transfer to and from the redox active species present in
solution is blocked by the compact insulating films.

Fig. 21 displays cyclic voltammetry traces obtained on pristine and OTS
functionalized CTO films in phosphate buffer solutions with and without
redox species. In solutions with not redox species (Fig. 21 A) the current
during the cyclic voltammetry scan arises due to a charging of the electric
double layer.

The formation of a compact organic dielectric film should trigger the
decrease of the charging current. Such an effect is clearly visible in the
voltammetry scans plotted in Fig. 21 A. Another proof of the compactness of
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the anchor monolayer is the blockage of the redox current shown in Fig. 21 B.
Together with FT-IR data (Fig. 20) the electrochemical experiments in Fig. 21
confirms the formation of a dense and compact hydrophobic monolayer which
is further used for phospholipid hybrid bilayer formation.
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Fig. 21. Voltammetric curves of pristine and silanized CTO film electrodes
recorded in A - phosphate buffer, pH 7.1, B — same phosphate buffer

containing 1 mM of the potassium hexacyanoferrate. Scan rate 0.01 V s™.
Surface area is 0.32 cm?,

3.1.3. Formation of hybrid phospholipid bilayer on CTO surface

Formation of hybrid bilayer was accomplished by the vesicle fusion to
a CTO surface functionalized with anchor OTS monolayer. Main force driving
the vesicle fusion process is the hydrophobic interaction between the OTS
octadecyl silane layer on CTO surface and phospholipid vesicles [10],
specifically, the hydrophobic chains of a lipid. The vesicle fusion process was
monitored by the EIS. Fig. 22 illustrates processes that take place during the
sequence of surface functionalization events. Initially, pristine CTO film
exhibits semicircular-shaped EIS features with the capacitance of 7-9 uF cm-
2 (Fig. 22, open circles). Silanization in 0.1% OTS solution, leads to a 3-fold
decrease (Fig. 22, filled circles) of the capacitive semicircle to approx. 2.5 puF
cm2, The EIS measured capacitance decrease is consistent with the cyclic
voltammetry data (Fig. 22 A). Even though the capacitance decrease is
indicative of the formation of an octadecylalkane dielectric layer, the specific
capacitance value 2.5 pUF cm? is significantly higher compared to that
(approximately 1.5 uF cm-2) of similar chain-length octadecylthiolate (ODT)
layers on noble metals such as gold [10]. This hints at significantly lesser
density [10] and higher packing disorder in polymethylene chains, an effect
leading to an increased capacitance in self-assembled monolayers.
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Fig. 22. Evolution of EIS spectra in Cole — Cole plot in the process of surface
modifications: open circles — pristine CTO surface, filled circles — CTO
modified with OTS, open squares — CTO/OTS surfaces treated with vesicles
solution for 900 s, closed squares — CTO/OTS surfaces treated with vesicles
solution for 2700 s. Surface area of the electrode 0.32 cm?,

The interaction of OTS functionalized CTO surfaces with vesicle
solutions proceeds via two stages. During first 15 min, a significant increase
of the capacitance in the complex capacitance plot (Fig. 22, open squares) was
observed. The semicircle was highly distorted (squeezed) indicating sharp
increase of heterogeneity of the interphase during the initial stage of fusion.
This effect was highly reproducible indicating the systemic alteration of the
molecular architecture by vesicles. After the initial capacitance increase slow
decrease followed. Eventually, the capacitance curve trended down towards
the one showed in Fig. 22, filled squares with the final capacitance
approaching value of approximately 0.8 uF cm2 typical for hybrid bilayer on
ODT modified gold surfaces [10]. The schematic representation of formed
phospholipid bilayer on cadmium tin oxide surface functionalised with OTS
can be seen in Fig. 23.

The initial increase of the capacitance seems counterintuitive. As
vesicle material is transferred to a surface one would expect continuous
capacitance decrease as it is typically observed on alkanethiolate monolayers
on gold [10]. However, in this work, the opposite effect was observed. Such
a non-monotonic complex capacitance trend (initial increase, and subsequent
decrease) during vesicle fusion is observed, to our best knowledge, for the first
time. This effect may be tentatively interpreted presuming certain structural
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Fig. 23. Structure of hybrid phospholipid bilayer on cadmium tin oxide
surface.

changes occurring in the anchor monolayer during the initial stages of the
vesicle fusion. As demonstrated recently [155] sparsely populated lipid-
likeanchor compounds form self-assembled monolayers on gold with
predominantly horizontally oriented, disorderly piled polymethylene chains.
Presumably, such a molecular arrangement, i.e., horizontal piling of
molecules one over another corresponds to a minimum of an unfavourable
hydrophobic interaction, in case when the surface density of alkane chains is
not enough to form predominantly vertically oriented compact monolayers
[155]. The significantly higher specific capacitance (approx. 2.5 uF cm?2) of
the OTS SAMs compared to the ODT monolayers (approx. 1 uF cm2) on gold
points to the lack of density of organic material, to form perfect nearly
vertically oriented SAM. RAIRS data obtained in the current work confirms
moderately disordered state of polyethylene chains in the OTS SAM (vide
supra). Interaction with vesicles triggers reorientation of anchor molecules
from predominantly horizontal to predominantly vertical position. This leads
to exposing to a solution vast areas of metal oxide surface that initially are not
fully covered by the phospholipid overlayer. These events triggers an initial
capacitance increase observed in Fig. 22 (open squares). As the vesicle
interaction proceeds and the hybrid bilayer becomes more and more dense, the
phospholipid overlayer insulates CTO areas exposed to the solution, so the
capacitance variation reverses and it starts decreasing.

3.2. Formation of hybrid phospholipid bilayer on fluorine
doped tin oxide

3.2.1. Formation and properties of octadecyl silane self-assembled monolayer on
FTO

As a first step in bilayer formation a functionalization of tin oxide film
was carried out in OTS solutions. A formation of an octadecylsilane
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monolayer should lead to a sharp change in surface hydrophilicity. Fig. 24 A
illustrates anticipated increase of surface hydrophobicity with contact angle
values changing from 44 to over 115 degrees upon silanization for 30 min.
Such changes immediately confirm the formation of a hydrophobic layer atop
of the FTO film. Variation of the silanization time does not show significant
increase of the contact angle. It stays relatively constant in the vicinity of 120
degrees within measurement error as the silanization time increases from 30
to 60 min. We, however, noticed a consistently higher experimental error
spread for shorter times of incubation: 30 and 45 min. Therefore, for further
experiments we chose 60 min silanization time during which a reproducible
hydrophobic layer can be formed in 0.25 — 2.5 mM solutions of OTS in
heptane.
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Fig. 24. Contact angles (A, C) and EI spectra in Cole - Cole plot (B, D): (A)
and (B) — FTO silanized for 30 minutes in different OTS concentration; (C)
and (D) — FTO silanized in 2.5 mM OTS for different periods of time.

In addition to a sharp jump of the contact angle values, the silanization
significantly changes the El spectra. In all cases, the capacitance of tin oxide
electrode decreases attesting for the formation of a dielectric layer formed by
the octadecyl chains of OTS on FTO. In Cole — Cole plot this effect can be
easily tracked by the decrease of the diameter of the semicircular part (Fig. 24
B and D). At constant incubation time (30 min) the diameter of the semicircle
decreased with OTS concentration during silanization (Fig. 24 B). An
increase of incubation time leads not only to the quantitative but also to
qualitative changes of the El spectra. In particular, at incubation times of 60
min double semicircular features appear on the Cole — Cole plots. Such
semicircular features are typical for the compact tethered bilayer systems
[156] and may appear on FTO with OTS with the compact organization of the
polyethylene chains in OTS monolayer. This was another argument that
prompted us to choose OTS formation time of 60 min and 2.5 mM OTS
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concentration in incubation solution. As we will show further (Fig. 29), the
presence of double semicircular features can be also used as a diagnostic tool
for predicting the suitability of substrate for the complete vesicle fusion
leading to a formation of the tethered bilayer.

Finally, the formation of an electrically insulating OTS monolayers
may be also confirmed by testing electron transfer processes before and after
silanization. Fig. 25 displays electrical double layer charging voltammograms
(Fig. 25 A) and voltammograms (Fig. 25 B) of an electron transfer process on
FTO before (continuous lines) and after the silanization (dashed lines). Upon
silanization, consistent with the EIS data one should observe a decrease of the
double layer charging current, as seen in Fig. 25 A. A compact layer of
dielectric should also significantly slow down an electron transfer rate. Indeed,
Fig. 25 B clearly confirms this supposition. Peak-shaped redox currents of
ferro/ferri cyanide iron complexes are totally suppressed by the silanization
confirming a formation of a compact OTS layer on FTO. Such large pin-hole-
free, highly hydrophobic anchor monolayer must provide a perfect substrate
for the vesicle fusion leading to a formation of the phospholipid bilayer.
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Fig. 25. Voltammetric curves of pristine (continuous line) and silanized FTO
electrodes in 2.5 mM OTS solution for 1h (dashed lines), recorded in A —
phosphate buffer, pH 7.1; B — same phosphate buffer with 1 mM Ki[Fe(CN)¢]
and 1 mM Ks[Fe(CN)g]. Scan rate 0.01 V s™.

SECM technique was applied for the monitoring of FTO surface before
and after the modification with OTS monolayer. According to expectations
SECM data could provide information about surface properties on different
spots of investigated sample. Therefore, approach curves were recorded
towards FTO surface covered by OTS SAM (OTS/FTO) using UME approach
step of 10 um. Unexpectedly, no changes were observed in approach curves
(Fig. 26), therefore, it was predicted that OTS/FTO still exhibits same
conductivity (due to incomplete coverage of FTO surface by OTS). Therefore,
approach curves towards OTS/FTO registered at larger scale (from 500 pm
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up to 0 um) at high extent are similar to that, which are registered while UME
is approaching bare FTO surface (Fig. 26). However, using slower UME pace
with approach step of 1 um, approach curves started to exhibit constant current
region when UME distance from the surface reached by 10 um (Fig. 27). This
effect can be explained by the properties of SAM, which consists of dielectric
OTS molecules and the monolayer of these aliphatic layers is considered to be
dielectric. For this reason, when UME reaches OTS/FTO surface the diffusion
of redox able compounds is being blocked and current of UME stabilizes.
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Fig. 26. Approach curves towards FTO (line) and FTO modified with OTS-
based SAM (dashed line). Approach step 10 pum.
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Fig. 27. Approach curves towards bare FTO (line) and FTO modified with
OTS-based SAM (dashed line). Approach step 1 pm.

3.2.2. Formation of hybrid phospholipid bilayer on FTO

Once the formation of the anchor monolayer was accomplished,
multilamellar vesicle fusion methodology was applied [43]. The vesicle fusion
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and formation of lipid overlayers was monitored in real time by the FFT EIS
(Fig. 28). El spectra in Fig. 28 A indicates that the completion of the vesicle
fusion may be accomplished within approximately 2000 s. The Bode plot
transforms in a manner similar to the one observed in gold/thiolipid anchor
electrode systems [43]. In particular, the Bode impedance phase curve
develops minimum at around f = 4 Hz. The negative of the impedance phase
at fmin is 58 degrees, which is considerably higher, compared to the minimum
observed on gold supported tBLMs.
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Fig. 28. El spectra recorded using pristine, silanized and after vesicle fusion
FTO electrodes, A — Cole — Cole plot, B — Bode plot.

While interaction of silanized FTO with vesicles always triggers El
spectral changes, however, the mode of the change strongly depends on the
initial EI spectra of the substrate (Fig. 29). Generally, the EIS Cole — Cole
plots of silanized FTO exhibits either single semicircular (Fig. 29 A and B) or
double semicircular (Fig. 29 C) shape. According to the numerical analysis
presented in ref [156], single semicirculars are observed for sparsely
populated SAM anchors. hBLMs containing high number (per area) of defects
should exhibit a single semicircular shape as it is seen in Fig. 29 A. Less
defective hBLMs start developing a smaller semicircular feature in the high
frequency end of the spectrum. Such development is observed in this work,
too, (Fig. 29 B)[156]. Further decrease of the high frequency semicircular seen
in Fig. 29 C attests for the formation a compact with low number of defects
hBLMs [156]. Data in Fig. 29 provides diagnostic criteria for the formation of
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Fig. 29. Different shapes of EIS Cole - Cole spectra after vesicle fusion (filled
circles) on differently silanized OTS SAMs (open circles).

the intact bilayers. In particular, double semicircular spectra of the anchor
SAMs predict the formation of the intact lipid bilayer. Such spectra were
consistently observed on FTO surfaces silanized for 60 min in 2.5 mM OTS
solution. So, the silanization conditions are of upmost importance for the
formation of intact hBLMs on silanized FTO.

Silanization of the FTO changes surface properties of the substrate. In
particular, chemical bonds may alter surface electron distribution. Because
FTO should exhibit n-type semiconductor properties [157], next experiment
was carried out to see if silanization as well as the formation of the hBLMs
affect the electronic properties of the electrode. First, the electric differential
capacitance of the FTO at several bias potential values were recorded. The
increase of the electrode potential causes gradual decrease of the diameter of
semicircle (Fig. 30A). In the Mott — Schottky representation one observes
almost linear line in the range from 0.1 to 1.1 V. The slope 0.027 cm* uF? V-
! of the Mott-Schottky plot (assuming € = 10) yields charge density of 8.49 -
10%t cm3,

Formation of the OTS monolayer and subsequent fusion of the vesicles
results in sharp decrease of the capacitance semicircle (Fig. 30 B and C) as
well as the increase of the slopes of the Mott — Schottki plots (Fig. 30 D) to
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Fig. 30. El spectra obtained at various potentials in Cole — Cole plot: A —using
pristine FTO electrode, B — using FTO electrode after silanization with 2.5
mM OTS, C — using FTO electrode after vesicle fusion for 45 min, D — El
spectra in Mott — Schottky plot.

0.056 and 0.45 cm* puF2 for OTS monolayer and hBLM correspondingly.
Also, as follows from the data in Fig. 30 the apparent shift of the flat band
potential (an extrapolated value of E at the limit 1/C? —0) from = - 0.75 V
(pristine FTO) to - 1.23 V (silanized FTO) and to -3.69 V (silanized FTO with
fused vesicles). These effects, however, are neither related to the change in
the carrier concentration nor the change in the band structure of the FTO
semiconductor. It is easy to demonstrate that both decrease of the Mott —
Schottky slope and the apparent shift of the flat band potential is always
expected when the surface of the semiconductor is covered by the layer of a
dielectric with potential independent dielectric permittivity and thickness and
correspondingly potential independent specific capacitance. The capacitance
of these additional layers of dielectrics, in our case can be estimated using the
following planar capacitor equations:

1/Crrosots = 1U/Crro + L/Cots  (13)
1/Chem = 1/Crroots + 1/ICp (14)

in which Cegro is the capacitance of pristine FTO, Cors is the capacitance of

the OTS monolayer and Cp, is the capacitance of the composite: OTS plus
phospholipid layer atop of the FTO. From the experimental data (Cero,
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Crrorots and Creum) in Fig. 30, according to egs. (13) and (14) we found the
average values of Cors = 6.54 + 0.15 pF cm? , while Cp. = 0.82 % 0.10
UF cm,

Calculated value of the Cors is significantly higher than the typical
capacitance of the similar length octadecyl thiol monolayers on gold, ~1 uF
cm [158]. Quite likely, the capacitance Cors = 6.54 + 0.15 puF cm signals
about a significant disorder in the OTS monolayer. Disorder affects both ots
(typically increases due to a presence of polar molecules and trapped ions) and
the dielectric thickness (typically decreases due to collapsed sites in
monolayers). Both factors result in an increase of interfacial capacitance. Such
effects are common in monolayers on gold, where higher than expected
capacitances were frequently observed [155][159].

In contrast, the composite OTS/DOPC phospholipid bilayer exhibits
Cei, which is comparable to the capacitance of DOPC bilayers assembled on
saturated alkane chain anchor compounds [155]. Assuming a relative
dielectric constant 2.8 [160] for the bilayer one obtains from Cp_ the effective
thickness of the phospholipid bilayer to be 3.02 nm. This value is close to
thickness of DOPC bilayers observed by the neutron reflectometry tBLMs on
gold surfaces [43][155]. From these data, we conclude that the anchor
monolayer of OTS is rather sparse, while near intact bilayer of DOPC is
formed via vesicle fusion on FTO/OTS surface (Fig. 31).
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Fig. 31. Structure of hybrid phospholipid bilayer on FTO surface.
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3.2.3. Hybrid phospholipid bilayer interaction with vaginolysin and phospholipase Az

Biological relevance of hBLMs assembled on FTO was tested. As seen
in Fig. 32, exposure of the DOPC/Chol hBLM to the solution containing pore-
forming cholesterol-dependent protein, vaginolysin. This protein was shown
[13] to trigger deterioration of the electrical insulation properties of tBLM.
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The destruction of the tBLM manifested itself as a sharp increase of the

semicircular part of the El spectra and a significant shift of the Qmin
characteristic point on the Bode phase vs frequency plot [50][161]. In the
present study, any noticeable changes in the spectra were not observed (Fig.
32). This leads to a conclusion that the assembled bilayers on FTO/OTS
exhibit limited biologically relevant fluidity, which prevents proper
reconstitution of the membrane proteins. One of the main reasons, in our
opinion, is the proximity of the inner phospholipid leaflet to a metal oxide
surface. In this work, the membrane tethering anchor was OTS molecules
which, in contrast to WH14, HC18 anchors [7][153], lack of hydrophilic
spacer providing water filled 1-2 nm thick reservoir separating the bilayer
from the surface.
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Fig. 32. Evolution of EI spectra in Cole — Cole plot in several surface
modification steps: after vesicle fusion (rectangles) and immersion of 50 nM
vaginolysin (triangles).

While not suitable for transmembrane protein reconstitution, the
hBLMs on FTO/OTS may be used for studying membrane/protein
interactions, when only distal leaflet of the phospholipid is involved. Proteins
such as phospholipase A: interact with the outer leaflet of the bilayers,
cleaving ester bond located at the second carbon atom in a glycerol backbone
of the phospholipids. Fig. 33 summarizes the experiment in which cholesterol
containing DOPC hBLMs on FTO/OTS anchor were exposed to a solution of
the phospholipase A (PLA2). Data in Fig. 33 clearly shows an effect of the
PLAZ2 on the complex capacitance of the studied hBLMs. The semicircular
part of the spectra starts increasing immediately after the PLA2 aliquot was
added to the electrolyte bathing hBLMs. The effect occurs in a PLA2
concentration dependent manner, thus attesting interaction of the protein with
the outer leaflet of the hBLM.
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Fig. 33. El spectra recorded using different concentration of phospholipase A
(PLA2) to disrupt DOPC/Chol (6:4) bilayer membrane.
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3.2.4. Hybrid phospholipid bilayer regeneration on FTO

The regeneration of the hBLMs is a serious problem which impedes
practical applications of hBLMs [155]. In particular, it was demonstrated that
it is impossible to regenerate tBLMs assembled on gold achieving exactly the
same EIS parameters [155]. In the current study, we show that FTO/OTS
anchor monolayers retain their property to fuse vesicles after the repetitive
washing of the self-assembled phospholipid bilayers. As we can see in Fig.
34, after several cycles of vesicle fusion Cole — Cole spectra semicircle radius
restores to the same value in the course of vesicle fusion, thus indicating that
bilayer was repetitively formed with the same electrical properties. Such
effect, as mentioned, was not observed in gold/thiol systems [155]. The author
demonstrated that the possible reason for the degradation of anchor
monolayers maybe related to clustering of the anchor molecules in self-
assembled SAM’s due to their surface mobility. Most likely strong metal
oxide silane bond in the OTS monolayer as well as the chemical/physical
nature of the metal oxide surface precludes surface mobility thus ensuring
long lasting structural and functional stability of the monolayers. Such
property of the OTS anchors is quite beneficial in the context of the possibility
to create phospholipid bilayer based biosensors [162].

After DOPC A
layer removal

-1.5

Im/ C, uF em2

0.0 Fmr———————————————
0.0 05 1.0 1.5 2.0 25 30 3.5 4.0
Re/ C, uF cm2
Fig. 34. El spectra in Cole — Cole plot recorded over several cycles of vesicle

fusion and washing off the phospholipid bilayer membrane.
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3.3. Formation of mixed hybrid phospholipid bilayer on fluorine
doped tin oxide

3.3.1. Formation of mixed self-assembled monolayer on FTO

In order to attest the hydrophobic properties and the effect of hydration
of FTO surface, surface wetting characteristics — contact angles of non-
hydrated and pre-hydrated FTO substrates (FTO-P1 and FTO-P2,
respectively) were measured and compared to contact angles of FTO
substrates silanized by the mixture of silanes (SAM-P1 and SAM-P2,
respectively). Before silanization procedure pristine FTO-P1 surface
exhibited hydrophilic properties reaching contact angle of 44° + 8° (Fig. 35,
white column-P1). However, overnight pre-incubation in water leads to
formation of OH- groups on FTO-P2 surface increasing surface hydrophilic
properties and decreasing CA values to 27° + 6° (Fig. 35, white column-P2).

After silanization of FTO-P1 substrate with 100% OTS (SAM-P1), CA
values increased to 124° £ 4° (Fig. 35, OTS:MTS 10:0). However, contact
angles of silanized FTO-P1 surface decreased to 88° £ 2° (Fig. 35, OTS:MTS
0:10) with increasing concentration of short alkylchain MTS in silanization
solution. Similar tendency in CA evolution was observed on gold electrodes
when mixture of a spacer unit and long alkylchain thiols [10] was used. Taking
into account that SAMs are hydrophobic enough for successful formation of
phospholipid membrane when CA values are higher than 100° [10], we predict
that FTO-P1 surfaces silanized with OTS:MTS 8:2 and 10:0 molar ratios are
suitable for phospholipid membrane formation.

[JsAmM-P1
S 3+3 114+3 11655 244 5000
1204 108 +3 102 + g - 103 +5112+3 116 +3

_____________________ P _ 987 — _
882
80
404 27+6
P1] P2
0

8:2 10:0

Contact angle, deg
B
5
+
2]

OTS:MTS molar ratio SAM

Fig. 35. Contact angle measurements of mixed OTS:MTS SAMs on FTO
electrodes prepared accordingly to P1 and P2 protocols. Horizontal dashed
line shows the threshold of contact angle value above which the vesicles
fusion on SAMs would proceed until the formation.
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Pre-incubation of FTO substrate in water prior to silanization
significantly affects the contact angles of anchor SAMs. Similarly to P1
protocol, an increase in molar ratio of MTS results in decrease of contact
angles of SAM-P2 from 120° + 2° (Fig. 35, OTS:MTS 10:0) to 108° + 3° (Fig.
35, OTS:MTS 0:10). These results indicate that more abundant
hydroxylgroups on FTO-P2 substrate yields higher surface coverage with
silane SAM because smaller and more active MTS spacer is available to react
with OH- groups on FTO-P2 surface forming more homogeneous layers of
mixed SAMs. Therefore, in contrast to FTO-P1 substrates, pre-incubated in
water FTO-P2 substrates yielded higher than 100° values of CA (Fig. 35,
SAM-P2) for all SAM-P2 samples. Further experiments showed that the
contact angle at or above 113° + 3° (Fig. 35, horizontal dashed line) is a
convenient predictor of facile phospholipid membrane formation.

While CA measurements showed dependence of mixed self-assembled
monolayers composition on surface hydrophobicity the electrochemical
properties of mixed SAMs as well as phospholipid bilayers on FTO surfaces
were evaluated by using the method of the electrochemical impedance
spectroscopy. It is seen in Fig. 36 that the complex capacitance plots exhibit
semicircular shape typical for ideally polarizable interphases exhibiting near
ideal capacitive behaviour [163]. The capacitance of a bare FTO-P1 surface
before silanization as established earlier is equal to 8.8 = 0.3 uF cm™. It was
observed that complex capacitance of bare FTO-P2 was the same as FTO-P1
(~9 uF cm?). It follows from data in Fig. 36, that silanization of the FTO
surface leads to complex capacitance decrease for all OTS:MTS molar ratios
SAMs-P1 and SAMs-P2. However, an increase of the molar ratio of MTS
from 0 to 100% in OTS:MTS silanization solution (for SAM-P1 preparation)
causes increase of complex capacitances from 3.4 £ 0.9 uF cm™ (Fig. 36, F
open circles) to 6.6 = 0.7 uF ¢cm™ (Fig. 36, A open circles). This result
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Fig. 36. EIS Cole — Cole plots of FTO electrodes after functionalization with
mixed OTS:MTS SAMs prepared accordingly to P1 and P2 protocols. Molar
ratios of OTS:MTS in silanization solutions: A — 0:10, B —2:8, C - 4:6, D —
6:4, E — 8:2, F — 10:0. Insets — values of complex capacitances after SAM
formation in pF ¢cm units. Bias potential 0 V vs Ag/AgCl, NaCls electrode.

indicates that the average thickness of a dielectric layer of mixed self-
assembled monolayers can be regulated by simply adjusting molar ratios of
OTS (anchors) and MTS (backfillers) in silanization solutions [7].

After silanization of pre-hydrated FTO-P2 surface with 100% MTS
SAM-P2 complex capacitance reached the value of 6.3 + 1 pF cm™ (Fig. 36
A, filled circles) which is comparable to 6.6 + 0.7 uF cm™ obtained for 100%
MTS SAM-P1 (Fig. 36 A, open circles). However, an increase of OTS amount
in OTS:MTS silanization solution (SAM-P2) lead to more significant complex
capacitance decrease reaching the lowest value of 2.8 + 0.6 uF cm™ for 100%
OTS SAM-P2 (Fig. 36 E, filled circles).

The straightforward comparison between SAM-P1 and SAM-P2 could
be observed in Fig. 37. It can be seen that complex capacitance for SAM-P2
(Fig. 37, black columns) is consistently lower than for SAM-P1 at every
OTS:MTS SAM composition. Even though significant capacitance data
scatter occurs, it was found that the complex capacitance below 6.2 uF cm
can provide suitable substrate for phospholipid membrane formation (Fig. 37,
horizontal dashed line).
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Fig. 37. Complex capacitance values derrived from EI spectra: after SAM-P1
and SAM-P2 formation. Horizontal dashed line indicates the threshold of the
complex capacitance value below which vesicles fusion leads to a formation
of intact mhBLMs.

3.3.2. Formation of mixed hybrid phospholipid bilayer on FTO

Lipid membrane formation by vesicle fusion on FTO surfaces modified
with mixed OTS:MTS SAM-P1 and SAM-P2 leads to a complex capacitance
changes dependent on anchor/backfiller molecular ratios (Fig. 38). EIS
derived complex capacitance values for SAM-P1 substrates indicate that
electrically insulating mhBLMs were formed only on SAMs obtained from
depositions solutions containing 0 - 20% of MTS back-filler (Fig. 38 E and F,
open circles). Further dilution of OTS by MTS causes significant increase in
complex capacitances (Fig. 38 A-D, open circles) indicating a presence of a
highly defective bilayer with significant portion of the surface free of
phospholipids [156].

On the contrary, the pre-hydrated FTO substrates lead to a formation of
mhBLMs on SAM-P2 substrates containing up to 80% of MTS back-filler
(Fig. 38, filled circles). Complex capacitance values in the range from 1.1 +
0.1 pF cm? to 0.8 = 0.1 puF cm? (Fig. 38, filled circles) are comparable to
those obtained on Au [155] or Ti [17][164] thus, indicate successful vesicle
fusion and lipid layer formation. Fig. 39 clearly illustrates significant
differences in properties of mhBLMs obtained on pre-hydrated and non-
hydrated FTO substrates. After membrane formation on SAM-P2 (Fig. 39,
black columns) major decrease in complex capacitance values was observed
compared to the values for membranes formed on SAM-P1 substrates (Fig.
39, grey columns). Similar observation was made using cyclic voltammetry
method, when CV data confirmed blockage of the direct electron transfer from
the redox species to and from the electrode (Fig. 40,Fig. 41).
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Fig. 38. EIS Cole — Cole plots of FTO electrodes after 1 h incubation of mixed
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DOPC/Chol 6:4 vesicle solution (open circles). Molar ratios of OTS:MTS in
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Insets — values of complex capacitances after mhBLM formation in puF cm™
units. Bias potential 0 V vs Ag/AgCI, NaCls, electrode.
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Fig. 40. Cyclic voltammograms recorded in 1 mM Kus(Fe(CN)s) and
Ks(Fe(CN)g) solution (in PBS pH 7.1) using FTO electrode after mixed silane
SAM-P1 formation (continuous line) in solution containing different
OTS:MTS molar ratios: A—-0:10,B-2:8,C-4:6,D-6:4,E-8:2, F—10:0
and after DOPC/Chol 6:4 vesicle fusion (dashed line). Potentials are in
reference to Ag/AgCl, NaCls, electrode.
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Fig. 41. Cyclic voltammograms recorded in 1 mM Ka(Fe(CN)s) and
Ks(Fe(CN)g) solution (in PBS pH 7.1) using FTO electrode after mixed silane
SAM-P2 formation (continuous line) in solution containing different
OTS:MTS molar ratios: A—0:10,B-2:8,C—-4:6,,D-6:4,E—-8:2,F-10:0
and after DOPC/Chol 6:4 vesicle fusion (dashed line). Potentials are in
reference to Ag/AgCl, NaCls, electrode.

3.3.3. Mixed hybrid phospholipid bilayer interaction with melittin and a-hemolysin

As follows from the complex capacitance values of mhBLM-P1 and
mhBLM-P2 (Fig. 38, Fig. 39), successful vesicle fusion process was observed
for SAM-P1 containing 0 - 20% of MTS back-filler and for SAM-P2
containing up to 80% of MTS back-filler. Therefore, biological relevance of
these mhBLMs was tested by their interaction with 100 nM of melittin first.
Melittin is a cationic amphiphilic peptide that consists of 26 amino acids. It is
found in honey bee (Apis mellifera) venom and it is the main pain producing
ingredient [133]. Each peptide consists of two a-helixes that are connected at
amino acid positions 10-12, which results in a bent conformation [165]. At the
lipid-liquid interface melittin peptides act as surfactants because of their
amphiphilic nature and lower surface tension [166]. Then peptides easily
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oligomerize into tetramer and form transmembrane channels inside plasma
membrane which lead to lysis of the cell [167].

Fig. 42 shows the capacitance changes upon interaction of
DOPC/Chol 6:4 mhBLMs on 20% MTS SAM-P1 with 100 nM melittin. After
90 min of exposure to the toxin, complex capacitance increased from 0.9 pF
cm2to 1.6 uF cm™ as observed in the Cole — Cole plot (Fig. 42 B), while the
Bode plot (Fig. 42 B) shows noticeable shift of phase minimum towards
higher frequencies. Similar changes are predicted by the theoretical model of
impedance response of tethered bilayer membranes in the presence of a water
filled pores [146]. On the contrary, 90 min interaction of mhBLM on 100%
OTS SAM-P1 with 100 nM melittin did not reveal noticeable complex
capacitance change (Fig. 42 A). In Bode plot (Fig. 42 A) phase shift is
noticeable, although it is relatively small compared to the shift observed for
mhBLMs formed on 20% MTS SAM-P1 (Fig. 42 B). Then, negative control
experiments were carried out to see if membrane incubation in PBS pH 7.1
(without melittin) does not cause any instability of membrane. As it can be
seen from Fig. 43, EIS spectra of mhBLMs remain unchanged over 1 h period
suggesting that the observed in Fig. 42 membrane disruption is caused by the
interaction with melittin.

o SAM-P1
¢ mhBLM-P1
4 100 nM Mel 90 min 9 A
%L ) 0% MTS
(8] -
L—b‘~_4 YO -§ %
L]
9_2 O.A.AAAAAAAAAAA -6--30 OOOAZZ.
1S o
O b
0 2 4 6 8
o
-
o
L
5. -
) - N
= . <-30
§ Oooﬁé...
0

O . . \g«\k . . .
0 2 4 6 8 10 12 10 1 2 3 4
Re/ C, uF cm2 log f

Fig. 42. El spectra in Cole — Cole and Bode plot recorded after: SAM-P1
formation (open circles) in solution containing different OTS:MTS molar
ratios: A — 0:10, B — 2:8; after DOPC/Chol 6:4 membrane formation (filled
circles) and after 90 min interaction with with 100 nM melittin (open
triangles). Bias potential 0 V vs Ag/AgCl, NaClsat electrode.
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Fig. 43. El spectra in Cole — Cole and Bode plot recorded after: SAM-P1
formation (red circles) in solution containing different OTS:MTS molar ratios:
A-0:10,B -2:8, C-4:6, D - 6:4, E — 8:2; after DOPC/Chol 6:4 membrane
formation (blue circles) and after membrane was incubated in PBS pH 7.1 for
1 h (green circles). Bias potential 0 V vs Ag/AgCI, NaCls electrode.

Next, DOPC/Chol 6:4 mhBLM on 20% MTS SAM-P1 were probed
with 500 a-hemolysin toxin (Fig. 44). In first 30 min the effext of a-hemolysin
was not observed, however, after 24 hours a clear response was obtained, and
complex capacitance value increased from 1.4 to 2 pF cm™ (Fig. 44 A and B).
Such long response time is unusual for phospholipid membranes systems.
Frequently it is up to 30 min [168]. However, these moderate capacitive
changes could not be attributed to membrane self-disruption, because formed
BLM over long period of time (24 h) in PBS at atmospheric conditions does
not change the properties of the bilayer (Fig. 44 C and D). In Fig. 44 presented
membrane interaction with ahl indicates that the acquired membrane still does
not possess enough ionic reservoir for protein to permeate the membrane.

57



« ° o
g -2 ° < i < 96
w
< o 0o 0 ¢ : ZB?_,CI TS SAM ° ch:_ z.l, MTS SAM
o o oY A ahl 30 min S Bmaan
E & ahl24h
— 0 > r . T
2 4 4
Re/ C, uF cm? Re/ C, uF cm™
B D
-904 o LTI : ZBLC‘I’ MTSSAM g0 : g?_ zlu MTS SAM
W A ahl 30 min O BLM24h
-60{ & 8“;?880 O whl24h 60
g ° <>°¢
oS o 000
< -30 Oogg -30
s.. o%
° ; y 0 3 i
log f log f

Fig. 44. EIl spectra in Cole — Cole and Bode plot: bilayer membrane on
OTS:MTS 8:2 molar ratio SAM after interaction with 500 nM a-hemolysin in
Cole Cole plot (A), in Bode plot (B), bilayer on OTS:MTS 8:2 molar ratio
SAM, recorded after 1 h of vesicle fusion and after 24 h in Cole — Cole plot
(C), in Bode plot (D).

Fig. 45 shows interaction of vesicles DOPC/Chol 6:4 fused on 80%,
60%, 40%, 20% MTS and 100% OTS SAM-P2 with 100 nM melittin.
DOPC/Chol 6:4 membranes on 100% OTS SAM-P2 (Fig. 45 A), similarly as
membranes on 100% OTS SAM-P1 (Fig. 42 A), when challenged with 100
nM melittin exhibited relatively slight increase in capacitance in Cole — Cole
plot (Fig. 45 A) and a relatively small shift of the phase minimum in Bode plot
plots (Fig. 45 A). Dilution of molecular anchor with 20% - 80% MTS resulted
in significantly more pronounced effects of 100 nM melittin on complex
capacitance (Fig. 45 B-E) and phase shifts in Bode plot (Fig. 45 B-E). For
60% and 80% MTS SAM-P2 anchors (Fig. 45 D and E), the phase minimums
became non-distinguishable, indicating significant number of defects
produced upon incubation with 100 nM melittin. Control experiments (Fig.
46) showed that mixed hybrid membranes are stable for time period of 1 h and
more, suggesting that observed membrane disruptions (Fig. 45) are caused by
reconstitution of melittin. Hypothetical schemes representing melittin
reconstitution into DOPC/Chol 6:4 membrane on SAM-P1 and SAM-P2 are
shown in Fig. 47.
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Fig. 45. El spectra in Cole — Cole and Bode plot recorded after: SAM-P2
formation (open circles) in solution containing different OTS:MTS molar
ratios: A — 0:10, B — 2:8, C — 4:6, D — 6:4, E — 8:2; after DOPC/Chol 6:4
membrane formation (filled circles) and after 90 min interaction with 100 nM
melittin (open triangles). Bias potential 0 V vs Ag/AgCl, NaCls electrode.
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Fig. 46. El spectra in Cole — Cole and Bode plot recorded after: SAM-P2
formation (red circles) in solution containing different OTS:MTS molar ratios:
A—-0:10,B-2:8, C—-4:6, D—-6:4, E —8:2; after DOPC/Chol 6:4 membrane
formation (blue circles) and after membrane was incubated in PBS pH 7.1 for
1 h (green circles). Bias potential 0 V vs Ag/AgCl, NaCls electrode.
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Fig. 47. Schematic representation of melittin interaction with phospholipid
bilayer on OTS:MTS mixed SAM formed on non-hydrated and pre-hydrated
FTO.

3.34. Regeneration of mixed hybrid phospholipid bilayer

Finally, the possibility of membrane regeneration was tested on
OTS:MTS (8:2) SAM-P2. Vesicles were fused on mixed silane monolayer and
then the lipid layer was rinsed off using deionized water and isopropanol 1:1
solution.
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Fig. 48. El spectra in Cole - Cole plot recorded over 3 days several cycles of
vesicles fusion and washing off the phospholipid bilayer membrane on
OTS:MTS (8:2) SAM-P2. Bias potential 0 V vs Ag/AgCI, NaCls electrode.
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The cycles were repeated 8 times for the period of 3 days. After every
membrane formation-washing off cycle EI spectra were recorded (Fig. 48).
Each time the phospholipid membrane was formed, the capacitance decreased
to values approximately of 1 uF cm?. After the removal of lipid layer, the
complex capacitance restored to values slightly above the initial capacitance
of the SAM. Nevertheless, membranes that were repeatedly formed over
several cycles of fusion/rinsing exhibit similar electrical and functional
properties, suggesting the same sample could be re-used for several
experiments. This finding provides certain advantage over tethered
phospholipid membranes on gold/thiol system, where functional properties of
anchor SAMs were shown to degrade after similar formation/rinsing cycles
[155].

3.4. Formation of tethered phospholipid bilayer on fluorine
doped tin oxide

3.4.1. Synthesis of trichloro(3-(octadecylthio)propyl)silane

The molecular structure of TOPS and the presence of residual ATS in
the reaction mixture were verified by *H and 3C NMR spectroscopy (Fig. 49-
43). The presence of ATS residue in synthesis product mixture TOPS:ATS is
beneficial for the preparation of the molecular anchor SAM for the tethered
phospholipid bilayers. In order to produce sparsely tethered tBLM, SAM
should contain both long (at least C20 chain, in this study - TOPS) and short
alkylchain (ATS) molecular anchors. While longer molecular anchors actually
bind the phospholipid bilayer to solid support, short (1C — 3C chain) molecular
anchors act as spacers to dilute the amount of long anchors on the surface and
to provide space for the formation of the submembrane water reservoir. By
adding ODT and ATS at molar ratio 1:2 during synthesis, theoretically, half
of ATS should react with ODT and half of ATS should be left after the
synthesis as residue (Fig. 14). Previous study [147] showed that click reaction
under certain conditions can reach 98% conversion rate. This supports our
anticipation, that synthesised TOPS and residue of ATS should be at molar
ratio 1:1 after the synthesis. Remaining ATS would act as a spacer during lipid
bilayer formation.
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Fig. 50. *H NMR spectrum of reaction products (in CDCl3). *H NMR spectrum
(8, ppm): 0.91 (3H, CHs, t,J =7 Hz), 1.23-1.34 (30 H, 15 CH, m), 1.40 (2H,
CHy, t, J = 8 Hz), 1.53 (2H, CH2, m), 1.60 (2H, CH>, t, J = 8 Hz), 1.85-1.93
(2H, m), 2.37 (2H, d, J = 7, CH2 signal from ATS residue), 2.53 (2H, CH, t,
J =8 Hz), 5.20-5.25 (2H, m, H,C= signal from ATS residue), 5.74-5.85 (1H,
m, =CH- signal from ATS residue), 7.44-7.65 and 8.06-8.14 (trace aromatic
protons signals from DMPA).
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3.4.2. Formation of trichloro(3-(octadecylthio)propyl)silane self-assembled
monolayer and tethered phospholipid bilayer on FTO electrode

Silanization of the FTO electrode by a mixture of TOPS and ATS
resulted in contact angles at or above 113° + 3°. Such high contact angles
signal about the formation of hydrophobic layer on oxide surface, which now
is expected to fuse of multilamellar vesicles [43] and form phospholipid
bilayers as on FTO surface modified by OTS. Fig. 51 displays typical EIS
curves of TOPS:ATS silane SAM and fused phospholipid bilayers of 100%
DOPC and DOPC/Chol 6:4 (molar ratio), mixture of DOPC and cholesterol.
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Fig. 51. EIS Cole — Cole (A) and Bode (B) plots of the FTO electrodes after
formation of TOPS:ATS SAM (open circles), DOPC/Chol 6:4 tBLM (filled
circles) and DOPC tBLM (open triangles). Arrows in Bode plot indicate
average phase minimum frequency. Bias potential 0 V vs Ag/AgCI, NaClsy:.
electrode.

EIS curves in Cole - Cole plot of TOPS:ATS silanized FTO surfaces
exhibit shapes of highly depressed semicircles or a combination of several
semicircles (Fig. 51 A, open circles) with the low frequency part of the line
converging towards Re C — 8.8 + 0.3 puF cm™ , a value observed for bare
FTO. Such shapes are typical for highly heterogeneous surfaces partly covered
by an insulating layer separated from the electrode surface by a thin layer of
an electrolyte [156]. Vesicle fusion produces additional layer of insulator —
the phospholipid bilayer. This is reflected in the EIS spectra Cole — Cole plot
as the appearance of a small semicircular feature in the high frequency range
(Fig. 51). The schematic representation of formed tBLMS on FTO surface can
be seen in Fig. 52. The diameter of the semicircle approximately equals to a
capacitance of the bilayer, which in case of DOPC/Chol 6:4 and pure DOPC
systems were 0.8 + 0.1 uF cm? and 1.0 £ 0.1 uF cm respectively. These
values are in line with similar composition tBLMs observed on gold supported
substrates [7]. The addition of cholesterol to DOPC bilayer consistently
reduced the capacitance of tBLMs, which was previously observed [150].
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The Cole-Cole plots of tBLMs exhibit quite significant low frequency
“tails” which attest for the presence of defects in bilayers [156]. The length
of the tail is proportional to the density of defects. As it is seen in Fig. 51 A,
the cholesterol loaded bilayers indicated consistently shorter tails, and thus,
signalling of destabilizing role of cholesterol on defects requiring high
curvature bilayer edges. The cone-shaped cholesterol makes such edges
unstable, and thus, decreasing density of defects in tBLMs [150]. Similar
conclusion can be drawn from the Bode phase plots in Fig. 51 B. As it was
shown in ref. [145], the position of the negative of impedance phase minima
on the frequency scale is directly proportional to the defect density. The plots
in Fig. 51 B clearly show that the minimum of the phase in the presence of
cholesterol occurs at 0.3 Hz, while pure DOPC tBLMs showed consistently
higher values, in this case 0.6 Hz. Importantly, the appearance of the phase
minimum in Bode plots is consistent with the presence of ionic reservoir
between the solid support and the lipid bilayer [145].

Formation
of tethered
bilayer lipid
membrane

fusion

:t:::al'?:r ‘J\f Ethano!
SAM ﬂnsmg Water
$§ $$$$§ S0 Romoval of $59 555 3555 §4 544555 (g § Sreservelr

membrane FTO

Fig. 52. Structure of tethered bilayer lipid membrane on FTO surface.

3.4.3. Tethered phospholipid bilayer interaction with melittin and o-hemolysin

DOPC/Chol 6:4 and DOPC tBLMs biological relevancy was tested
using 50 nM and 100 nM melittin toxin (2,8 kDa) (Fig. 53). It is known that
cholesterol inhibits melittin activity, therefore, two compositions of lipid
membrane were tested: with cholesterol (DOPC/Chol 6:4) and without
cholesterol (DOPC). As expected, increase of complex capacitance in Cole —
Cole plot (Fig. 53 A) and the phase minimum shift towards higher frequencies
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Fig. 53. EIS Cole — Cole (A, C) and Bode (B, D) plots obtained before and
after 60 min interaction of 50 nM and 100 nM melittin with DOPC/Chol 6:4
(A, B) and with DOPC (C, D) tBLMs. Arrows in B and D indicate average
phase minimum frequency. Bias potential 0 VV vs Ag/AgCI, NaCls.. electrode.

in Bode plot [145] (Fig. 53 B) were observed, indicating that melittin disrupted
tBLMs without cholesterol (DOPC). However, the existence of cholesterol in
tBLMs (DOPC/Chol 6:4) inhibited the activity of melittin because the
increase of complex capacitance (Fig. 53 C) and the phase minimum shift
towards higher frequencies in Bode plot (Fig. 53 D) was significantly reduced
as compared to tBLMs without cholesterol.

To test if tBLMs are suitable for functional reconstitution of
transmembrane proteins formed tBLMs were exposed to a-hemolysin (33
kDa) toxin from Staphylococcus aureus. Even though the toxin is not strictly
dependent on cholesterol, the latter accelerates damage of cell membranes
[141]. Therefore, two compositions of the phospholipid membranes were
tested as in the previous case: with cholesterol (DOPC/Chol 6:4) and without
cholesterol (DOPC). The data is presented in Fig. 54. Upon the exposure to
10 nM, 50 nM and 100 nM a-hemolysin solutions the complex capacitance,
as witnessed by the diameter of the high frequency semicircular part of the
EIS spectra, slightly increased from 0.8 to 0.9 uF cm in case of DOPC/Chol
6:4 tBLM (Fig. 54 A). It remains almost constant in case of pure DOPC
membrane (Fig. 54 C). Small alterations of capacitance in both cases are
indicative of interaction between a-hemolysin and bilayers. However, these
interactions result in relatively minor changes of the dielectric constant, which
signals about relatively small amount of protein inserted into the membranes.

Quite different picture is revealed by the Bode plots (Fig. 54 B and D).
Even though the dielectric properties of the membranes remain mostly
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unchanged, the negative of impedance phase minimum shifts considerably
towards higher frequencies in case of DOPC/Chol 6:4 tBLM composition
(Fig. 54 B). While in the absence of cholesterol no shift was observed (Fig. 54
D). Importantly, the phase minimum shift occurred in a concentration
dependent manner, it showed signs of saturation at 100 nM concentration of
a-hemolysin. Such phase minimum shifts are indicative of the formation of
ion conducting pores in phospholipid bilayer [145], and can be used for
guantitative estimate of the toxin-induced defect density. However, for such
estimate the value of the specific resistance of the submembrane [146] and the
type of defect density distribution [169] must be known. The specific
resistance of the submembrane space of tBLMs on silane anchor SAMs at the
moment is not known. However, some information about the distribution of
density of a-hemolysin pores in membranes can be obtained from EIS Bode
phase plot in Fig. 54 B.

It is known that a-hemolysin forms relatively small 1-1.5 nm diameter
ion pores [170]. In such case, the value of the negative of the impedance phase
minimum exhibits values of -arg Z = 40° if membrane defects are distributed
randomly across the surface of tBLMs [171]. In case of formation of clusters
of pores [169] in tBLMs -arg Z > 40°. As seen from Fig. 54 B, at 10 nM a-
hemolysin, -arg Z ~ 45° which indicates cluster formation. The increase of a-
hemolysin concentration to 50 and 100 nM results in a sharp increase of the
phase minimum to -arg Z ~ 55° Such significant increase can only be
explained by the growth of cluster size and density of pores therein. Also, the
upward shift of the negative of impedance phase can be expected in case of
defect size increase [146][145][169][171]. Because a-hemolysin pores have a
fixed size it is quite unlikely to expect a-hemolysin pore in tBLM with the
diameter bigger than 1.5 nm. Nevertheless if clustered pore are close to each
other like in a close-packed hexagonal array, the electrochemical response
from such cluster is identical to a single pore of a considerably bigger diameter
[146]. From the position of the phase minimum (1.9 Hz) and -arg Z ~ 55° (Fig.
54 B) we may hypothesize that the close-packed clusters of a-hemolysin may
exhibit size significantly higher than 25 nm [169]. It can be claimed that
exposure to o-hemolysin triggers EIS spectral changes typical for pore
formation in tBLMSs. The specific EIS features however, indicate significant
heterogeneity in distribution of a-hemolysin pores in membranes with clear
propensity of the formation of close-packed structures.
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Fig. 54. EIS Cole — Cole (A, C) and Bode (B, D) plots of 10, 50 and 100 nM
a-hemolysin 60 min interaction with DOPC/Chol 6:4 and DOPC tBLMs.
Arrows in B and D indicate average phase minimum frequency. Bias potential
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3.4.4. a-hemolysin channel penetration with polyethylene glycol

Functional reconstitution of a-hemolysin provides a tool which allows
to prove/disapprove the presence of ionic/water reservoir between solid
support and phospholipid bilayer membrane as it was demonstrated earlier on
gold-supported tBLMs [172]. To prove the presence of reservoir we exposed
tBLMs preloaded with a-hemolysin pores to a solution containing 30% of
different size polyethylene glycols (PEG). The membrane conductance
measured as EIS admittance Ymin at fmin (which is the frequency at which
negative of impedance phase in Bode plots is observed) is assumed to be 1
(Fig. 55). By changing molar mass of PEG (Meeg) variation of Yimin Was
measured. The plot of Ymin VS PEG size is presented in Fig. 55.

Small PEGs (200-2000 Da) are able to fully penetrate a-hemolysin
pores and lower membrane conductance by approximately 40%, as it was the
case in measurements using planar black lipid membranes [172]. However, in
this research, the effect of lowering tBLMs conductivity is smaller because
measured conductivity of tBLMs have a significant contribution from the
submembrane reservoir. If the effective size of the submembrane space is
smaller than the radius of the pore, then the reduction of conductivity is
smaller than 40% as it was observed for gold supported tBLMs [172].
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Fig. 55. Effect of size-selected PEGs on aHL channel conductance.

Below Mpeg < 2000 Da the curve decreases below 1 which is indicative
of penetration of PEG polymers into a-hemolysin pores in tBLMs. If the pore
conductance would dominate the measured conductance at fmin, then the
conductance ratio would decrease to approximately 0.65 which is a ratio of
conductance of PEG containing buffer over conductance of pristine (no PEG)
buffer. However, as it was observed on gold supported tBLMs [172] this ratio
is smaller than 1, though higher than 0.65, which indicates that the
contribution from submembrane conductance is significant, and in our case it
is dominating measured Ymin. The submembrane layer also is not allowing
penetration of PEG even the smallest ones tested in the current study, Mpec =
200 Da, which indicates highly constrained space between solid electrode and
phospholipid bilayer. So, the question about the presence of water filled ionic
reservoir can be addressed by interrogating response of Ymin in solution
containing PEGs with Mpgg > 2000 Da.

As seen from Fig. 55, in solutions containing PEG with Mpgg > 2000
Da, the relative conductance increases by approximately 20%, to 1.2-1.25.
Such effect, known as osmotic stress effect [172] is expected only if
submembrane space contains exchangeable water. The effect arises because
of the change of the water chemical potential in the bulk solution upon
introduction of PEG. Increase of PEG concentration in the bulk solution
causes the reduction of chemical potential of water. Due to size restrictions
PEG cannot penetrate the submembrane space, the following inequality

,ulsjgg > u?,g(’)", where [ is the chemical potential of water in submembrane

space and the bulk of solution, triggers water flow out of the submembrane
space. This leads to a relative increase of the ion carriers (Na* and CI-, major
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ionic components of the buffer) in the submembrane space. Because
submembrane space dominates measured conductance Ymin, the observer is
recording relative increase of Ymin, Which was also observed in case with
gold-supported tBLMs [172] as well as in planar “black lipid membranes”
[173].

Importantly, the observed curve in Fig. 55 proves two points. First,
tBLMs on FTO contain reconstituted heptamers of a-hemolysin which start
excluding PEG molecules at Mpec>1500 Da, as observed on gold-supported
tBLMs and black lipid membranes [172]. Second, the submembrane space
separating solid support and phospholipid bilayer, which thickness is
evidently smaller than the diameter of a-hemolysin, contains significant
amount of water causing an osmotic stress effect and an increase of Y fmin at
Mpec>1500 Da.

3.4.5. Tethered phospholipid bilayer regeneration

Lipid bilayer regeneration experiment was carried out to see, whether
the same sample of TOPS:ATS silanized FTO could be used for several
experiments. Fig. 56 shows that over 6th cycle of the tBLM formation,
complex capacitance does exhibit relevant changes. However, after each
removal of lipid bilayer, complex capacitance of the SAM increases slightly.
This might happen due to long exposure of the SAM to aqueous environment
that may cause hydration of the SAM. Nonetheless, formed tBLMs still
exhibit the same complex capacitances confirming that the same TOPS:ATS
silanized FTO sample can be used for multiple experiments.
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Fig. 56. EI spectra recorded during 6 consecutive cycles of phospholipid
bilayer (DC 6:4) regeneration on the same FTO sample. Bias potential 0 V vs
Ag/AgCI, NaClsa:. electrode.
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CONCLUSIONS

1. It was determined that the optimal number of layers for cadmium tin
oxide thin film deposition is 3 and annealing temperature is 520 °C. Prepared
CTO films were suitable for OTS monolayer formation, the optimal
concentration of OTS was determined to be 0.1% (or 2.5 mM). Complex
capacitance values of OTS SAM was determined to be 2.5 uF cm? while
similar gold-thiol system exhibits complex capacitance of 1.5 uF cm [10].
This suggested sparse and defective packaging of OTS monolayer on CTO.
Sparsely populated anchor SAM with numerous defects after DOPC/Chol
(molar ratio 6:4) vesicle fusion resulted in bilayer membrane exhibiting
complex capacitance value of 0.8 uF cm2, which was comparable to value
obtained in gold-thiol system [10], showing that hybrid bilayer membrane
formation was accomplished.

2. OTS self-assembled monolayer was formed on FTO surface. Optimal
concentration of OTS was determined to be 0.1% (or 2.5 mM), incubation
time — 60 min. Complex capacitance values of OTS SAM on FTO was
determined to be similar to those obtained on CTO: 3.0 + 0.8 uF cm?,
suggesting sparse monolayer formation. Along with EIS, scanning
electrochemical microscopy was used to characterise OTS SAM. Approach
curves exhibited a distinctive feature — constant current region when UME
distance from the surface reached 10 pum. Hybrid bilayer membrane of
DOPC/Chol (molar ratio 6:4) was formed, exhibiting complex capacitance of
0.9 + 0.1 uF cm? which was comparable to value obtained in gold-thiol
systems [10]. Phospholipid membrane was not penetrated by vaginolysin
however, phospholipase A disrupted outer lipid layer in a concentration
dependant manner displaying biosensing abilities.

3. Mixed hybrid bilayer membrane were formed on fluorine doped tin
oxide surface silanized with a mix of OTS and MTS. It was determined that
relatively small changes of SAM properties lead to large differences in
properties of mhBLM obtained on pre-hydrated and non-hydrated substrates.
It was found that mhBLM formed on SAM with even sparsely populated OTS
molecular anchors (containing up to 80% of MTS back-filler) on pre-hydrated
FTO surfaces exhibiting complex capacitance values of 1.1-0.8 + 0.1 uF cm™
similar to those obtained on gold-thiol systems [155]. Interaction of mhBLM
with pore forming melittin confirmed the biological relevance of membrane
formed on both types of SAMs (formed on pre-hydrated and non-hydrated
FTO substrates).

4. Trichloro(3-(octadecylthio)propyl)silane molecular anchor was
synthesised, confirmed by NMR measurements and used for the formation of
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SAM on FTO surface. Tethered bilayer membrane formation was
accomplished on TOPS SAM exhibiting complex capacitance of 0.8 £ 0.1 pF
cm2 which was comparable to value obtained for tBLMs on gold [7]. The
biological relevance of investigated DOPC and DOPC/Chol membrane was
confirmed with melittin and a-hemolysin toxins. The existence of ionic
reservoir between the solid surface and the membrane was demonstrated by
incorporating different size PEGs into a-hemaolysin pores.

5. Hybrid bilayer, mixed hybrid bilayer and tethered bilayer membranes
on silanized fluorine doped tin oxide surfaces can be used for multiple times
of DOPC/Chol (molar ratio 6:4) membrane formation.
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SANTRAUKA

IVADAS

Plazminé membrana apsupa kiekvieng gyva lastele. Membrana apsaugo
ir atskiria lastelés vidy nuo iSorés. Jos pagrindiné sudedamoji dalis yra
fosfolipidai i$sidéste dviem sluoksniais, kur hidrofobinés uodegos
i§sidésciusios dvisluoksnio viduryje, o hidrofilinés galvos — dvisluoksnio
iSor¢je. D¢l elektrostatiniy ir hidrofiliniy — hidrofobiniy sgveiky, skirtingi
baltymai gali prikibti prie plazminés membranos: integraliniai (pvz., jony
kanalai) ir periferiniai membranos baltymai (elektrony perneséjai, fermentai,
peptidai). Dél to buvo sukurti membraniniai modeliai, kurie buity pritaikomi
kaip platforma baltymy tyrimams.

Pirmasis membranos modelis buvo juodoji lipidiné membrana.
Membrana buvo pakabinta deSimties mikrometry apertiiroje i hidrofobinés
medziagos. Kadangi Sis membranos modelis pasizyméjo nepakankamu
stabilumu, todél buvo pasitilyta membranas formuoti ant kiety pavirsiy arba
imobilizuoti pavir§iuje naudojant inkarinius junginius. Suformavus
membranos modelius ant kiety pavirsiy, galima pritaikyti pavirSiy tyrimy
metodus, tokius kaip atominiy jégy mikroskopija, pavirSiaus plazmony
rezonansas arba elektrocheminio impedanso spektroskopija.

Siekiant membranos modelj pritaikyti baltymy tyrimams, jis turi turéti
plonag 1-3 nm vandeninj rezervuarg, tarp kieto pavirSiaus ir lipidinés
membranos. Sis vandens sluoksnis imituoja lastelés citoplazmg ir uztikrina
integraliniy baltymy jsiterpimg j membrang, neprarandant biologinio
aktyvumo. D¢l to buvo sukurtos pavirSiuje prikabintos membranos, kur
susiformuoja plonas vandens sluoksnis tarp membranos ir kieto paviriaus.
Daugiausia tyrimy yra atlikta aukso pavirSius padengiant tioliy savitvarkiais
monosluoksniais. Stiprus kovalentinis tarp auksinio pavirSiaus ir tiolio (Au-
SR) rySys uztikrina sistemos stabilumg ir todél pavirSiuje prikabintos
membranos yra tinkamos baltymy tyrimams, arba biologiniy jutikliy kiirimui.
Kadangi auksiniai pavirSiai ir jy paruo$imas yra gana brangis, todél Kiti
pavirSiai yra siilomi membrany formavimui, pavyzdziui, metaly oksidai.
Skirtingi metaly oksidai gali bati funkcionalizuojami silany savitvarkiais
monosluoksniais: indzio alavo oksidas (angl. ITO), garintas Ti/TiOg,
metalurginis Ti ir Al. Metaly oksidai yra pranasesni uz auksinius pavirsius dél
to, kad jie yra lengvai paruosiami ir komerciskai prieinami. Dél §iy savybiy,
metaly oksidai gali biiti sékmingai pritaikomi pavirSiuje prikabinty membrany
formavimui. Tac¢iau membrany modeliy formavimas su plonu vandens
rezervuaru ant metalo oksidiniy pavir$iy yra sudétingas dél komerciskai
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priecinamy silany trikumo. Nepaisant to, metalo oksidiniai pavir$iai biity
pranasesni uz auksinius pavir§ius pavirSiuje prikabinty membrany formavimui
ir biologiniy jutikliy kiirimui.

Sio darbo tikslas yra suformuoti fosfolipidines bisluoksnes
membranas ant kadmio alavo oksido ir fluoru legiruoto alavo oksido pavirsiy
bei iStirti membrany tinkamumg biologiniy jutikliy, skirty membranas
ardanciy/poras formuojanciy toksiny kiekybiniam nustatymui, kiirimui.

Darbo uzdaviniai:

1. Nustatyti optimalias sglygas kadmio alavo oksido plony pléveliy
padengimui;  suformuoti  oktadeciltrichlorosilano  (OTS)  savitvarkj
monosluoksnj (SAM) ir fosfolipiding bisluoksng membrana. IStirti SAM ir
bisluoksnio savybes kontaktinio kampo, CV ir EIS metodais.

2. Nustatyti optimalias salygas OTS SAM formavimui ant fluoru
legiruoto alavo oksido (FTO) pavirSiaus. IStirti bisluoksnés membranos
formavimasi ir sgveika su vaginolizinu ir fosfolipaze A,. Modifikuota FTO
pavirsiy istirti kontaktinio kampo, SECM, CV ir EIS metodais.

3. Istirti fosfolipidinés membranos formavimasi ant misraus OTS/MTS
SAM‘o ir membranos saveika su melitinu. IStirti pavir§iaus drékinimo jtaka
SAM ir membranos sgvybéms. Modifikuota FTO pavirsiy istirti kontaktinio
kampo, CV ir EIS metodais.

4.  Funkcionalizuoti FTO  pavirSiy sintetintu  trichloro(3-
(octadeciltio)propil)silanu (TOPS) molekuliniu inkaru ir pritaikyti pavirsiuje
prikabintos fosfolipidinés membranos formavimui, kuri turéty plona vandens
sluoksnj tarp kieto pavirSiaus ir membranos. IStirti membranos saveikg su a-
hemolizinu. Modifikuota FTO pavirsiy istirti kontaktinio kampo ir EIS
metodais.

5. Istirti, ar ant FTO pavirSiaus suformuotas silano savitvarkis
monosluoksnis gali bati tinkamas daugkartiniam fosfolipidinio bisluoksnio
formavimui.

Mokslinis naujumas

Dirbtiniy membrany modeliai buvo sukurti kaip platforma biologiniy
jutikliy kirimui. Pagrindiniai dirbtiniy membrany tyrimai buvo atlikti
formuojant membranas ant alkiltioliais modifikuoty auksiniy pavirsiy. Taciau
aukso-tiolaty sistema pasizymi keliais triikumais. Pirma, ant aukso prikibusios
alkiltioliy inkarinés molekulés pasizymi pavirSiniu mobilumu vandeninéje
terpéje, dél to susiformuoja SAM klasteriai ant pavirsiaus ir tokiomis pac¢iomis
savybémis pasizyminti membrana gali biiti suformuota tik vieng karta ant
auksiniy pavir$iy. Taciau, silany savitvarkiai monosluoksniai sudaro stiprius
kovalentinius rySius su metaly oksidiniais pavirSiais, dél to suformuotos
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lipidinés membranos gali biiti regeneruojamos ant to paties pavirSiaus. Antra,
atomiskai lygus auksinis pavirSius paprastai yra paruoSiamas naudojantis
magnetroninio dulkinimo prietaisu kas padidina biologinio jutiklio paruo§imo
kastus, tuo tarpu metaly oksidiniai pavirSiai yra pigesni ir jy paruoSimas yra
paprastesnis. Taciau alkilsilany molekuliniy inkary panaudojimas
fosfolipidiniy  dvisluoksniy formavimui néra pakankamai iStirtas.
Atsizvelgiant ] minétas problemas, Sio darbo metu buvo atlikti
eksperimentiniai tyrimai, i§ kuriy analizés galima iSskirti keleta Sios
disertacijos naujumo elementy:

1. Plony pléveliy kadmio alavo oksidas ir fluoru legiruotas alavo oksido
pavir$ius funkcionalizuotas su OTS SAM-u gali bati naudojamas DOPC/Chol
fosfolipidiniy bisluoksniy formavimui

2. Fosfolipidiniai bisluoksniai ant silanizuoto FTO pavirSiaus
(priesingai nei ant aukso) gali buti lengvai regeneruojami kelis kartus,
neprarandant savo funkcionalumo.
bisluoksniai gali buti suformuoti net ant retai iSsidésciusio OTS inkaro
(miSriame SAM gali buti iki 80% trumpagrandzio MTS).

4. Pasitlyta pavirSiuje prikabinty bisluoksniy membrany formavimo
ant FTO pavirSiaus procediira, kur oksidinis pavirSius yra
funkcionalizuojamas sintetintu silano molekuliniu inakaru.

Apibendrinant, tokie metaly oksidai kaip kadmio alavo oksidas ir fluoru
legiruotas alavo oksidas gali biiti naudojami fosfolipidiniy bisluoksniy
membrany formavimui; tai galéty sumazinti biologiniy jutikliy toksiny
nustatymui kiirimo kaStus bei praplésty membrany tyrimo ir pritaikymo
galimybes dél metaly oksidiniy pavirSiy komercinio prieinamumo, zZemos
savikainos ir optinio skaidrumo.

Ginamieji teiginiai

1. Kadmio alavo oksidas ir fluoru legiruotas alavo oksidas
funkcionalizuoti OTS savitvarkiu monosluoksniu gali biti pritaikomi
hibridinés bisluoksnés membranos formavimui.

2. Skenuojancios elektrocheminés mikroskopijos metodas gali buti
pritaikytas savitvarkiy monosluoksniy tyrimui, kartu su kontaktinio kampo,
CV ir EIS metodais.

3. Fluoru legiruotas alavo oksidas modifikuotas misriu ilgagrandziu
OTS ir trumpagrandziu MTS savitvarkiu monosluoksniu gali biiti naudojamas
misrios hibridinés bisluoksnés membranos formavimui, kuri bty tinkama
toksino melitino jterpimui.

4. Susintetintas trichloro(3-(octadeciltio)propil)silano molekulinis
inkaras gali biiti naudojamas fluoru legiruoto alavo oksido funkcionalizavimui
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SAM-u, kuris yra tinkamas formuojant pavirSiuje prikabintg fosfolipidine
membrang, pasizymincig plonu vandens rezervuaru tarp kieto pavirSiaus ir
membranos, reikalingu toksino alfa-hemolizino jsiterpimui.

5. Fluoru legiruotas alavo oksidas funkcionalizuotas silany
savitvarkiais monosluoksniais gali biiti pritaikomas daugkartiniam
fosfolipidiniy membrany, pasiZyminciy tomis paciomis savybémis,
formavimui.

EKSPERIMENTUY METODIKA

Kadmio alavo oksido (CTO) plony pléveliy formavimas. Oksido
plévelés buvo paruostos zoliy-geliy metodu. Nusodinimo tirpalas buvo
paruostas iStirpinant 1 ml alavo (IV) tret-butoksido ir 1,06 g bevandenio
kadmio acetato 13 ml metanolyje. IStirpus druskoms buvo pridéta 0,2 ml
acetilacetono. Paruostas tirpalas paliktas per naktj nusistovéti pusiausvyrai
eksikatoriuje. CTO plévelés buvo dengiamos ant mikroskopiniy stiklo
ploksteliy, kurios buvo nuplautos “Micro 90” plovikliu, dejonizuotu vandeniu
ir 2-propanoliu ultragarsinéje voneléje bei iSdziovintos azoto dujomis.
Sukamojo dengimo metodu buvo dengiami 2-4 CTO sluoksniai. Kiekvienas
sluoksnis buvo dengiamas taip: 200 ul tirpalo uzpilama ant §varaus substrato
ir 3000 apsisukimy per minut¢ grei¢iu sukamas substratas kol pasiskirsto
tirpalas ant pavirSiaus. Substratas yra dziovinamas ant kaitlentés 200 °C
temperatiiroje 20 min. Padengus norimg skaiciy sluoksniy, plokstelés vél
kaitinamos 400 ° ir 520 °C temperatiiroje po 20 min.

Fluoru legiruoto alavo oksido (FTO) paruosimas. Visy pirma, FTO
stikliukai (10 x 25 mm) plaunami “Micro 90” plovikliu ir dejonizuotu
vandeniu ultragarsinéje voneléje. Po to FTO laikomas koncentruotoje sieros
rugstyje 1 val., plaunamas dejonizuotu vandeniu ir 2-propanoliu ultragarsingje
voneléje. PavirSiai iSdziovinami azoto dujomis ir iSkarto naudojami
tolimesniems eksperimentams.

Savitvarkio monosluoksnio (SAM) formavimas. Siame darbe SAM buvo
formuojami 1§ skirtingy medziagy: oktadeciltrichlorosilano (OTYS),
metiltrichlorosilano  (MTS) bei trichloro(3-(octadecyltio)propil)silano
(TOPS) ir aliltrichlorosilano (ATS) miSinio. Silanizavimo tirpalas buvo
paruosiamas taip: 50 ml heptano pasildoma iki 60 °C temperatiiros, jpilama
atitinkamo silano arba jy misinio kad bendra koncentracija biity 0,1% (v/v;
2,5 mM). Paruo$tas CTO arba FTO stikliukas jstatomas j tirpalg vertikalioje

92



pozicijoje ir laikoma 60 min. maisant 60 °C temperatiiroje. Po to stikliukas
iStraukiamas, nuplaunamas heptanu ir i§dZiovinamas azoto dujomis.

Fosfolipidinés bisluoksnés membranos formavimas. Siame darbe
membrana buvo formuojama vezikuliy liejimo metodu, i§ 1,2-dioleoyl-sn-
glicero-3-fosfocholino (DOPC) ir cholesterolio (Chol) moliniu santykiu 6:4
arba 100% DOPC. Bendra lipidy koncentracija buvo 1 mM fosfatiniame
buferiniame tirpale pH 4,6.

Kontaktiniy kampy matavimas. PavirSiaus drékinimas buvo nustatomas
Theta Lite optiniu tensiometru. 5 ul tiirio dejonizuoto vandens laSai
uzlasinami ant FTO arba CTO pavirsiy 6 skirtingose vietose, iSmatuojami
kontaktiniai kampai ir apskai¢iuojamas vidurkis.

Elektrocheminiai matavimai. Visi elektrocheminiai matavimai buvo
atlikti fosfatiniame buferiniame tirpale pH 7,1. Elektrocheminio impedanso
spektroskopijos (EIS) matavimai buvo atlikti 0,1 Hz — 100 kHz daZniy ribose
naudojantis pAutolab (Type III) arba Zahner Zennium potenciostatais.
Dinaminiai greitosios Furjé transformacijos (FFT) EIS matavimai buvo atlikti
EIS-128/16 impedanso spektrometru. Standartiné trijy elektrody celé buvo
naudojama tyrimy metu, kur palyginamasis elektrodas — Ag/AgCI, NaClst,
pagalbinis — platinos viela ir darbinis — CTO arba FTO elektrodai. EIS
matavimai atlikti esant 0 V vs Ag/AgCl, NaCls,:. potencialui.

Priartéjimo kreivés prie FTO pavirSiaus buvo nustatytos Sensolytics
SECM - 030 skenuojanciu elektrocheminiu mikroskopu (SECM). Darbinis
elektrodas — ultramikroelektrodas (UME), kurio skersmuo 20 pm,
palyginamasis - Ag/AgCl, NaClst, pagalbinis — platinos viela. SECM
matavimai atlikti esant -0,75 V vs Ag/AgCl, NaCls,:. potencialui.

REZULTATUY APTARIMAS

Kadmio alavo oksido ir savitvarkio monosluoksnio formavimas

Siekiant suformuoti CTO pléveles, kurios pasizyméty kuo aukstesniu
laidumu, buvo dengiamas skirtingas sluoksniy skaicius (2-4) ir kei¢iama
kaitinimo temperatira (500-530 °C). Pavir$iy laidumas buvo nustatomas
matuojant varZa, dvejais elektrodais 1 cm atstumu vienas nuo kito, prilieciant
paviriy. Zemiausia varza (0,3 kQ) buvo nustatyta CTO pléveles dengiant 3
sluoksniais ir kaitinant 520 °C temperataroje (Fig. 15, 31 p.), todél
tolimesniems tyrimams ir buvo parinktos §ios CTO dengimo sglygos.

Toliau CTO pavirsius buvo funkcionalizuojamas OTS savitvarkiu
monosluoksniu. SAM formavimo (silanizavimo) metu buvo naudojama
skirtinga OTS koncentracija (0,01 — 5 %). Kontaktinio kampo metodas buvo
naudojamas nustatyti pavirSiaus hidrofobiskumg. Naudojant 0,1 % OTS
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koncentracijos tirpaly CTO silanizavimui, buvo pasiektas auksCiausias
kontaktinis kampas — 103 °, palyginus su §variu CTO — 40 ° (Fig. 19, 35 p.),
kas parodé, kad modifikuotas pavirSius yra hidrofobinis. Atlikus EIS
matavimus, kompleksiné talpa sumazéjo nuo ~8 UF cm? (Svaraus CTO) iki
2,5 UF cm2 (0,1 % OTS silanizuotu CTO). Kompleksinés talpos sumazéjimas
parodo apie CTO padengimg SAM.

Hibridinio fosfolipidinio bisluoksnio formavimas ant CTO
pavirSiaus

Vezikuliy liejimas ant OTS SAM funkcionalizuoto CTO vyksta dvejais
etapais. Pirmas 15 min stebimas kompleksinés talpos padidé¢jimas. Taciau
toliau liejantis vezikuléms stebimas kompleksinés talpos sumazéjimas iki 0,8
UF cm (Fig. 22, 38 p.). Netipiskas vezikuliy liejimasis dviem etapais parodo
apie heterogenisko SAM susiformavimg ant CTO pavirSiaus. Saveika su
vezikulémis prisideda prie SAM molekuliy persitvarkymo i$ horizontalios j
vertikalig padétj. Dél to, CTO pavirsius turi kontakta su buferiniu tirpalu ir EI
spektruose registruojamas kompleksinés talpos padidéjimas. Toliau liejantis
vezikuléms formuojasi hibridinis bisluoksnis, kur fosfolipidai izoliuoja CTO,
todél kompleksiné talpa pradeda mazéti.

Savitvarkio monosluoksnio formavimas ant FTO pavirSiaus

FTO pavirsius buvo modifikuojamas OTS SAM ir parenkama optimali
OTS koncentracija ir silanizavimo trukmé naudojantis kontaktinio kampo ir
EIS metodais. Keic¢iant OTS koncentracijas nuo 0,01% (0,25 mM) iki 0,1%
(2,5 mM) ir silanizavimo trukme nuo 30 min iki 60 min buvo nustatyta, kad
zemiausia kompleksiné talpa ir auksc¢iausi kontaktiniai kampai pasiekiami
silanizavimg atliekant 60 min 0,1% (2,5 mM) OTS koncentracijos tirpale (Fig.
24, 40p.), todél tolimesniems tyrimams buvo parinktos $ios silanizavimo
salygos.

Papildomai, OTS SAM ant FTO pavirSiaus buvo istirtas skenuojancios
elektrocheminés mikroskopijos metodu. Buvo nustatyta, kad registruojant
priartéjimo kreives prie OTS SAM, 10 um atstumu nuo pavirSiaus yra
stebimas srovés nusistovéjimas prie§ ultramikroelektrodui palieciant pavirsiy
(Fig. 27, 42 p.). Sis rezultatas buvo stebimas dél to, kad OTS SAM yra
dielektrikas ir UME artéjant prie pavirsiaus yra blokuojamas redokso aktyviy
medziagy patekimas prie darbinio elektrodo ir registruojama srové
nebedidéja.

Hibridinio fosfolipidinio bisluoksnio formavimas ant FTO
pavirSiaus

Suformavus OTS SAM ant FTO pavirsiaus, buvo liejamos DOPC/Chol
vezikulés. FFT EIS metodu buvo uzregistruoti impedanso spektrai
fosfolipidinio bisluoksnio formavimosi metu (Fig. 28, 43 p.) ir nustatyta, kad
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pilnai bisluoksnis susiformuoja per ~2000 s (30 min). Nusta¢ius kompleksinés
talpos vertes, galima nustatyti kiekvieno sluoksnio talpg ir storj naudojantis
ploksciojo kondensatoriaus lygtimis:

1/Crroors = 1/Crro + 1/Cots (1)
1/Cieim = UCrroio1s + LICp. (2)

Kur Cero, Crrojots ir CisLm Yra atitinkamai eksperimentinés FTO, OTS SAM
ir fosfolipidinio bisluoksnio kompleksinés talpos vertés; Cors — OTS
monosluoksnio talpa; Cp. — OTS SAM ir fosfolipidinio bisluoksnio
kompozito talpa.

Remiantis eksperimentiniais duomenimis ir (1) bei (2) lygtimis
apskaic¢iuotos Cors ir Cp talpos yra lygios atitinkamai 6,54 + 0,15 uF cm2 ir
0,82 + 0,10 UF cm. Apskai¢iuota Cors verté yra keletg karty didesné nei
palyginus su panasaus ilgio alkil tioliy SAM kompleksine talpa.
Apskaic¢iuotas OTS SAM efektyvus storis dors = 0,29 nm (dielektriné
konstanta 2,1). Taciau remiantis literatiiros duomenimis jis turéty buti
apytikriai 10 karty didesnis, todél Siame darbe suformuotas SAM dengia tik
~11% FTO pavirSiaus.

Apskai¢iavus OTS ir DOPC kompozito Cpr sluoksnio storj, buvo
gautas 3,02 nm storis (dielektriné konstanta 2,8). Si apskaiGiuota verté
sutampa su fosfolipidinio bisluoksnio ant alkiltioliy SAM storiu. Todél
remiantis Siais duomenimis, buvo padaryta iSvada, kad buvo suformuotas retai
i8sidéstes OTS monosluoksnis, taciau vezikuliy liejimo metu susidaré beveik
tvarkingas bisluoksnis (Fig. 31, 46 p.).

Suformuoto bisluoksnio biologinis suderinamumas buvo istirtas su
toksinais vaginolizinu (VLY) ir fosfolipaze A, (PLA2). Remiantis EI spektry
duomenimis (Fig. 32, 47 p.), nepastebéta esminiy poky¢iy po VLY jterpimo j
bisluoksnj, dél to, kad prie pavirsiaus esantis SAM yra nepakankamai judrus,
kad galéty jsiterpti oligomeriné VLY pora j bisluoksnj. Todél sekantys tyrimai
buvo atlikti su fosfolipaze A.. Sis toksinas suardo tik iSorinj fosfolipididy
sluoksnj, todél nejudrus monosluoksnis neturéty jtakoti PLA2 poveikio. EI
spektruose (Fig. 33, 48p.) galima matyti kompleksinés talpos pokytj nuo
skirtingos PLA2 koncentracijos poveikio bisluoksniui. Tai patvirtina
suformuoto hibridinio fosfolipidinio bisluoksnio biologinj suderinamuma.

Misraus savitvarkio monosluoksnio formavimas ant FTO
pavirsiaus

Siekiant suformuoti fluidiskesnj fosfolipidinj bisluoksnj, i kurj galéty
Isiterpti poras formuojantys toksinai, SAM formavimo metu buvo naudojamas
misinys ilgagrandziy ir trumpagrandziy alkilsilany skirtingais santykiais,
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konkre¢iai MTS ir OTS. Sio tyrimo metu taip pat buvo istirta FTO pavirsiaus
hidratacijos jtaka silanizavimo metu susidaran¢io monosluoksnio savybéms
(monosluoksnis suformuotas ant nehidratuoto FTO pavirsiaus - SAM-P1; ant
hidratuoto pavirSiaus — SAM-P2). FTO hidratavimas buvo atlickamas pavirsiy
pamerkiant j dejonizuotg vanden;j ir paliekant per naktj, po to nudziovinama
azoto dujomis. Atlikus matavimus kontaktinio kampo metodu, buvo palyginti
gauti rezultatai ant hidratuoty ir nehidratuoty pavir$iy: formuojant SAM-P2
su skirtingu OTS:MTS santykiu, buvo gauti aukstesni kontaktiniai kampai,
nei palyginus su SAM-P1 ty paciy OTS:MTS santykiy (Fig. 35, 49 p.).
Aukstesni kontaktiniai kampai parodo didesnj pavirSiaus hidrofobiskuma, o
tai, remiantis literatiros duomenimis, turéty palengvinti vezikuliy liejimasi ir
bisluoksnio formavimasi.

Elektrocheminés pavirSiy savybés buvo istirtos EIS metodu, kur buvo
nustatytos ir palygintos skirtingy OTS:MTS santykiy SAM kompleksinés
talpos hidratuoto FTO pavirsiaus su nehidratuoto FTO. Didinant OTS kiekj
silanizavimo misinyje, El spektruose kompleksiné talpa mazéja (Fig. 36, 51
p.). Toks kompleksinés talpos pokytis parodo apie storesnio ir
homogeniskesnio SAM susidarymg. Ivertinus pavirSiaus drékinimo efekta,
buvo pastebéta, kad susiformuoja monosluoksniai, kurie pasizymi
zemesnémis kompleksinémis talpomis (palyginus su tais paciais OTS:MTS
santykiais ant nehidratuoty FTO pavirSiy). Tai parodo kompaktiskesniy
sluoksniy susidaryma.

MiSraus hibridinio fosfolipidinio bisluoksnio formavimas ant FTO
pavirSiaus

Suformavus misry savitvarkj monosluoksnj, buvo liejamos DOPC/Chol
vezikulés ir formuojamas miSrus hibridinis fosfolipidinis bisluoksnis. Atlikus
vezikuliy liejimg ant SAM-P1, bisluoksnis (mhBLM-P1) susiformavo tik ant
ty monosluoksniy, kuriuose buvo 0-20% MTS, o ant SAM-P2 bisluoksnis
(mhBLM-P2) formavosi ant ty monosluoksniy, kuriuose buvo 0-80% MTS
(Fig. 38, Fig. 39, 53 p.). Sis rezultatas parodo FTO pavirsiaus drékinimo jtaka
ne tik SAM, bet ir bisluoksnio formavimuisi ir jo savybéms, nes vezikulés
ligjosi ant daugiau skirtingy OTS:MTS santykiy SAM-P2, nei ant SAM-PL1.

Siekiant nustatyti ar suformuoti bisluoksniai ant skirtingy SAM
pasizymi biologiniu suderinamumu, buvo istirta sgveika su toksinais melitinu
(Mel) ir o-hemolizinu (eHL). Impedanso spektruose stebéta mhBLM-P1
saveika su oHL (Fig. 44, 58 p.) buvo netipiné, nes kompleksiné talpa pakito
tik po 24 val. Remiantis literatiiros duomenimis, jau per pirmas 30 min turéty
bti aiSkiai matomas toksino poveikis. Todél buvo padaryta iSvada, kad
suformuotas mhBLM-P1 bisluoksnis neturéjo vandeninio rezervuaro tarp
bisluoksnio ir kieto pavirSiaus, todél toksinas negaléjo pilnai jsiterpti. Taciau,
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atlikus tyrimus su mhBLM-P2 ir melitinu (Fig. 45, 59 p.) nustatyta, kad
toksinas suardé bisluoksnj, kuris buvo suformuotas ant hidratuoto FTO
pavirSiaus. Remiantis §iais duomenimis, galima teigti, kad buvo suformuotas
miSrus hibridinis bisluoksnis, kuris yra biologiskai suderinamas su
bisluoksnius ardanciais toksinais, taiau poras formuojantys toksinai negaléjo
isiterpti. Todél tolimesni tyrimai buvo atliekami siekiant suformuoti
bisluoksnj, kuris turéty joninj vandens rezervuarg tarp kieto pavirSiaus ir
bisluoksnio.

Trichloro(3-(octadecyltio)propil)silano savitvarkio monosluoksnio
ir pavirSiuje prikabinto fosfolipidinio bisluoksnio formavimas ant FTO
pavirSiaus

Kadangi komerciskai prieinami silanai turi tik vieng hidrofobing anglies
atomy granding, kas néra tinkama pavirSiuje prikabinto bisluoksnio
formavimui, todél Siame darbe buvo susintetintas naujas silanas - trichloro(3-
(octadecyltio)propil)silanas. Sintezés metu buvo paruoSiamas silany misinys
i§ TOPS ir ATS. Aliltrchlorosilanas veiké kaip skiediklis, kad sumazinty
TOPS inkary kiekj ant FTO pavirSiaus. Suformavus TOPS:ATS SAM
kontaktinis kampas sieké 113 © £ 3 °, palyginus su §variu FTO — 27 °. Toks
kontaktinio kampo pokytis parodo apie hidrofobinio  sluoksnio
susiformavimg. Atlikus EIS matavimus stebimas kompleksinés talpos
sumaz&jimas nuo 3,2 + 0,6 uF cm? iki 0,8 + 0.1 puF cm? ir 1.0 £ 0.1 uF cm™
skirtingos sudéties bisluoksniams, atitinkamai DOPC/Chol ir DOPC (Fig. 51,
64 p.).

Suformuoty  bisluoksniy DOPC/Chol ir DOPC biologinis
suderinamumas buvo istirtas 50 ir 100 nM koncentracijos melitinu. Kadangi,
cholesterolis inhibuoja melitino veikla, tai buvo stebimas mazesnis
DOPC/Chol bisluoksnio suardymas melitinu nei membranos, kurioje yra tik
DOPC (Fig. 53, 66 p.).

Toliau buvo istirta, ar j pavirSiuje prikabintg bisluoksnj gali jsiterpti
poras formuojantys toksinai, konkreciai a-hemolizinas. DOPC/Chol
membrana buvo suardyta priklausomai nuo naudoto toksino koncentracijos
10, 50 arba 100 nM (Fig. 54, 68 p.). Jeigu bisluoksnj sudaré vien DOPC, tai
oHL nejsiterpé | membrang, nes Sio toksino aktyvumas priklauso nuo
cholesterolio buvimo bisluoksnyje.

Siekiant jrodyti, kad susiformavo pavirsiuje prikabintas bisluoksnis su
vandeniniu rezervuaru tarp bisluoksnio ir kieto pavirsiaus, j a-hemolizino
poras buvo jterpiamas skirtingos molekulinés masés polietilenglikolis (PEG).
Nedideli PEG‘ai (200-2000 Da) turéty pilnai jsiterpti j heptamering aHL pora
ir sumazinti membranos laiduma apie 40%, taCiau Siame darbe laidumas
sumazéjo tik 5-10% (Fig. 55, 69 p.). Tai parodo, kad polimeras jsiterpé j
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toksino poras, taéiau pomembraninio joninio rezervuaro laidumas dominavo
iSmatuotg laiduma, todél jo sumaZzéjimas buvo nezymus. Norint detaliau
i§siaiSkinti apie plono vandeninio rezervuaro egzistavima, didesnés
molekulinés masés PEG (>2000 Da) buvo jterpiami j aHL poras. Kaip stebima
Fig. 55 (69 p.), membranos laidumas padidéja ~20%. Tai atsitinka dél
osmosinio streso, kurj sukelia vandens cheminio potencialo pokytis dél PEG
koncentracijos padidéjimo tiriamajame tirpale. Didesnis PEG negali jsiterpti
pomembraninj vandens rezervuarg dél dydzio apribojimy, todél pasikeitus
vandens cheminiam potencialui, vanduo iSteka i§ pomembraninio rezervuaro
ir ten padidéja jony koncentracija. D¢l to stebimas membranos laidumo
padidéjimas.

Hibridinio, miSraus hibridinio ir pavirSiuje imobilizuoto
fosfolipidinio bisluoksnio regeneracija ant FTO pavirSiaus

Silany savitvarkiai monosluoksniai suformuoti ant metaly oksidiniy
pavir$iy pasizymi labai stipriu kovalentiniu Si-O-metalas rysiu, kuris yra
atsparus drégmei. Norint jrodyti suformuoty bisluoksniy ant FTO pranasuma
pries bisluoksnius ant auksiniy paviriy, buvo atlikta membranos regeneracija,
fosfolipidy sluoksnj nuplaunant alkoholiniais tirpikliais ir vél i§ naujo liejant
vezikules ant to paties SAM. Buvo nustatyta, kad skirtingi bisluoksniai
(hibridinis, miSrus hibridinis ir pavir§iuje imobilizuotas) ant FTO pavirSiaus
yra pilnai regeneruojami iki 6-8 karty ant to paties SAM. Sis rezultatas jrodo
metalo oksidiniy pavirSiy pranasumg prie§ auksinius pavirsius, nes aukso
pavirSiuje esantys judriis atomai sustumia monosluoksnio inkarus j ,,saleles*
po ilgesnio kontakto su vandenine terpe, todél nebegali susiformuoti
homogeniskas bisluoksnis, j kurj galéty funkcionaliai jsiterpti membrang
pazeidZiantys ar poras formuojantys toksinai.

ISVADOS

1. Buvo nustatyta, kad optimalus sluoksniy skai¢ius kadmio alavo
oksido plony pléveliy dengimo metu yra 3, kaitinimo temperatira — 520 °C.
Paruostos CTO plévelés buvo tinkamos OTS monosluoksnio formavimui,
nustatyta optimali OTS koncentracija yra 0,1% (arba 2,5 mM). Suformuota
hibridiné bisluoksné membrana, kurios kompleksiné talpa buvo lygi 0,8 pF
cm?,

2. Buvo suformuotas OTS monosluoksnis ant FTO pavirsiaus, nustatyta
optimali OTS koncentracija yra 0,1% (arba 2,5 mM), monosluoksnio
formavimo trukmé — 60 min. Skenuojancios elektrocheminés mikroskopijos
biidu priartéjimo kreivése buvo nustatyta specifiné savybé — pastovios sroveés
sritis. UME artéjant prie pavirSiaus buvo stebimas srovés nusistovéjimas likus
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10 pm iki pavir$iaus. Suformuota hibridiné bisluoksné membrana, kurios
kompleksiné talpa buvo lygi 0,9 uF cm? Hibridiné membrana gali biiti
panaudojama fosfolipazés A Kiekybiniam nustatymui.

3. Suformuota miSri hibridiné membrana ant misriu OTS/MTS
monosluoksniu funkcionalizuoto FTO pavirSiaus. Nustatyta, kad mhBLM gali
susiformuoti ant OTS:MTS monosluoksnio, kurime MTS sudaro iki 80%
molinés dalies. Misri hibridiné membrana gali buti pritaikoma melitino
detekcijai.

4.  Sintetintas  trichloro(3-(octadeciltio)propil)silanas  (TOPS)
molekulinis inkaras gali biiti panaudojamas pavirSiuje prikabintos
fosfolipidinés membranos formavimui ant FTO pavir§iaus. Suformuota
membrana gali bti pritaikoma melitino ir alfa-hemolizino detekcijai. Plono
vandens sluoksnio buvimas tarp membranos ir kieto pavirSiaus buvo jrodytas
jterpiant skrtingos molekulinés masés PEG | a-hemolizino poras.

5. Silanizuotas FTO pavirSius gali biiti pritaikomas daugkartiniam
panaudojimui hibridinés, misrios hibridinés ir pavirSiuje prikabintos
bisluoksnés membranos formavimui.
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