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Abstract

Key-words: electrochemical biosensor, DNA nanotechnology, model membrane,
label-free strategy

The detection of very small amount of pathogens and the screening of pollutants, bacterial toxins
in samples such as drinking water, are important goals for medical, biological and
biotechnological applications.

Electrochemical detection is very useful to achieve the development of cheap, small, portable and
simple devices, that allow multiplex and real-time detection. Another aspect to take in account
regards nanobiotechnological strategies, that are drastically revolutionizing the development of
biosensors. In fact many biosensing techniques and transduction strategies exploit concepts
developed in the field of nanobiotechnology, such as quantum dots, nanoparticle labels, magnetic
particles, model membranes, DNA-based nanostructures etc.

The aim of this PhD work has been the development of electrochemical biosensors based on
nanobiotechnological strategies for the detection of biological macromolecules.

Specifically, one project, carried out within the European project DINAMICS (Diagnostic
Nanotech and Microtech Sensors, Sixth Framework Programs), was focused on the application of
a DNA-based nanostructure called hybridization chain reaction (HCR) as an amplification
strategy to enhance the hybridization signal in an electrochemical DNA biosensor.

HCR is a strategy that involves two different DNA molecules with hairpin structure. The hairpin
conformation allows to store energy that will be released only after the addition of an initiator,
triggering the supramolecular polymerization of the hairpin molecules.Specifically, if the target
sequence has hybridized with the probe on the electrode surface, HCR determines the formation
of products with high molecular weight that should be easier to detect, and therefore should
provide an increase in the sensitivity of DNA biosensors, lowering the limit of detection.

The recognition of the HCR products on the surface were carried out using an electrochemical
label-based technigue (voltammetry with a redox marker), and two label-free techniques (SPR
and capacitive measurements), and the effects on the sensitivity and specificity of the different
DNA biosensors were evaluated.

We found that HCR can be implemented on a solid surface and used as a strategy for signal
amplification in a voltammetric DNA biosensors. Employing HCR, a lower limit of detection of
about 2 orders of magnitude was observed. Moreover HCR improves the biosensor ability to
discriminate between perfect matched and mismatched DNA targets; in addition the particular



mechanism of HCR allows to discriminate the position of the mismatch in the target sequence.
Through SPR experiments and capacitive measurements we observed that the HCR is a label-free
approach that is able to specifically amplify DNA binding signals, and that it is promptly suitable
for both commercial SPR and multiplexed SPRi detection systems.

Another project on which the research activity was focused concerns the development of an
electrochemical biosensor based on a biological model membrane anchored to a solid surface, and
used as the sensing element for the recognition of interactions between lipid membrane and
different types of target molecules.

We prepared and characterized layers of synthetic lipids, in our case 2,3-di-O-phytanyl-sn-
glycerol-1-tetraethylene glycol-D,L-a-lipoic acid ester (DPTL), diluted with B-mercaptoethanol
(BME), a smaller thiol. Phosphatidylcolines were used to complete the lipid bilayer, obtaining
lipid membranes with an electrical resistance in the MQ/cm’ range. To characterize these
surfaces, we decided to use several approaches that exploit the presence of the solid surface (flat
gold surfaces): atomic force microscopy (AFM), electrochemical impedance spectroscopy (EIS)
and surface plasmon resonance (SPR).

These tethered bilayer lipid membranes were used to detect interactions between the lipid
membrane and different types of target molecules, such as pollutants, toxins and amyloid
proteins. In particular the possibility of monitoring in real time with impedance measurements the
interactions between the lipid membrane and different kinds of target molecules (model pore-
forming peptides, toxins, pollutants and amyloid proteins) was evaluated, and we observed that
our model membrane is potentially capable of operating as sensing element for biosensor.

This particular type of biosensor is not specific to a particular target molecule, and therefore has
the advantage of being able to detect the presence (obviously without being able to recognize
them) of a wide range of molecules that can interact with the lipid membrane and then alter its
electrical characteristics. For this reason this type of biosensor may be applied in the analysis of
preliminary screening, for example in environmental monitoring.

In conclusion, nanobiotechnological strategies were applied with some success as amplification
strategy in a DNA biosensors (HCR) and as the sensing element in a label-free electrochemical
biosensor. However, further analysis and improvement are required, to confirm the obtained
results, and also to enhance the quality of the measurements.
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INTRODUCTION

1.1 Biosensors

Research on biosensors has experienced increasing growth over the past two decades.
A biosensor is generally defined as an analytical device which converts a biological response into
a quantified and analyzed signal™. Figure 1.1 shows schematically the parts that compose a
typical biosensor: a) the sensing element is represented by bioreceptors which specifically bind to
the analyte; b) the bioreceptors are generally fixed on an interface in which the biological event of
specific recognition takes place and gives rise to a signal, that is picked up by c) the transducer
element. The transducer signal is then converted into an electronic signal and then sent to d) a
software that convert the signal in a meaningful physical parameter that describes the process
under investigation. Finally, the resulting quantity was shown through e) a software interface to
the human operator.

The biosensors can be applied to a wide variety of samples: body fluids, food samples, cell
cultures, and environmental samples.
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Figure 1.1: Elements and selected components of a typical biosensor. Figure reproduced from [2]




Over the years several characteristics that a biosensor should possess to exert their functions were

proposed™:
1. Bioreceptors should be highly specific for the analytes and show a low variation between
assays.

2. The reaction should be independent of parameters such as stirring, and should tolerate
wide variations in pH and temperature allowing the analysis of samples with minimal
pre-treatment.

3. The response must be accurate, precise, reproducible and linear on the concentration
range of interest.

4. In the case of invasive monitoring in clinical situations, the probe should be very small
and biocompatible, and free from toxic or antigenic effects. Furthermore, the biosensor
should not be prone to inactivation or proteolysis.

5. The biosensor should allow real-time analysis.

6. The biosensor should be cheap, small, portable and can be used by semi-skilled operators.
Biosensors are generally highly selective exploiting biological recognition through specific
binding affinity between elements immobilized on the sensor with the target moleculest.
Recognition elements typically used in biosensors are enzymes, nucleic acids, antibodies, whole
cells and receptors.

To fully exploit the specific interaction of the biosensors, the sensor surface must suppress any
nonspecific interaction and in fact tremendous efforts has been made to find surface
modifications that allow specific interactions over extended periods of time in biological fluids™.

1.2 Electrochemical biosensors

The electrochemical biosensors represent a subclass of chemical sensors that combine the
sensitivity of electrochemical sensors with the high specificity of the recognition processes of
biological molecules.

Other advantages include simple and low cost instrumentation and the possibility to develop
miniaturized, multiplexing and portable devices, allowing in situ analysis of different compounds
simultaneously™.

Nanobiotechnology is drastically revolutionizing the biosensors development. Many biosensing
techniques and different transduction strategies exploit concepts developed in the field of
nanobiotechnology: tailor-made biorecognition molecules, quantum dots and nanoparticle labels,
carbon nanotubes, nanostructured supports, magnetic particles, flow-system analysis devices,
microarrays, etc®. Although they may appear sophisticated systems, the purpose of these
innovative analysis devices is to simplify the analysis operations for operators and end users.
These characteristics offer advantages in different aspects, for example higher specificity, higher
sensitivity, higher operational stability, integrated sample treatments and shorter analysis time.



In the medical field, the electrochemical sensors have been reported for diagnosis of genetic
diseases through the identification of SNPs the detection of pathogens™, forensic
applications' and drug response measurements™. In food analysis electrochemical biosensors
have been reported for analysis of foods and beverages™, for the detection of GMOs in food™?
and for measuring the freshness of foods™. Biosensors were applied also in the environmental
monitoring area, especially in the evaluation of microbial cells in water and in the environment
quality control™™!, |n the area of biodefense, in the last 10 years, research projects finalize to
the development of alarm systems against bioterrorism has been largely promoted and founded by
European Governments!®l.

1.2.1 Electrochemical detection techniques

Since the electrochemical reactions are usually detected only in the vicinity of the surface of an
electrode, electrodes play a crucial role in the functioning of electrochemical biosensors.

The electrode material, its modification of the surface or its size can significantly affect its ability
in detection, depending on the function of a specific electrode.

Generally, electrochemical sensors are part of an electrochemical cell which is formed by three or
two electrodes. A typical three-electrode electrochemical cell consists of a working electrode,
usually a chemically stable and conductive material, such as platinum, gold, or graphite; a
reference electrode, usually consisting of silver metal coated with a layer of silver chloride
(Ag/AQCD); and an auxiliary electrode, for example a platinum wire (see figure 1.2). An
advantage of this system is that the charge generated by electrolysis events passes through the
auxiliary electrode rather than through the reference electrode, enabling the reference electrode to
maintain its half-cell potential. A two-electrode cell has only the working electrode and the
reference electrode. If the current density is quite low (< wA/cm?), then the reference electrode
can carry the charges with no adverse effects™"),

Both of these systems, with two or three electrodes, are used in sensors. Despite their limitations,
the cells with two electrodes are generally preferred for disposable biosensors since in this case
the long-term stability of the reference electrode is not required and their cost is lower!®,

The electrochemical reaction exploited in an electrochemical biosensor typically generates a
measurable current (amperometric), a potential or accumulation of charge (potentiometric) or
alters the conductive properties of a medium (conductometric) between two electrodes. Another
approach applied in electrochemical biosensors is the electrochemical impedance spectroscopy
(EIS), which allows monitoring the resistance and the capacitance of the working electrode
interfacel.

Amperometric and voltammetric techniques are characterized by the application of a potential to
the working electrode versus a reference electrode and measuring the resulting current. Usually
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Figure 1.2: Principle set-up of a three electrode electrochemical cell. Picture modified from the
original published in http://novocontrol.de/html/intro_eis.htm

the current is the result of a reduction or oxidation at the working electrode and is normally
limited by the mass transport rate of the electroactive molecules to the electrode. Furthermore, the
current peak measured over a linear potential range is directly proportional to the bulk
concentration of the analyte.

Specifically voltammetry is a term used for those techniques in which the potential is scanned
into a set potential range. In amperometry instead, changes in the current generated by oxidation
or reduction are monitored as a function of time, while a constant potential is maintained between
the working electrode and the reference electrode™. Compared to voltammetric biosensors,
amperometric biosensors have an additional selectivity since the oxidation or reduction potentials
used for the detection are specific of the redox species in analysis. There are several version of
voltammetry that differ in the waveform of the applied voltage and the phase of the waveform in
which currents are measures. Among these, stripping voltammetry represents a particular case in
which the potential necessary for oxidation (stripping) can be used to discriminate among
multiple electroactive species, allowing multiplexed measurements of different analytes.

Conductometric biosensors monitor variations in the electrical conductivity of the solution,
depending on changing in the composition of the solution or of the medium during the chemical
reaction. Conductometric biosensors often involve enzymes that allow the production of charged
molecules, so they can change the ionic strength of the solution, causing an increase of the
conductivity.

Potentiometric devices measure the accumulation of charge on the working electrode versus the
reference electrode in an electrochemical cell with zero or no significant current that flows
between them. In other words, potentiometry provides information of the ionic activity in an



electrochemical reaction. Common examples are the ion-selective electrode for ions such as K,
Ca®™, Na*, CI'; these chemical sensors can be converted in biosensors by coating them with a
biological element such as an enzyme catalyzing a reaction that produces the ion that the
underlying electrode was designed to detect®”.

Electrochemical impedance spectroscopy (EIS), described by Lorenz and Schulze in 1975,
measures the resistive and capacitive properties of the working electrode by means of
perturbation with a small amplitude sinusoidal excitation signal typically of 2-10 mV. The
frequency is varied over a wide range to obtain the impedance spectrum. The in-phase and out-of-
phase current response are then determined in order to obtain the resistive and capacitive
components of the impedance, respectively™™!. Impedance methods are powerful because they can
sample electron transfer at high frequencies and mass transfer at low frequencies.
The basic concept of electrical resistance is the ability of circuit elements to resist the flow of
electric current. Ohm's law defines the resistance (R), in terms of voltage (E), and current (1),
through the relationship:

R==

1

As the resistance, the impedance is a measure of the ability of a circuit to resist the flow of
electric current. Impedance then generalized Ohm's law to circuits operating in the sinusoidal
steady state.
The impedance is normally measured by applying a sinusoidal potential to an electrochemical cell
and measuring the resulting current, a sine wave at the same frequency but out of phase. Through
the resistance measured by impedance spectroscopy in alternating current, information about
conductivity can be obtained.
The input signal or excitation, expressed as a function of time is:

E(t) = E, cos(wt)

where E(t) is the potential at time t, Eq is the amplitude of the input signal and ® is the radial
frequency. The output signal I(t) has an amplitude | and shifted phase:

I(t) =1, cos(wt — @)

An expression analogous to Ohm’s law allows us to calculate the impedance of the system:

E(t) E, cos{an) cos(an )
Z = = = Z“
I(t) I, cos(ad —p) cos(ax — )




The impedance is therefore expressed in terms of a magnitude, Z,, and a phase shift, ¢. Using

Euler’s relationship, the impedance is then represented as a complex number:

7 E(t)y  Ejexpljan)
f”.} Iu expl jot — jp)
=Z,(cosg+ jsing)

= Zu expljer)

Impedance vector, |Z|, in the complex plane is described by two components, real (Z), and
imaginary (Z").

The real part of Z is in the direction of the axis X, and the imaginary part is represented on the
vertical axis Y. The absolute value of impedance can then be represented on a plane, as shown in
figure 1.3.

X

=
o
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Figure 1.3: The impedance Z plotted as a planar vector using rectangular and polar coordinates.
Reproduced from [21].

The coordinates of the rectangle are given by:

Re(Z)=2'=|Z|-cos ¢
Im(Z)=Z"=|Z|-sinp

with phase angle:
@=tan"' (Z"/2Z")

The impedance may be calculated from the vector of length |Z|

Z|=\(Z') +(Z")’



1.3 Application of electrochemical biosensors

There are two main approaches for electrochemical biosensors: label-free and label-based
methods. In label-based approaches, an electroactive molecule selectively interacts with the target
analyte previously recognized by the bioreceptors, producing a detectable signal. Labels used for
the detection of an oligonucleotide or a protein can be intercalators or groove-binders,
electroactive markers or nanoparticles. Label-free approaches instead, are based on changes in the
electrical properties of the interface, on the intrinsic electroactive properties of the analyte or on
the change in capacitance or resistance after the interaction with the analyte.

The electrochemical biosensors can be also divided according to the nature of the biological
recognition: biocatalytic devices and affinity devices. Biocatalitic devices, that include enzymes,
whole cells or slices of tissues, recognize the target analyte and as result produce electroactive
species. Instead the affinity sensors rely on a selective binding interactions between the analyte
and a biological component such as nucleic acids and antibodies.

1.3.1 Biocatalitic devices

Enzyme-based electrochemical biosensors exploit the selectivity of enzymes and their catalytic
activity to generate the electroactive product which will be detected through electrochemical
techniques?.

These biosensors can be classified historically in three generations. The first-generation
biosensors were oxygen-based, while the second generation was mediator-based. The third-
generation enzyme-based biosensors are also defined “directly coupled enzyme electrodes”.

The most popular and widespread application of enzyme-based biosensors is represented by the
glucose sensor, that was introduced in 1962 and over the years has undergone many
improvements (generations). Generally, the first generation biosensors had oxidase enzymes
immobilized behind a semi-permeable membrane on the surface of the electrode, for example
platinum (figure 1.4). In the case of glucose sensor, electrodes coated with glucose oxidase (GOXx)
has been widely used for the detection of glucose in blood sample!®®!,

For the detection of glucose, these biosensors are based on the following reactions:

a) PB-D-Glucose + GOx-FAD — GOx-FADH, + 4-D-gluconolactone
b) GOx-FADH, + O, — GOx-FAD + H,0,
C) H,O, —» 2 + O, + 2H"

To work best, the first generation of these biosensors required a large and constant presence of
oxygen as a co-substrate of the enzyme. Unfortunately, the oxygen is not very soluble in aqueous
solutions and therefore may limit the production of current in the presence of analyte.
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Figure 1.4: Oxygen-dependent first-generation biosensor with amperometric detection. Figure taken
from [18].

In order to enhance efficiency of these sensors, the second generation biosensors have replaced
oxygen as a co-substrate of the enzyme with artificial redox mediators. These are small soluble
molecules capable to undergo rapid and reversible redox reactions, allowing the transfer of
electrons between the active site of the enzyme and the electrode surface. Organometallic
compounds are the most common redox enzyme mediators. In the case of second generation
glucose sensors, a redox mediator replaces oxygen as the electron shuttle:

d) GOx-FADH,; + 2Mediatoro, —— GOX-FAD + 2Mediatorgeq+ 2H"
e) 2Mediatorgey —» 2Mediatoroy + 26

The wide variety of redox mediators allows the detection of the analyte in a potential range
carefully selected by the operator, in which the interference is minimized due to possible events
of oxidation or reduction of other components present in solution*”),

Another step forward has been made with the third generation biosensors, where both the enzyme
and the mediator are co-immobilized on the electrode surface, usually as a conducting polymer
(figure 1.5). In this way the mediators cannot diffuse away from the surface of the biosensor,
allowing the generation of high current density. In addition, this generation of enzyme-based
biosensors are very useful for repeated measurementsl,

Besides the sensor for glucose, which has been widely applied in health care, other enzyme-based
sensors have been developed.

An example is represented by xanthine sensors; other existing methods for detecting xanthine
such as anion-exchange chromatography, thin layer chromatography, precipitation and capillary



electrophoresis are complicated and very time-consuming. Xanthine is an intermediate of purine
metabolism and is produced following the decomposition of adenosine triphosphate (ATP). This
biosensor relay on xanthine oxydase that catalyzes the oxidation of xanthine to uric acid, and it is
widely used in food industries to determine the freshness of fish!?.

Another enzyme-based biosensor is represented by lactate sensors, used especially in the context
of sport medicine, even if the concentration of lactate in blood is also a sensitive measure of
oxygen deprivation from ischemia, trauma, and hemorrhage, which can lead to life-threatening
shock, and its measurement has therefore become a vital component in medical monitoring!®!,
This biosensor is used to detect the presence of lactate in blood samples, a fermentation product
which is produced under conditions of anaerobic metabolism(®’. Four different enzymes have
been used as the sensing component in lactate biosensors: lactate dehydrogenase, lactate oxidase,
lactate monooxidase, and cytochrome b,. Some of the electrochemical lactate sensors include
mediators such as NAD*/NADH and ferricyanide.

Despite the clear advantages associated with the selectivity and catalytic activity of enzymes, it is
also true that the number of the available enzymes is much lower than the number of potential
analytes. Moreover the layer of enzymes on the surface of the sensor must be replaced
periodically as it tends to lose activity. Another drawback is that enzymes require particular
chemical and physical conditions to work properly.

Some biocatalytic sensors incorporate whole cells or tissue slices, as they are in some cases better
sources of enzymatic activity compared to isolated enzymes, which often are very expensive or
not commercially available™.

Also live microorganisms were immobilized on electrodes to monitor processes such as brewing,
food manufacturing, waste-water treatment and pharmaceutical synthesis®® ],

Working
electrode

polymer

enzymes

Figure 1.5: Third-generation catalytic biosensor containing enzymes wired to the electrode through a
conducting redox polymer. Figure reproduced from [18].



Some drawbacks of these sensors include slower response and therefore longer recovery times
following the exposure to the analyte and possible loss of selectivity due to the presence of many
types of enzymes!®!,

1.3.2 Affinity biosensors

Affinity sensors are based on the ability of certain biomolecules such as antibodies,
oligonucleotides and membrane receptors to form strong and selective bonds with a specific
analyte, producing a measurable signal. Often, this signal must be amplified, since in these cases
is not present the typical catalytic activity of enzymes. In the case of the electrochemical affinity
biosensors, the amplification of the signal is carried out using enzymes, metal nanoparticles®”,
quantum dots™, redox intercalators or groove binder molecules®.

Immunosensors

The advantages of immunosensors reside in the high specificity of the antibodies for their
respective antigens, no sample preparation and ease of automation, making them a viable
alternative to more conventional analytical methods such as chromatography and mass
spectroscopy®?. Many immunosensors were developed for biomedical applications and for
several applications in environmental, agricultural, processed food and beverage areas™®.

Most of the immunosensors employ a sandwich immunoassay approach, in which the surface of
the biosensor is functionalized with capture antibodies (Abl). After the addition of the sample
and a subsequent washing, a tracer antibody (Ab2) is added to bind to the analyte captured by
Abl. Tracer antibodies in electrochemical immunosensors usually are labeled with enzymes
producing electroactive products, or with metal nanoparticles. These labels can be detected and
quantified using various form of voltammetry and amperometry techniques.

Moreover, the coupling of electrochemical devices with nanomaterials, such as gold
nanoparticles, carbon nanotubes, magnetic particles, and quantum dots, offers multiplexing
capability for simultaneous measurements of multiple analytes.

The first examples of immunosensors used radioactive labels to show the formation of the
antigen-antibody complex™. In 1971 enzyme immunoassay were introduced, which proved to be
a safer, selective and less expensive alternative, although with less sensitivity and with a greater
complexity. In these immunosensors the enzyme label produces an electroactive product which is
then recognized by electrochemical techniques, in particular with voltammetry or amperometry.
The enzyme labels most commonly used are alkaline phosphatase, -galactosidase, horseradish
peroxidase and glucose oxidasel®!.

Nanoparticles are a valid alternative to enzymes. Nanoparticles have physical and chemical
properties different from the bulk form of the same material. In addition, the nanoparticles
possess a large surface area-to-volume ratios, and therefore a high binding efficiency that makes
them very useful for biomedical applications. Nanoparticles can be used as direct labels in
electrochemical immunoassays, as descibe by Dequaire et al.B*: in this case nanoparticles are
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conjugated with Ab2, and after the nanoparticle-antibody complex is bound to the captured
analyte, the nanoparticles were dissolve in an acidic solution to form a large number of
electroactive metal ions, that are detected using anodic stripping voltammetry.

Another strategy involves the accumulation of gold nanoparticles on the surface, used in a second
step to catalyze the precipitation of silver to produce high concentration of electrochemically
detectable metal ions™!, or to bridge a gap between two electrodes, leading to a measurable
change in conductivity®®.

Another approach used in electrochemical immunosensors regards the electrochemiluminescence,
that is a process in which light emissions have start from a redox reaction that occurs on the
surface of the electrode. The electrochemiluminescence signal is proportional to the concentration
of analyte, and is measured by a charged-coupled device (CCD) or a photomultiplier tube
(PMT)B. This system has been used to detect various cancer biomarkers, such as P53 protein®®,
PSAF o-fetoprotein*”, and others.

Nucleic acids biosensors

DNA sequence recognition has played an important role in detection of genetic diseases,
medicine development, epidemic prevention and environmental monitoring.

Electrochemical DNA biosensors attract attention because they have advantages of being simple,
cheap, sensitive, selective and compatible with array systems.

Hybridization
with lari,ct
] | Imu calator
Groove binder

Hybridization with target

T o

Ru(bpy)®"  (Co(phen);”'; Hoechst 33258)

O

Figure 1.6: Several strategies for the development of redox-indicator-based electrochemical DNA
biosensors. (A) Intercalator interacts with the DNA duplex. (B1) Ru(bpy)s** interacts with guanines
(green bases) of ssDNA whereas the formation of the double helix precludes the interaction of
Ru(bpy)s** with guanine bases. (B2) Co(phen);** or Hoechst 33258 interact with the DNA duplex,
thus allowing DNA detection. Picture reproduced from [41]
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Electrochemical detection of hybridization events can be effected by direct methods (label-free)
and indirect methods (label-based); in both cases massive efforts have been made to recognize the
selected target sequences and to distinguish the presence of single mismatch.

Direct methods are based on the electrochemical oxidation of guanine bases*?, on variations in
interfacial properties of electrode such as capacitance, conductivity or impedance and in the
change in flexibility from ss-DNA to the rigid ds-DNAM4. The former is the most popular label-
free method, because of its simplicity and its versatility. However, non-specific binding of the
target DNA could be an issue, because it increases background signals.

Direct methods can be extended using EISI*!. Using redox species the change in the Faradaic
impedance is measured before and after the hybridization event; owing to the repulsion of the
redox species by the negatively charge DNA-duplex, an increase in charge transfer resistance is
measured.

Label methods use electroactive labels that can be covalently bound to a nucleic acid sequence, or
that can intercalate in the double-stranded DNA or can interact with major or minor grooves of
ds-DNA. There have also been a number of reported strategies where the labels are enzymes™®,
nanoparticles®®! or liposomes!*’!.

Using enzymes as DNA label is also a very sensitive method for hybridization detection!*!;
however the enzymatic activity is easily lost during the preparation of the enzyme-DNA
conjugation, and moreover it is more expensive than other methods.

Ferrocene (Fc) can be used to label single stranded DNA thanks to its good stability. In many
cases oligonucleotides labeled with ferrocene were employed in sandwich-type assays™*®. The
electrode surface functionalized with probe sequences was exposed to unlabeled targets;
afterwards a signaling oligonucleotide modified with ferrocene, was hybridized in a region of the
target adjacent to the capture probe binding site. At the redox potential of ferrocene, the current
peak is proportional to the number of Fc moieties on the surface; in other words the peak was
proportional to the number of targets on the surface.

Some researchers proposed to exploit physical changes of DNA from the flexible ss-DNA to the
rigid rod-like ds-DNA both with labeled and label-free detection methods, for example by
attaching a ferrocene tag to the end of the immobilised probe®. Upon hybridization, the rigid
DNA duplex stands normal to the electrode surface, increasing the electron transfer distance from
the electrode to the ferrocene, where any appreciable electron transfer can be observed.
Nanoparticles, especially silver or gold nanoparticles, are widely used for signal hybridization in
several DNA assays.

A popular method provides direct detection of gold nanoparticles on the electrode surface: thus,
the specific target sequences were directly detected by anodic analysis of gold colloids®Y. In
another approach signal of gold nanoparticles can be measured after dissolving them with
particular treatments, such as HBr/Br,, and then detected using stripping techniques®®. An
electrochemical detection method based on the catalytic precipitation of silver onto the gold
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nanoparticle label was also reported®; with this approach hybridization was monitored by DPV
or with conductivity measurements.

However the most common electrochemical strategies for detecting DNA hybridization rely on
electroactive substances such as groove binders or intercalating organic compounds (that interact
in different ways with ssDNA or dsDNA), because the target DNA does not required chemical
modification with electroactive indicator, and because there are many more ways in which
transduction can be configured with high sensitivity and selectivity.

Intercalators such as methylene blue or daunomycin were used in strategies based on the ability
of ds-DNA to act as a conduit for charge transfer over distances of 40 A or more®, an ability that
ss-DNA does not possess. Thus, when a DNA duplex is formed, the intercalators can be oxidized
through charge transfer. This technique also allows to recognize the presence of mismatches in
the target sequence .

Instead the grove binders use their ability to fit in the minor groove present in ds-DNA, but which
is absent in ss-DNA. Cobalt complexes such as Co(bpy)s®* and Co(phen);** can bind
electrostatically in the minor groove of the DNA helix and they can be detected
voltammetrically®. Another molecule used as electroactive hybridization indicator is Hoechst
33258 (see pag 18 for further informations). Hoechst 33258 is a DNA minor groove binder that
recognizes adenine/thymine-rich sequences of DNA within the helix. Usually target sequence
detection was monitored using LSV or DPV in the presence of Hoechst 33258, with the anodic
current that increased with the quantity of the hybridized target on the surface®"®8,
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Aim of the project and outline of the following sections

Electrochemical biosensors provide an attractive means to analyze the content of a biological
sample due to the direct conversion of a biological event to an electronic signal, enabling the
development of cheap, small, portable and simple devices, that allow multiplex and real-time
detection.

The aim of this PhD work has been the development of electrochemical biosensors based on
nanobiotechnological strategies for the detection of biological macromolecules.

Specifically, one project was focused on the application of a DNA nanotechnology called
hybridization chain reaction (HCR), to amplify the hybridization signal in an electrochemical
DNA biosensor. Another project on which the research activity was focused concerns the
development of an electrochemical biosensor based on a biological model membrane anchored to
a solid surface (tBLM), for the recognition of interactions between the lipid membrane and
different types of target molecules.

This thesis has been divided in three parts. In the first part, the results obtained for the DNA
biosensor and HCR as signal amplification method have been described. The second part has
been reserved for the preparation and characterization of the lipid membrane-based biosensors,
while the third part has been reserved to the application of this biosensors. For each method, a
general introduction, the descriptions of the experimental procedures and the detailed results have
been reported. Finally the last chapter has been devoted to the general conclusions of the work.
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Section I
HCR as signal amplification

method

17



18



HCR as signal amplification method

2.1 Introduction

The aim of the project is to evaluate the possibility of using a strategy called hybridization chain
reaction (HCR) on electrochemical DNA biosensors as an amplification method for the
hybridization signal. This work was carried out within the European project Dynamics
(Diagnostic Nanotech and Microtech Sensors, Sixth Framework Programs), with the aim of
developing a lab-on-a-chip device for detection of pathogens in water using on-the-spot
recognition and detection based on the nanotechnological assembly of unlabelled DNA.

In this case, if the target sequence has hybridized with the probe on the electrode surface, HCR
determines the formation of products with high molecular weight that should be easier to detect,
and therefore should provide an increase in the sensitivity of DNA biosensor, lowering the limit
of detection.

The recognition of HCR products on the surface were carried out with different techniques, both
electrochemical and optical, and the effect on the sensitivity and specificity of the different DNA
biosensors was evaluated.

In the following paragraphs, a description will be given of the molecular mechanism underlying
HCR and its applications that have been described in the literature. Furthermore the signal
transduction techniques described in the following paragraphs will be treated, especially
regarding the electrochemical measurements (voltammetry and capacitive measures), and the
SPR assays.

2.1.1 HCR

Dirks and Pierce!® developed the concept of hybridization chain reaction (HCR), in which two
different single-stranded DNA oligonucleotides were triggered to polymerize into a long double
stranded structure when a third oligonucleotide was added in solution. HCR is an isothermal
approach and does not involve enzymes, with the advantage of not requiring a careful control of
temperature.

Hybridization chain reaction is a strategy that involves two different DNA molecules with hairpin
structure (H1 and H2). In contrast to molecular beacons, where the DNA hairpin presents a very
broad loop and one short stem, in HCR is the contrary: there are in fact very short loops protected
by long stem. These structures stabilize H1 and H2 in the hairpin conformation and at the same
time allows to store energy that will be released only after the addition of an initiator (I). The
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Figure2.1: Scheme for the first round of HCR in solution. Hairpins with a protrusive end are added
to an initiator (the target) and opened one after the other. A copolymer of nicked dsDNA with
repetitive sequence results from the spontaneous repeated additions.

initiator hybridizes with the single-stranded end of H1, bringing its opening with the consequent
exposure of a new single stranded end (figure 2.1).

The latter hybridizes with the free end of H2, opening the hairpin and showing a new free end
that is identical to the initiator sequence. So each copy of initiator triggers a series of
hybridization events between H1 and H2, leading to the formation of a long double-stranded
sequence, thus amplifying the first recognition event between the initiator and H1 (figure 2.1).
The polymerization reaction ends only when H1 or H2 are exhausted, and the molecular weight
of the polymer is inversely related to the concentration of initiator in solution.

Recently, Niu and colleagues combine HCR with enzyme amplification to improve fluorescence
detection on magnetic beads, using biotin-modified hairpins and horseradish peroxidase labeled
with avidin, thus allowing to detect 0.8 fM of target'®”. Huang and co-workers have used dual-
labeled hairpins with pyrene; HCR determines the formation of excimer pyrene, and due to their
long lifetime fluorescence emissions they can detect the presence of nucleic acids in biological
fluids complexes®. Moreover, HCR was used also in a immunosensor assay by Choi and
colleagues’®, while Dirks and Pierce suggest an aptamer HCR system, in which the reaction is
triggered by the molecular recognition event!®*.
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Figure 2.2: Cyclic potential sweep (a),and the resulting cyclic voltammogram (b). Picture modified
from [21].

2.1.2 Voltammetric analysis and Hoechst 33258

Voltammetric techniques are very useful for detecting nucleic acids, because of the intrinsic
electronegativity of nitrogen bases, especially guanine, and also because oligonucleotide can
easily interact with electroactive molecules, either by covalent bonds, as for example in the case
of ferrocene, or by weak interactions. In the latter case it mainly exploits the ability of these
molecules to fit into the minor groove of double-stranded DNA (such as Hoechst 33258 or cobalt
complexes), or to intercalate between the nucleobases (daunomycin, methylene blue).
Voltammetry is the easiest and fastest way to detect these electroactive molecules that interact
with nucleic acids.

Among all the available redox molecules, intercalators and groove-binders are the most
frequently used in this type of measurements, because they have the advantage of not requiring
the modification of the target oligonucleotide (or an indicator oligonucleotide) through the
formations of covalent bonds.
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Figure 2.3: chemical structure of Hoechst 33258 and reactions of Hoechst-33258 with transient
species. Picture reproduced from [63].
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Another advantage is that the minor groove is present only in double stranded DNA, so there
should be a very low nonspecific signal.

A groove-binder described in several papers in the literature is a bisbenzimide dye called Hoechst
33258. Hoechst 33258 has been known as a DNA minor groove binder (figure 2.4) which
recognizes adenine-thymine-rich sequences of DNAP, and one molecule can interact with a
maximum of five bases of the ds-DNA. It was irreversibly oxidized on the gold electrode at a low
potential (550 mV/) with a high current density (1.4 mA/cm? at 100 pmol/L).

Previous exploitations of Hoechst 33258 in DNA analysis and sensing were performed using
several techniques. Hashimoto and colleagues suggest that the primary oxidation site of Hoechst
33258 is N-3 of the benzimidazole ring™ (figure 2.3) and used it to detect 1 pg/mL of a 20-mer
oligonucleotide target. Choi et al. showed that Hoechst 33258 can be used to recognize the
presence of DNA single-nucleotide polymorphisms and to detect DNA oligonucleotides with a
concentration down to 1-10 nM™. Toshiba Corp. developed an electrochemical DNA chip called
Genelyzer and based on Hoechst 33258 that is able to analyze SNPs and common DNA sequence
variations!®®.

Figure 2.4: The binding of Hoechst 33258 to DNA. Picture reproduced from [66].

2.1.3 Surface plasmon resonance

Surface plasmon resonance (SPR) is an optical phenomenon that can be exploited for the
characterization of adsorption of materials such as proteins, nucleic acids, lipids and small
molecules on surfaces or for the detection of alterations that occur in the dielectric medium close
to the surface. This technique allows label-free and real time measurements with high sensitivity;
moreover, small amounts (often in the order of nanomoles) of sample are required in the
experiments and Kinetic parameters of association and dissociation can be determined.

The basic SPR-based analytical technique characterizes the average binding kinetics on a small
surface area with respect to that of a reference cell. A development of the basic SPR technique is
represented by SPR imaging (SPRi), in which measurements are taken by imaging the change of
reflectivity (dependent on SPR) of the whole sensor surface during or after the binding of
analytes to the interface. This allows for direct realization of array measurements.

SPR occurs in thin layers of conducting metals, usually gold, placed between two media of
different refractive indices. A polarized laser light is directed through a medium with high
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Figure 2.5: Surface plasmon resonance principle.

refractive index to the back of the sensor chip under condition of total internal reflection. A
component of the energy carried by photons, the evanescent wave, is transferred through the gold
layer to the medium with low refractive index. At a critical angle of incident light, the evanescent
wave generates surface plasmons in the gold layer. This phenomena adsorbs light and determines
a drop in the intensity of the reflected light. The critical angle at which surface plasmons are
generated is called SPR angle and depends on the mass present in the sensor chip surface.

A change of mass within a hundred nanometers from the surface, for instance due to a binding
event, changes the refractive index and thus the SPR angle. An optical detection unit measures
and records this shift (Errore. L'origine riferimento non é stata trovata.2.5).
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Figure 2.6: Schematic representation of the sensorgram. The sensor chip is equilibrated with buffer
(white bar). The analyte is injected over the chip (black bar) for a certain period; the concentration
of the analyte near the surface increases due to binding with the ligand. In the dissociation phase the
buffer is injected (white bar) to equilibrate the binding. The regeneration of the surface is usually
performed with an injection of high salt concentration or high pH solutions (grey bar). Figure taken
from [67].
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The response is measured in resonance units (RU) per time. One RU corresponds to a shift of
0.0001° of the SPR angle and is proportional to the mass bound to the surface. The RU response
versus time is usually plotted in a graph called sensorgram (figure 2.6).

Two major information can be evaluated from a sensorgram: the binding level, which provides
information on affinity constants at equilibrium, and the rate of interaction from which it is
possible to extract kinetics constants.

In a typical SPR experiment probe molecules is immobilized onto the surface of the sensor chip
and a solution with the other interacting molecules is flushed over the surface. The immobilized
probe molecule is usually called ligand, while the injected molecule is called analyte. Generally
the injection of the analyte solution is performed in a controlled fashion with a microfluidic
system.

In DNA sensors, the refractive index of the sensing layer, which is in intimate contact with the
sensor surface, changes depending on the amount of label-free complementary strand hybridized.
SPR system is particularly useful for the analysis of binding and dissociation kinetics and real-
time hybridization monitoring.

Other SPR advantages are no target labeling, rapidity of the hybridization reaction (within a few
minutes), and probe reutilization.

However, a significant drawback is the somewhat low sensitivity, requiring up to the nanomolar
concentration.

Lower limits of detection can be achieved using metal nanoparticles, especially Au nanoparticles,
taking advantage on the increased surface mass, on the high dielectric constant of Au particles
and on the electromagnetic coupling between Au nanoparticles and the Au film®e!,

Another approach that can greatly reduce the limit of detection involves the use of enzymes.
RNAse H was employed by Goodrich and colleagues on RNA microarray to detect DNA
oligonucleotides with a10® enhancement in sensitivity . The presence of complementary
ssDNA sequences leads to the formation of RNA-DNA heteroduplexes; RNase H will then
specifically hydrolyze only the RNA strand in the heteroduplex, triggering a cyclic process in
which a very small number of DNA molecules can initiate the hydrolysis of many RNA
molecules from the surface. To avoid the use of RNA probes, Exolll can be used for the detection
of DNA target using DNA arrayst™, even if this system ensures a lower increase in sensitivity.

2.1.4 Capacitive method

An electrode without charge transfer across the electrode-solution interface regardless the applied
potential is called ideal polarizable electrode (IPE). Although this kind of electrodes does not
exist, some systems may behave as IPE within certain potential range. An example is represented
by gold surfaces on which SAMs of alkanethiols were formed.
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In these conditions the systems described above can be represented by the equivalent circuit
consisting of a resistance and a capacitance placed in series (figure 2.7).

When a step potential (E) was applied on a IPE, a non-faradic current transient (i) was obtained,
due to a variation of the ionic distribution at the interface (figure 2.8).
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Figure 2.7: RC circuit used in potentiostatic step experiments. Picture reproduced from [21]

The behavior of this current as a function of time (t) is described by the following equation:
i=E/R, eRecd Equation 1

where Rg and C, correspond to the resistance and capacitance of the system.

Equation 1 can be obtained from the relationship between the charge (q) in a capacitance (Cg),

and the potential applied on it (E,):

9=C, E. Equation 2

At any time the sum of the potential Er and Ec, respectively through the resistance and the
capacitance, must equal the whole potential applied to the circuit:

E=Er+Ec=iRs+q/Cyq Equation 3
Knowing that i=dg/dt, it is obtained that:
dg/dt=[(-0/(Rs Cy)]+(E/Rs) Equation 4

So, if we assume that the capacitor is initially uncharged (q = 0 when t = 0), then equation 4
above can be written:

0=E Cq (1-7%9) Equation 5

Making the necessary substitutions, Equation 1 is obtained again, which can be used to calculate
the values of resistance and capacitance of the interface. In fact calculating the logarithm of the
current as a function of time from Equation 1 we obtain:
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log (i)=log(E/Rs)-t/(2,303*R.C) Equation 6

Thus from the value of intercept obtained experimentally it is possible to determine R, while the
capacitance value can be obtained from the slope of the linear regression.

This method was developed by researchers at the University of Lund as detection technique for
biosensors. Berggren and coworkers have applied this strategy for the detection of antigens™ and
for the detection of DNAY2, The system involves the use of a fast potentiostat and a relatively
low concentration of electrolyte, and requires the detection of the initial part of the current
dissipation curve.

Resultant (1)

E Applied
(E]

Figure 2.8: transient current generated during a potential step experiment. Picture reproduced from
[21].
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2.2 Materials and methods

Materials
All reagents are from Sigma-Aldrich unless noted otherwise, and have been used as such without
further purification.

DNA sequences

Table 2.1 Oligonucleotide sequences were purchased from Eurofins MWG and Sigma-Genosys.
Probe_Parvum CCTTGTAAAATGAAATTTTT-SH
T_Parvum ATTTCATTTTACAAGGCCTCCAATGTATACAAACTAGTTC
H1_Parvum ATGTATACAAACTAGTTCACGGCGGAACTAGTTTGTATACATTGGAGG
H2_Parvum AGTCTAGGATTCGGCGTGGGTTAACACGCCGAATCCTAGACTACTTTG
Probe_HEV CTGCGGCCACAGCCGCTTTT-SH
T_HEV GCGGCTGTGGCCGCAGCAAAGGCATCCATGGTGTTTGAGA
H1 HEV CATCCATGGTGTTTGAGATCGCGCTCTCAAACACCATGGATGCCTTTG
H2_HEV GCGCGATCTCAAACACCATGGATGCAAAGGCATCCATGGTGTTTGAGA
Probe_Giardia CGTACATCTTCTTCCTTTTT-SH
T _Gia AGGAAGAAGATGTACGACCAGCTCAACGAGAAGGTCGCAG
H1_Gia TCAACGAGAAGGTCGCAGTAAGTCCTGCGACCTTCTCGTTGAGCTGGT
H2_Gia GACTTACTGCGACCTTCTCGTTGAACCAGCTCAACGAGAAGGTCGCAG
Probe 2 HS-GGTTCCGAAAGTTGGAA
Target 2 TTCCAACTTTCGGAACC
Probe 3 HS-ATGCATGCATTAGCATGCTA
Target 3 TGGAGAACTGATCGACACAGTTTTTTTTTTTAGCATGCTAATGCATGCAT
TGia_C8_mp AGGAAGACGATGTACGACCAGCTCAACGAGAAGGTCGCAG
TGia_C8A19_mph | AGGAAGACGATGTACGACAAGCTCAACGAGAAGGTCGCAG
TGia_A19_mh AGGAAGAAGATGTACGACAAGCTCAACGAGAAGGTCGCAG

HCR in solution

Hairpins samples were heated to 95°C for 2 minutes and then allowed to cool to 20° C for 1 hour
before use. Native polyacrylamide gel was a 10% gel made with TBE 1x. The gel was run at
8 V/cm for 60 minutes, stained with Sybr Gold, and viewed with a Gel Doc 1000 (Biorad). For
the HCR reactions, stock solutions of target (T), hairpin 1 (H1) and hairpin 2 (H2) were diluted in
running buffer (0.5 M NaCl, 50 mM Na,HPQO,, pH 6.8) to 15 uM, 30 uM and 30 uM respectively.
Then 9 uL of each solution was combined to allow hybridization chain reaction for 1 hour at

room temperature.
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Gold surfaces and functionalization

Capacitive measures were performed using gold surfaces commonly referred to as ‘template
stripped gold' (TSG). Briefly, a 200 nm layer of ultrapure gold (Electron Microscopy Sciences,
99.99 % purity) was evaporated in vacuum onto freshly cleaved muscovite mica which had been
previously left at about 300 °C overnight in a vacuum of 10° Torr or less (we used resistive
heating of the metal in an Edwards high-vacuum evaporator with a resistively heated specimen
stage). After cooling, round glass cover slides (12 mm in diameter) were glued on the evaporated
gold with EpoTek 377 (Epoxy Technology Inc., Billerica, MA, U.S.A.). At the moment of use,
the glass cover slides with the glued gold layer are separated from the templating mica chip
exposing an ultra-flat and ultra-clean gold surface (figure 2.9).

Gold electrodes for voltammetric measures are prepared with the following protocol. Briefly, a
200 nm layer of ultrapure gold (Electron Microscopy Sciences, 99.99 % purity) was evaporated in
vacuum onto cleaned glass disk which had been previously left at about 300 °C overnight in a
vacuum of 10 Torr or less. These surfaces have 4 gold sites with a surface area of 1 mm?
(figure 2.9).

Commercial gold surfaces (Sensor chip Au or SIA kit Au, from GE Healthcare) were used for
SPR experiments.

Figure 2.9: Gold surfaces used for capacitive measurements (on the left) and for voltammetric
experiments (on the right).

Gold surfaces for voltammetric experiments have been derivatized with oligonucleotides
according to the following protocol. A 3 uM solution of thiol-modified 'probe’ oligonucleotide is
prepared in 50 mM Na,HPO, 500 mM NaCl (pH 6.8). Approximately 10 uL of oligonucleotide
solution is layered on the surface of a freshly-exposed gold electrode disc, covered with an
Hybrislip™ and left overnight at room temperature in a humid chamber. The surface is then
rinsed with 2 mL of buffer added drop by drop and dried with a gentle stream of nitrogen gas.

For voltammetric measures a 3-electrodes electrochemical cell was used, consisting of a single
room that covers all 4 gold sites (see figure 2.9). The cell has a volume of 6 pl and has an inlet
and an outlet to make the flow cell.
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For capacitive and SPR experiments gold surfaces were functionalized with an overnight
incubation of thiolated oligonucleotides 3 uM in PBS buffer. Subsequently the whole surface was
passivated with 6-mercapto-1-hexanol (MCH) 1 mM for 30 minutes at room temperature, in order
to reduce unspecific binding of DNA on the gold surface.

For SPRi measurements, gold surfaces were functionalized with an overnight incubation of
thiolated oligonucleotides 3 uM. Then the surface was docked in the flow cell and MCH 1 mM
was injected in each channel for 20 minutes to passivate the surface. The running buffer was
injected for 10 minutes at 5 pl/min after every hybridization and HCR steps (20 minutes at
5 ul/min) to obtain a baseline after every hybridization and HCR steps.

Electrochemical cell measurement

All measurements were carried out using an electrochemical cell designed and built in our
laboratory (Figure 2.10). This is a cell in polydimethylsiloxane (PDMS), a polymeric non-toxic
and transparent material, which behaves as an excellent electrical insulator. The cell is also
equipped with a microfluidic system designed for the passage of solutions in the measuring cell,
characterized by a volume of 20 uL and approximately a working area of 15 mm?.

The auxiliary electrode consists of a platinum wire; the reference, instead, consists of a silver
wire on which is deposited a layer of at least 1 um of AgCI electrochemically. In general a
galvanostatic oxidation is carried out with a current of about 190 pA immersing the electrodes in
a solution 0.1 M KCI. A two-electrode cell was used, in which the anode is represented by the
silver wire, while the cathode consists of a platinum wire. Once you have the electrode, it should
be inserted into the electrochemical cell of PDMS.

inlet outlet

Ag/AgCl
reference

Pt counter
electrode

electrode

Au working electrode

Figure 2.10: section of the electrochemical cell used for electrochemical analysis.

Voltammetric measures

10 ul of “target” oligonucleotide at different concentrations were prepared in 30 mM sodium
citrate, 300 mM NacCl (pH 7). These solutions were added to the gold surfaces for 1 hour. The
surfaces were then rinsed with 2 ml of buffer added drop by drop and dried with a gentle stream
of nitrogen gas.
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Then 10 pl of hairpin 1 and hairpin 2 (1 pM) in 50 mM Na,HPO, 500 mM NaCl (pH 6.8) were
added to the surfaces and left on them for 1 hour. The surfaces were then rinsed with 2 ml of
buffer added drop by drop and dried with a gentle stream of nitrogen gas.

Staining with Hoechst 33258 is performed flowing 200 ul of a 100 uM solution of dye in 10 mM
Na,HPO,4 100 mM NaCl (pH 7) at 50 pl/min; after that the solution was left inside the cell for one
minute and then the cell was flushed with 200 ul of buffer at 50 ul/min. The same buffer was
used for the following measurements.

Three-electrode linear sweep voltammetry measurements have been performed on a pAutolab
electrochemical workstation (Metrohm Autolab B.V., Utrecht, The Netherlands), using the
manufacturer's software. For three-electrode measurements, potential scan was between 0.3 and
0.7 V vs. Ag/AgCl (NaCl 100 mM) with the usual connections.

Capacitive measurements

Capacitive measures were performed applying the method described by Berggren and
colleagues™. All the measures were performed in a three electrodes cell, using the following
solution as measuring buffer: 10 mM NacCl, 197 uM KCI, 291 uM Na,HPOy,, 131 uM KH,POy,,
pH 7.4.A potential step of 50 mV was applied to the working electrode and the resulting current
decay was sampled at 20 kHz. The measure was performed every minute before the injection of
the target, until a stable capacitance was reached. After the hybridization occurs, the measurement
was repeated, and the capacitance variation after the hybridization event was calculated.

Surface plasmon resonance measurements

SPR experiments were performed on a commercial SPR device from Biacore, the Biacore X100
(see figure 2.11). Once the functionalized chip (Biacore, GE Healthcare) was docked into the
Biacore X100, the hybridization protocol was performed by cycles of subsequent injections
starting by an injection of running buffer (0.5 M NaCl, 50 mM Na,HPQO,, pH 6.8) for 1080 s at

Figura 2.11: Biacore X100.
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5 ul/min to obtain a baseline, and then several injections of oligonucleotides (1 uM of the target
sequence and H1 and H2 both 0.5 uM), for 1080 s at 5 pl/min, followed by an injection of
running buffer for 300 s at 5 pl/min. After each cycle the surface was regenerated by DNA
denaturation with an injection of urea 7 M, followed by a stabilization period.

HCR control and multi-detection measurements were performed using a custom-puilt SPR
imaging instrument (see figure 2.12) with a Kretschmann optical configuration with a 680 nm
superluminescent light source and a 1 MP CCD camera with 25° range of incident angle. In this
configuration the position of the light source and the camera is fixed, only the prism holder
platform could be rotated to scan and find the inflexion point of the SPR peak in order to
maximize sensitivity. There are no moving parts during the measurements. The experiments were
done in a custom PDMS flow cell designed and fabricated specifically for our SPRi instrument.
The flow cell has four parallel channels and their assignment during the HCR control and multi-
detection measurements are discussed in the respective chapters.

3 zones for
biosensor layers

7 \ — Fluidic inlet

- Fluidic outlet

1cm
Figure 2.12. On the left, components of SPRi instrument: 1) peristaltic pumps, 2) 5-port manifold, 3)
syringe, 4) removable prism and flow cell holder platform, 5) bottle holders, 6) attachment of the
prism holder platform to the rotator platform, 7) opening mechanism of the peristaltic pumps. On
the right: PDMS flow cell applied in the SPRi instrument.
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2.3 Results and discussion

2.3.1 Sequence design and HCR in solution

Sequences design

The sequence design for the probes and hairpins towards real pathogen sequences was done
starting from GenBank sequences of characteristic genes that had already been used before for
detection of such pathogens. The sequence of the selected gene (for example the COWP gene in
Cryptosporidium parvum, GenBank AF248743), was analyzed with a custom-made script
(written in MATLAB) that calculated the thermodynamic stability of the secondary structure of a
portion of sequence, if taken alone (thus limited to short-range interactions only, for example
suitable for model target oligonucleotides, partially denatured DNA, fragmented or PCR
amplified tracts).
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Figure 2.13: example of sequence structure analysis for the COWP gene in Cryptosporidium parvum.
A search window of 40 nt was passed along the sequence, calculating the secondary structure
stability (black trace), the stability of the structure bound with a 16 nt probe (blue trace) and a
comparative parameter which tries to evaluate the penalty of high secondary structure with respect
to strong binding. The red trace shows the result of binding energy / (structure energy —
binding energy). The regions of minimum have been evaluated manually for probe and hairpin
candidates. Alternative formula using binding energy and secondary structure energy for the
evaluation of candidate regions gave similar results. Manual checking of candidates is always
suggested.
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Subsequently the binding energy of a 16 nt probe oligo perfectly matched with the target
sequence was calculated. Energy calculations were performed with Matlab calling Vienna
package's RNAcofold program, ver. 1.801! set for DNA and called on a sliding portion of
sequence along the characteristic gene sequence. For each position along the gene sequence, a
penalty parameter was calculated proportional to the energy of the secondary structure of the
target, its possible self-binding stability and the amount of secondary structure upon binding the
target (as it would hinder the binding) and inversely proportional to the probe-target binding
energy (figure 2.13).

HCR hairpin design was done using Nanev ™ forcing the selected gene target sequence tract in
the recognition portion of the probe and hairpin and letting the software guess the rest. Several
probe, target, hairpins candidates located in the regions of minimal penalty along the sequence
(low secondary structure, plausibly unhindered binding) were then checked manually using the
Vienna package and NUPACK™ testing for probe-target and probe-hairpin binding.

Sequences from the pathogens Cryptosporidium parvum (the gene COWP for the
Cryptosporidium oocyst wall protein”™), Giardia lamblia (the p-giardin genel™) and Hepatitis E
virus (HEV, the DNA version of a portion of the polyprotein genel’®) were used to design sets of
oligonucleotides listed in table SD1 for the following HCR experiments.

C. parvum and G. lamblia are unicellular protozoa with known ability to contaminate drinking
water sources, and they appear to be responsible for severe forms of enteritis, even if taken in
small amounts. HEV is a RNA virus transmitted mainly via fecal-oral routes among humans
either through contaminated foods or water contaminated with feces.

HCR in solution

In the present work three sets of DNA oligonucleotides were designedfd, starting from the
genomic sequences of three pathogens (C. parvum, G. lamblia and HEV), in order to trigger an
hybridization chain reaction in the presence of the pathogen DNA (figure 2.14).

st 08 i

T H1 H2HCR T H1 H2 HCR T H1 H2 HCR

Figure 2.14: HCR in solution generates high molecular weight dsDNA molecules. 10% polyacrylammide gels
stained with Sybr Gold, loaded with all the three sets of target and hairpins. a) Hepatitis E virus, b) G. lamblia
and c) C. parvum. In all three panels lane 1 was loaded with the reaction when only Target oligonucleotide is
added, lane 2 with the reaction of Target and Hairpin 1, lane 3 with the reaction of Target and Hairpin 2, while
lane 4 was loaded with the reaction of Target, hairpinl and Hairpin2.
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1(A)

After one hour of reaction the formation of high molecular weight products as a result of HCR
can be observed only in the presence of the initiator and the two hairpins, even if the reaction
does not seem to exhaust all available hairpins.
So electrophoresis data confirm the proposed mechanism about HCR and that the DNA
oligonucleotides can carry on HCR in solution.

2.3.2 Voltammetric experiments with HCR

HCR on the surface

Since HCR determines an increase of dSDNA amounts in response to hybridization events, the
feasibility of HCR in an electrochemical DNA biosensor using Hoechst 33258 was checked.
Recently, Zheng and coworkers® used a surface-initiated assembly chain reaction described by
Lubrich and colleagues®™ as a strategy for amplifying the signal for an electrochemical DNA
biosensor. They used [Ru(NHs)e]** as redox-active compound, and after at least 6 hours of
polymerization process they obtained a limit of detection of 4.9 pM.

The voltammetric measurements were performed using working electrodes consisting of a gold
surface functionalized with thiolated probe.

The hybridization with target oligonucleotides was detected by Hoechst 33258, a minor groove
binder with some preference for AT-rich regions of the DNA double-helix, which oxidizes
irreversibly to a potential of about 470 mV vs Ag/AgCl (in 100 mM NaCl)®2.

First, gold surfaces (working area of about 1 mm?) were functionalized with 3 uM of thiolated
probe in incubation buffer (50 mM Na,HPO, 500 mM NacCl, pH 6.8) with over-night incubation
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Figure 2.15: (a) Black curve: first LSV scan with an oxidation peak after 1 hour of hybridization of
target 10 nM and 5 minutes of staining with Hoechst 33258 100 pM. Dotted curve: second LSV scan;
this scan has been used as background signal and subtracted from the first LSV scan. (b) Dotted
curve: signal of probe-modified electrode; dashed curve: after hybridization with 10 nM target;
continuous curve: amplified signal after HCR. Hoechst 33258 was used in a concentration of 100 uM
in 100 mM NaCl and 10 mM phosphate buffer. Potential scan rate was 0.1 V/s.
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at room temperature. Then the surfaces were washed with 1 mL of the incubation buffer, and
dried with a gentle nitrogen flow. Gold surfaces were then inserted in the electrochemical cell; a
first set of measures has been carried out to measure the background signal, so 200 ul of
Hoechst 33258 100 uM in 10 mM Na,HPO,, 100 mM NaCl (pH 7) at 50 pul/min were injected in
the measuring cell. During an incubation time of 5 minutes, Hoechst 33258 accumulates on the
surface and it is easily detected with linear sweep voltammetry. As a result, an oxidation peak
with the height proportional to the amount of Hoechst 33258 present on the surface is obtained
(see figure 2.15). A second potential scan does not show any oxidation peak, so it was used as
experimental background to be subtracted from the oxidation peak obtained in the first scan.
Unfortunately, a certain amount of Hoechst 33258 binds to the sSDNA on the surface, and also to
the gold surface, as observed in other experiments performed on bare gold surfaces (data not
shown). Moreover, the binding of Hoechst 33258 is irreversible, thus just one measure per
electrode is possible and then the measurements with only target and those with target and HCR
were conducted on different electrodes.

To investigate the possibility to amplify the hybridization signals with HCR, calibration curves
were obtained working with a series of target concentrations (more precisely 1uM, 100 nM,
10 nM, 1 nM and 100 pM).

So in another set of measurements, gold surfaces functionalized with thiolated probes were
incubated with 10 pL of target solution (in 30 mM sodium citrate, 300 mM NaCl, pH 7) for an
hour and then washed with the same buffer. After that the surfaces were incubate with Hoechst
33258 as described before, and LSV measurements were performed.

Ai signal (pA)

1.E+00 1.E+02 1.E+04 1.E+06
Target conc. (pM)

Figure 2.16: Calibration curves of an electrochemical DNA sensor without HCR amplification (circle
markers) and after HCR amplification (square markers). Background signals, obtained from
experiments carried out in absence of target DNA, were subtracted for each value. Error bars
represented to standard deviation based on at least three independent measures, while the dashed
line correspond to 3 times the standard deviation of the background.
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Finally, another set of measurements were made, in which the incubation with target
oligonucleotides was followed by an incubation with a solution containing H1 and H2 (both
1 uM) in 50 mM Na,HPO, 500 mM NaCl (pH 6.8), for an hour. Then the gold surfaces were
washed with the same buffer and incubated with Hoechst 33258 as described before, in order to
perform, at the end, LSV measurements.

Figure 2.16 show the results obtained in these sets of experiments; in this plot, each data point
were obtained from at least 3 independent experiments. In this biosensor HCR leads to an
increase of the signal of approximately 5-fold compared to the not-amplified hybridization signal.
This increased signal is much lower than the amplification ratio obtained in experiments on the
surface with HCR hairpins labeled with fluorophores® (up to 20-fold). This discrepancy could
be due to possible limitations in the electron exchange of Hoechst 33258 with the surface,
especially regarding Hoechst 33258 molecules that are at a certain distance from the surface.
However, even if the signal enhancement factor is not very high, after 1 hour of reaction HCR
can lowers the limit of detection of the biosensor (corresponding to a signal/noise ratio of 3 or, in
other words, 36 of blank experiments) of about 2 orders of magnitude.

Mismatch recognition
To test the selectivity of this electrochemical assays, target oligonucleotides with different
mismatch were designed (see table 2.1 in Materials and methods).

Log C (pM)

Figure 2.17: Mismatched target with a single mutation in the portion complementary to probe.
Triangle markers correspond to target hybridization, while square markers correspond to HCR
experiments. Dashed line represent biosensor response to perfect matched target, while dotted line
correspond to HCR experiments performed after hybridization with matched target.

Error bars represent standard deviations calculated on three independent measurements.
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Figure 2.18: Mismatched target with 2 mutations, one for probe sequence and one for HCR. Triangle
markers correspond to target hybridization, while square markers correspond to HCR experiments.
Dashed line represent biosensor response to perfect matched target, while dotted line correspond to
HCR experiments performed after hybridization with matched target.

Error bars represent standard deviations calculated on three independent measurements.
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Figure 2.19: Mismatched target with a single mutation in HCR-trigger portion.

Triangle markers correspond to target hybridization, while square markers correspond to HCR
experiments. Dashed line represent biosensor response to perfect matched target, while dotted line
correspond to HCR experiments performed after hybridization with matched target.

Error bars represent standard deviations calculated on three independent measurements.
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In the experimental set-up applied in these experiments, target molecules undergo two different
recognition events, first with the probe and then with H1. For this reason, two different mismatch
were used. Specifically, in the first sequence the mismatch is in the portion complementary to the
probe (TGia_mp, figure 2.17), while in the second sequence the mismatch is in the portion that
can trigger HCR (TGia_mh, figure 2.19). Finally, a third target sequence was designed with both
the mismatch (TGia-mph, figure 2.18).

The same experimental procedure reported previously was repeated for each non-complementary
target. Specifically, also in this case one set of measurements were performed only with the non-
complementary targets, and the another set of measurements were made with the non-
complementary targets, followed by HCR, as described before. The results obtained in this
experiments were compared with the results obtained using complementary targets (figure 2.16
and dashed lines in figure 2.17, 2.18 and 2.19).

When the mismatch is placed in the portion complementary to the probe (TGia_mp), a decrease
in the current signals occurs, while no difference in signals appear when the mismatch is in the
portion complementary to H1 (TGia_mh and TGia_mph). Instead target with this mutation failed
to trigger HCR (TGia_mh+HCR), as we expected considering that the target portion that
promotes the opening of H1 is formed by just 6 bases. Actually also the mutation in the portion
complementary to the probe determines a lower signal after HCR (TGia_mp+HCR). This effect
may be due to the fact that the mutation causes a decrease in the amount of target after
hybridization step, thus slowing the following HCR. Finally, the effects of the two mutations
appear to add up on HCR when they are on the same target sequence (TGia_mph+HCR).
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Figura 2.20: HCR-generated signal is visible in real-time with a commercial SPR system. SPR curves depicting
the response after the consecutive injections of running buffer, T_Gia (1pM) and H1_Gia (1 pM, solid line) or of
running buffer, T_Gia (1pM) and H1_Gia/H2_Gia mix (0.5 pM each, dotted line). The sensorgrams represent
the response of the working cell (functionalized with the probe P_Gia) minus the response recorded in the
reference cell (functionalized with a control oligonucleotide).
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Figure 2.21: HCR is able to reveal Target T_Gia binding on the surface at concentrations below the
direct-detection limit. Response values after the injection of different concentrations of the target
T_Gia (grey bars) and the following HCR (white bars). The inset shows the higher signals measured
with 100 nM target, compared with lower signals of 10 and 1 nM. Error bars represent the SD of
multiple experiments.

Thus HCR seems to improve the capability of this biosensor to distinguish perfectly
complementary target from a target with one or more mismatches.

2.3.3 SPR experiments with HCR

To evaluate the ability to perform HCR on a solid surface, thiolated probe oligonucleotides
(specifically Pro_Giardia, see table 2.1 in Materials and methods) complementary to a portion of
the initiator sequence were immobilized on a commercially available SPR gold chips (Biacore,
GE Healthcare) that was then passivated with MCH. A commercial SPR instrument (Biacore SPR
X100) was used to detect HCR products and to define the amplification factor (figure 2.20). All
the SPR measurements were performed at EPFL in Lausanne, at the Laboratory of Life Science
Electronics.

The first injection of running buffer gives no visible signal and serves as baseline. The following
injection of the target oligonucleotides (T_Gia) produces a clear peak due to the DNA binding on
the surface, which quickly reaches a plateau toward the end due possibly because of surface
saturation. The next injection of H1_Gia (1 uM), performed after T Gia injection, produces a
binding signal similar in amplitude to the target, albeit with a slower kinetic. On the same surface,
regenerated with urea 7 M, another target injection gives a signal identical to the first cycle.
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However, the following injection of H1_Gia and H2_Gia (both 0.5uM, so 1puM in
oligonucleotides) clearly determines a peak of higher magnitude, indicating the formation of
HCR products on the surface. The HCR signal is 4 times bigger than the signal from the T_Gia
alone or the signal of H1_Gia alone (over T_Gia).

So HCR visibly amplifies the target-binding signal of about 4 to 5 times (furthermore, T_Gia
10 nM vyield to a 7 times bigger signal upon HCR with respect to T_Gia alone, see figure 2.21).
The signal increase is correlated to the formation of HCR products on the surface, formed only in
the presence of both hairpins and the target hybridized on the surface.
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Figure 2.22: Comparison of SPRi response obtained in four parallel channels. [Ch1]: only buffer;
[Ch2]: non-complementary target + HCR; [Ch3]: complementary target + non-complementary
target; [Ch4]: complementary target + HCR. It can be seen that the introduction of a new sample
into a channel is marked by a small transient peak which is caused by the handling of the silicone
tubing; practically these small peaks help us to identify the different steps. In channel 1 the minor
signal drift measured on the running buffer was used to compensate the other results.

Note that the addition of the non-complementary DNA in channel 2 and in channel 3 resulted in an
abrupt drop of the signal. This is due to a buffer effect, since the 10 uM stock solution of the non-
complementary DNA used for the measurements was stored in 10 mM PBS instead of the running
buffer, which was used for the dilution of the other DNA solutions.

40



In fact, the injection of the hairpin H1_Gia alone determines a signal increase that is comparable
to the one of the target DNA alone. In addition it is possible to observe that the signal peaks due
to the HCR and to H1_Gia alone show a slower kinetic than the target alone, possibly due to the
time needed to open the DNA hairpins.

In order to test the possibility of using the HCR signal to amplify the label-free binding of the
target, the effect of HCR on the limit of detection of target sequences was hence evaluated using
different target concentration (figure 2.19). Consecutive cycles of injections were performed as in
the previous experiment; at the end of every cycle, the surface was regenerated with urea 7 M.
T_Gia injection at different concentrations was performed, followed by a second injection of
H1_Gia/H2_Gia mix (both 1 uM) for the HCR. As shown in figure 2.21, for low T_Gia
concentrations of 0.1 nM and 1 nM, the bound level remains very close to the value for the
running buffer alone (set to 0 nM). The following HCR determines a signal increase witha T_Gia
concentration of 1 nM, and even higher signals were obtained with a T_Gia concentration of
10 nM and 100 nM, although HCR also seems to increase the noise of the measurement. T_Gia
1 nM is practically not distinguishable from the lower concentrations of 0.1 nM or from the
negative control (without target). Instead the corresponding HCR amplifies the hybridization
signal and, despite an apparent increase of the signal dispersion, it allows an increase of the
hybridization signal, enabling its detection. Finally at a lower concentration (0.1 nM) the
hybridization is not detectable even after the HCR. So at the T_Gia concentrations of 1nM and
10nM the HCR effect allows the detection, especially for the 10nM injection.
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Figure 2.23: signal increments measured in experiments performed with SPR imaging show in figure
2.22. Control experiments were performed with non-complementary target. Target concentration
was 1 pM.
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Nevertheless, due to the higher experimental variability observed in the HCR, the detection limit
is decreased of only about one order of magnitude.

Therefore this data demonstrate that the HCR-generated signal can increase the detection limit for
the bound target T_Gia oligonucleotide.

HCR on the surface was then tested also with a custom-built SPR imaging instrument. All SPR
imaging measurements were performed in Budapest (Hungary), at Budapest University of
Technology and Economics (BME).

Figure 2.22 and 2.23 show the intensity variations after the injection of T_Gia and the HCR
hairpins.

The injection of T_Gia determines a clear signal increase, while the next injection of

H1_Gia/H2_Gia mix yielded a significantly higher signal, consistent with the formation of HCR
products on the surface.

These measures confirm the data observed using the commercial SPR; in fact it can be seen that
all of the negative control steps, including the ones with the non-complementary target and the
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Figure 2.24: SPR imaging data showing the specificity of HCR amplification. A three-component
array (Probe_HCR, Probe 2 and Probe 3) was created on a gold surface. After the injection of the
target sequences (Target HCR, Target 2 and Target 3) the resulting signals were collected (white
bars). Then HCR was performed in each channels (grey bars).
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hairpins without initiator, resulted in nearly zero signal, compared to the complementary target
and HCR signals.

Several control experiments were performed. First, after the injection of T_Gia, an addition of
H1 Gia (Target+H1 in figure 2.23) was performed. After this step a signal increase was
observed, corresponding to an increase of material on the surface, even if lower than what
observed for T_Gia alone. A further signal increase of similar magnitude is produced after the
subsequent injection of H2_Gia (Target+H1+H2).

This data confirm the molecular mechanism underlying the HCR on the sensor surface.

Then the specificity of the HCR for the target was assessed by performing two different
experiments. First a non-complementary target (Target 2, see table 2.1) was injected producing no
signal variation. The following injection of H1_Gia/H2_Gia mix (NC target+HCR), determines
only a slight non-specific signal, suggesting that no reactions occurs on the surface without the
specific target oligonucleotide. In the second experiment the injection of target was followed by
the injection of non complementary target (Target+NC target). This results in a signal decrease,
therefore indicating that the accumulation of DNA on the surface occurs only with HCR.

The advantage of the custom SPRi system over the commercial SPR is that it allows multiplexed
detection. The same experimental setup was indeed used to demonstrate that HCR could be
effectively applied in a multi-receptor array to amplify interactions selectively. For this purpose a
three-component array was prepared on gold surface.

The in-situ probe immobilization took place in the four channels of the PDMS microfluidic cell,
using the following probe sequences: Probe 2, Probe_Giardia, Probe 3 and without any DNA
(running buffer only). After the overnight immobilization the chip was rotated of 90 degrees with
respect to the microfluidic, leading to the formation of a 4x4 array where each channel feeds a
portion of the four surface areas, and all the sensor surface was then passivated with MCH.

In the next step in each of the four channels the following solutions were injected: Target 2,
T _Gia, Target 3 and RB, respectively, for 30 minutes (figure 2.21). It can be seen that the
hybridization signal is visible only in the areas where the matching combination of probe/target is
present, indicating that each target sequences (1 uM) hybridized with the corresponding probes,
instead of nonspecifically adsorbing to the surface. After a washing step with running buffer, all
the channels were injected with the H1_Gia/H2_Gia mix (both 1 uM). Although three surface
areas showed Target hybridization, only the area where the specific T_Gia oligonucleotide is
bound reacts with the hairpins and hence generates the HCR signal. Only a slight signal increase
was observed in the other spots, indicating the specificity of HCR.

Accordingly with the data on the commercial SPR system, the HCR reaction on SPRi amplifies
the specific-Target signal of a nearly 5 factor. Taken together, these data demonstrate that the
HCR is a label-free approach that is able to specifically amplify the DNA binding signal, and that
it is promptly suitable for both commercial SPR and multiplexed SPRi detection systems.
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2.3.4 Capacitive measure with HCR

It was determined that the HCR is a suitable approach for real-time SPR based biosensors, we
investigated whether the HCR can be used in a simpler and more miniaturizable detection system
based on a label-free detection. Therefore, we set up an experiment to measure HCR on a label-
free electrochemical DNA biosensor.

The measurements were performed in a three electrode cell, where the working electrode was
functionalized with the thiolated sequence Probe_Parvum (3 uM for 15-16 hours) and passivated
with  MCH. Subsequently, the biosensor cell was incubated for 1 hour with different
concentrations of the target DNA (T_Parvum) in order to allow the hybridization on
Probe_Parvum.

The hybridization was detected using the potentiostatic step method described by Berggren and
colleagues™. In order to apply this method, a buffer of low ionic strength (typically 10 mM) is
required; this allows to slow down the current decay, thus allowing facile sampling of the
discharge current, in particular at the beginning of the pulse.

In these experiments a sampling frequency of 20 kHz was applied. The subsequent analysis to
calculate the capacitance has been performed on the first 10 points of the current, and then fit
with the RC model (linear regression greater than 0.99).

The capacitance at the electrode-solution interface was monitored before and after the
hybridization events and also after HCR, and then the capacitance variations due to the
hybridization and the HCR were calculated.

To investigate the possibility to amplify the hybridization signals with HCR, calibration curves
were obtained working with a series of target concentrations (figure 2.22).

The results obtained with the capacitive biosensor show that the hybridization of the Target DNA
T _Parvum on the electrode surface produces a signal that is somehow proportional to the
concentration of Target DNA (Figure 2.22). However, due to the experimental error, only at
T_Parvum concentration of 1uM the signal falls above the detection limit (3 times the standard
deviation) and can therefore be considered as detectable. When the HCR was performed on the
electrode surface, the capacitive signals are increased, while still being somehow proportional to
the Target concentration. Nevertheless, although the standard deviation of the HCR signal is
bigger than the one of the Target, the HCR allows the detection of the Target already at 0.5 uM,
hence improving the detection limit of DNA hybridization on the sensor surface.

While further efforts are necessary to improve the measurement system and therefore to increase
the sensitivity of the sensor, already in these preliminary measurements HCR shows the ability to
amplify the signal of hybridization, and that it can therefore be exploited to improve the limit of
detection of potentially simple and miniaturizable detectors.
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Figure 2.25: Calibration curves of a capacitive DNA sensor before HCR amplification (diamond
markers) and after HCR amplification (square markers).

2.4 Conclusion and perspective

In the experiments discussed in this chapter, we evaluated the possibility of using HCR to amplify
hybridization signals in different types of biosensors.

First of all, probes and hairpins designed from real pathogen sequences can trigger HCR in
solution, but also on the surface of biosensors, as shown by SPR experiments conducted with
oligonucleotides designed from the B-giardin gene of G. lamblia and by capacitive experiments,
performed using oligonucleotides designed from the gene COWP of C. parvum.

The detection of the high molecular weight products of HCR with electrochemical label-based
biosensor was also performed, in order to evaluate its effect on the limit of detection.

We found that HCR can be implemented on a solid surface and used as a strategy for signal
amplification in a voltammetric DNA biosensor. Employing HCR, a lower limit of detection by
about 2 orders of magnitude is observed (~10° M). In addition, HCR seems to improve the
ability of the biosensor to discriminate between perfect matched and mismatched DNA targets; in
addition the particular mechanism of HCR allows to discriminate the position of the mismatch in
the target sequence.

Then application of HCR as a label-free strategy to amplify the hybridization signal was
evaluated. HCR has proved capable to amplify the hybridization signal, even though low
amplification factors were observed. Specifically, the maximum amplification factor measured in
these experiments was approximately 5-fold and a decreasing in the limit of detection by about
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one order of magnitude is observed in SPR experiments. Moreover SPR results have confirmed
the molecular mechanism proposed for the HCR and in particular HCR results particularly
promising for multiplexed detections on array systems.

The preliminary results obtained with the capacitive sensor also indicate the possibility of
applying HCR to parallelized, automated and point-of-care biosensors.

The signal enhancing after HCR is substantially low (with amplification factor of 5-7) which
looks far from what could be sufficient for biosensing applications. For instance the signal
enhancing is much lower than the amplification ratio obtained in experiments performed on
magnetic beads with HCR hairpin labeled with fluorophores® (up to 20-fold). This discrepancy
could be due to possible limitations in the electron exchange of Hoechst 33258 with the surface,
especially regarding Hoechst 33258 molecules that are at a certain distance from the surface.

The detection limit of 100 pM obtained with HCR is higher than other signal amplification
strategies for electrochemical DNA sensors (usually in the order of magnitude of 10™ M or
lower). For example a strategy similar to HCR, described recently by Zheng and coworkers'®”
and based on a surface-initiated assembly chain reaction for amplifying the hybridization signal
in an electrochemical DNA biosensor shows a limit of detection of 4.9 pM.

In conclusion, some optimization steps are surely required in order to improve the overall yield.
As mentioned before, it is possible that the electroactive molecules that have interacted with the
ds-DNA but are too far from the surface are not recognized, resulting in the low amplification
ratio. A possible variation is suggested by Shimron and colleagues: they used two hairpin
structures that include three-fourths and one-fourth of a G-quadruplex. In the presence of the
analyte DNA one of the hairpins is opened and this triggers the chain reaction between the
hairpins, with the formation of several G-quadruplex. Hemin/G-quadruplex complex has catalytic
properties; for example, it can convert a substrate into an electroactive product free to diffuse in
solution, and thus probably easier to detect, allowing to improve the sensitivity of this strategy.
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Tethered bilayer lipid membranes

3.1 Introduction

Biological lipid membranes define the boundaries of cells and provide a platform for important
biological processes. The main function of biomembranes is to form a highly selective barrier
between the inside and the outside of living cells or between particular cell compartments and the
rest of the cell. They are highly insulating to inorganic ions, so large electrochemical potentials
can be maintained across them.

The permeability and other structural properties of biological membranes depend on the chemical
nature of the membrane components and are sensitive to events that occur at the interface or
within the bilayer. For example, biomembranes provide the environmental matrix for proteins
which specifically transport certain ions and other molecules, for receptor proteins and for signal
transduction molecules.

Due to the structural and functional complexity of cell membranes, it is clear that any alterations
in the integrity and functionality of the membrane can determine negative effects at the cellular
level and, in some cases, also for the whole organism. For example, the interactions between
oligomeric forms of amyloidogenic proteins and cell membranes appear to be correlated with
numerous neurodegenerative diseases®. Moreover, cell membranes constitute a target for many
bacterial toxins; in fact, many pathogens produce soluble proteins that interact with cell
membrane either to permeabilize the cells or to enter into the cytosol to express their enzymatic
activity®. In addition, increasing evidence indicates the cell membrane as a common target for
many pollutants widely used in industry®®® and for many drugs'®®.

For the above mentioned reasons, it is important to detect interactions that involve the cell
membrane, but the complexity of biological membranes makes direct investigations difficult. It
would also be advantageous to detect these interactions with a fast, parallelizable and automated
approach, and that is not necessarily bound to operate within a laboratory.

For this reason, in recent years several model membranes were developed, whose main
characteristic is to mimic, at least structurally, the cellular membranes. Consequently, model
membranes are much simpler, without many of the components that might interfere with the
experimental results and their interpretation.

In the following paragraphs the main types of model membranes and their applications will be
described.
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3.1.1 Lipid membrane models

Black membranes

The first successfully employed model membrane was simply called “black lipid membrane”
(BLM). It consists of a lipid bilayer that occludes a small hole, about 1 mm in diameter, in a
teflon septum which separates two aqueous solutions. The bilayer is formed spontaneously by
placing a drop of lipids in a suitable solvent, e.g. decane, on the hole. With BLMs researchers can
recreate physiological condition, in which both sides of the membrane are in contact with an
aqueous solution, so they provide a friendly environment to integral proteins. Moreover BLMs
resulted very useful for electrochemical measurements and to evaluate the lateral mobility of the
lipid molecules in the membranef®”,

At the same time there are several drawbacks. In fact the hydrocarbon tail region could
incorporate an appreciable amount of the solvent molecules. Other important drawbacks are their
fragility and their high sensitivity toward vibrations and mechanical shocks. Moreover, they show
a low resistance to electric fields, so they hardly last more than 8 hours and collapse for
transmembrane potential differences greater than 100-150 mV between the solutions that bathe
the two sides of the BLM.

Finally, BLMs do not allow investigations with surface-sensitive techniques, such as AFM and
SPRP,

Lipid vesicles

The simplest model membranes are represented by liposomes. They are lipid vesicles composed
of phospholipids that, in an aqueous environment, organized themselves in spherical structures.
Usually liposomes can be classified according to the number of lipid bilayers that they possess: in
fact they can be divided as unilamellar or multilamellar. Multilamellar vesicles are characterized
by multiple double layers, while unilamellar vesicles have a single double layer, and for this
reason they are the most use vesicles.

Moreover, according to their dimensions they can be classified in three categories: vesicles with a
diameter higher than 1 um are called giant unilamellar vesicles (GUV), the ones with diameters
between 0.2 e 1 um are defined large unilamellar vesicles (LUV), and finally vesicles with
diameters lower than 0.2 um are called small unilamellar vescicles (SUV)®,

Lipid vesicles have been very useful for studies about thermodynamic stability and for general
characterization of the lipid membranes. As model membrane they were used in leakage
experiments to study the permeabilization of the lipid bilayer induced by different kinds of
molecules, such as amyloid proteins®.
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Figure 3.1: The cell membrane, in the centre, and its model systems. In particular: (a)giant
unilamellar vesicles;(b) networks of giant vesicles connected by lipid microtubules;(c) ruptured
GUV’s on solid supported bilayers;(d) membrane nanodiscs containing transmembrane proteins;(e)
supported lipid bilayers analyzed by NanoSIMS; (f) ruptured cell membranes on solid supports; (g)
bilayers tethered to a solid support containing ion channels;(h) vesicles tethered to a supported lipid
bilayer by DNA; (i) visual representation of multi-scale simulations. Figure reproduced from [87].

Supported bilayer lipid membranes

To overcome the drawbacks of conventional BLMs and lipid vesicles, supported bilayer lipid
membranes (sBLMs) have been developed. Usually they are obtained by self-organization, which
can be driven exclusively by non-covalent, hydrophobic interactions or with the additional
contribution of covalent linkages.

sBLMs can be used to investigate the behavior of the polar heads in the film-forming lipids with
varying pH, and the behavior of small lipophilic biomolecules incorporated in the lipid film or
about peripheral redox proteins adsorbed on the film surface®!.

However, they are not suitable to study the function of integral proteins. Quite often, these
proteins have hydrophilic sections protruding by over 60 A outside the lipid bilayer. To avoid
their denaturation, the incorporation of integral proteins into biomembrane models must therefore
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ensure that their protruding hydrophilic sections are accommodated in a hydrophilic medium on
both sides of the lipid bilayer.

To overcome this issue several kinds of model membranes, characterized by the presence of a
physical separation between the solid support and the surface, were developed.

One of the first solutions involves polymeric cushions as supports on which rest the lipid bilayer,
separating it from the surfacel®®. These supports can be of different types, for example can be
constituted by gel rich in water or they can be “spacer” molecules that bind covalently the
membrane and the solid support separating themselves. This kind of structure has been proposed
by Kiessling and Tamm and consists of a polymeric molecule called polyethylene glycol (PEG),
which with one end binds the solid surface, while the other one binds with the distant lipid
membrane!®!.

This structures were developed in order to combine the advantages of black lipid membrane with
the stability and the mechanical strength of membranes directly supported on the surface. So the
applicability of different characterization strategy was guaranteed, as well as the possibility of
incorporating proteins. Model membranes supported on polymeric structures have, however, low
impedance values, and this characteristic limits their application for biosensing purposes.

Tethered bilayer lipid membrane

To overcome this problem another kind of model system known as tethered lipid bilayer
membrane (tBLM) has been developed. This kind of model membranes are characterized by a
hydrated space between the surface and the lipid membrane, in order to create an environment
more similar to the physiological conditions!®?.

The membrane can be physically separated from the surface using a particular kind of molecules,
known as tethering molecules, which with one end can anchor themselves to the surface, while
with the opposite end they inserted themselves within the lipid bilayer®!.

An advantage of these model membranes is that they can contain integral membrane proteins,
thanks to the submembrane space between the lipid bilayer and the surface. At the same time, the
anchoring to the solid surface makes them particularly resistant and stable and therefore it is
possible to apply on them numerous surface-sensitive techniques, such as SPR, AFM, etc..

3.1.2 tBLM preparation

tBLMs are usually prepared with a 2-step procedure: in the first step a SAM of tethering
molecules is formed, while in the second step the tBLM is completed by the addition of lipids on
the surface.

Other authors have suggested another approach, in which they use lipid vesicles formed by
phospholipids and tethering molecules; in this way the binding of tethering molecules to the
surface and the formation of the lipid bilayer occur in a single step!®. Obviously the main
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drawback of this approach is related to the fact that in the resulting tBLM the outer leaflet exhibit
tethering molecules that can interfere with following measures on these membranes.

Tethering molecules
Usually the tethering molecules consist in synthetic lipids that show a common design:

[chemical linker to surface]-[hydrophilic polymer tether]-[lipid backbone]—-[lipid tails]

i W
(Y\/\)J\O/\/o\/\o/\/o\/\o/\_:/\o
5-5 OW

Figure 3.2: Representation of the formula (above) and the space-filling model (below) of the 2,3-di-O-
phytanyl-sn-glycerol-1-tetraethylene glycol-DL-a-lipoic acid ester (DPTL). Picture reproduced from
[93].

For gold surface the best chemical linker is the thiol group, that allows the formation of
reproducible and stable SAMs.

Often the hydrophilic polymer tether used in the synthetic lipids is an oligo ethylene oxide (OEO)
segment. It provides a physical separation of the lipid bilayer from the surface and allows the
formation of an acqueous reservoir between the lipid bilayer and the surface. The reservoir has
two advantages:

+ as said before, the inner surface of the membrane is maintained in a hydrated biological

state, very similar to the condition in the cytosolic environment.

+ it provides a space that allows the insertion of transmembrane proteins into the lipid bilayer.
Anchor lipids with different spacer and anchor groups have been synthesized, and the resulting
membrane structures have been investigated using several techniques!®®.

One particular kind of tethering molecules is represented by DPTL, formed by lipoic acid for the
binding with the surface, a tetraethylene glycol spacer and 2,3-di-O-phytanyl-sn-glycerol as lipid
tails. The phytanyl chains in DPTL are known for their high thermodynamic stability (liquid
cristallinity ranging from -80°C to 120°C)™ I, their low phase-transition temperature and their
influence on the density and stability of biological membrane!®”. DPTL contains two hydrophobic
chains, because it's known that a single hydrophobic chain does not guarantee a stable insertion of
tethering molecules into the lipid membrane®. A very low roughness of the gold surface is
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required to obtain the perfect supramolecular alignment of the functional units, with a perfect
arrangements of the monolayer™®”.

In the following pages will be treated the main protocols regarding the formation of tBLMs that
use DPTL as tethering molecules, since it is the molecule used in the experiments described in the
experimental section.

DPTL monolayer formation

DPTL monolayer formation seems to follow a first-order Kinetics (described well by Langmuir
isotherm, based on physisorption where molecules can adsorb and desorb reversibly).
Typically this is done in ethanol, since the DPTL is practically insoluble in water. Vockenroth
proposed a simple 2-step process to describe the formation of DPTL monolayers:

+ fast adsorption of the molecules to the surface;

+ slow organization and rearrangements of the monolayer (they suggested that probably forces

between adsorbed and free molecules hinder the completion of defect in the layer).

However, tBLMs formed on these DPTL monolayers are effective only for the incorporation of
small ion carriers; larger peptides typically adsorb to the surface of these tBLMs if solid surfaces
are used as support. In fact a particular case is represented by tBLMs formed on mercury
surfaces®: in this case the fluidity of the surface compensates for the high density of DPTL
molecules in the submembrane layer. So, working on solid surfaces, the tethering molecules in
the SAM must be spatially diluted to allow the incorporation of larger peptides into a bilayer®.

Diluted DPTL monolayer formation

Some authors reported difficulties to dilute monolayers of thiolipids with short hydrophilic thiols
(such as BME or lipoic acid), resulted in bilayers with poor electrically properties®®. However,
there are several other articles describing procedures that allow the preparation of mixed SAM
where the thiolated lipids were diluted using PMEI®4. Generally the mixed SAMs were
prepared by exposing gold surfaces to solution of thiolated lipids and ME using different molar
ratio, with a final concentration of 0.2 mM. The incubation usually last from 12 to 24 hours.

Hong and colleagues used a different approach to dilute the thiolated lipid layer for SPR
experiments: first they form a BME layer not particularly dense, and then they add the thiolated
lipids in water with a detergent to complete the mixed SAM!%!.

Hel®! used a particular molecule called tetraethylene glycol-D,L-R-lipoic acid ester (TEGL) to
diluite DPTL monolayer. This molecule is identical to the hydrophilic portion of DPTL, while the
hydrophobic portion is absent; so specifically TEGL allows the dilution only of the hydrophobic
region of DPTL. With AFM He and colleagues observed a uniform distribution of these two
molecules on the surface.
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3.1.3 Bilayer formation

There are different procedures that allow the formation of lipid bilayers on pure or diluted DPTL
layers. However, the choice of the lipid to be used for preparing the lipid bilayer must be
performed. In fact, according to the type of the polar head of the selected lipid or the type of lipid
tails, the resulting lipid membrane will have particular physical and chemical characteristics, with
important consequences in allowing interactions with different kinds of molecules™™!.

Vesicles fusion method

Darvel and colleagues®® suggest the following deposition pathway for tBLM formation: first
vesicles diffuse through the solution and then eventually they contact the preformed DPTL
monolayer. When the critical coverage point is reached, the vesicles on DPTL monolayer rupture
into bilayer islands, where they fuse on the DPTL layer; after the initial rupture point, vesicles
continue to adsorb to the DPTL layer and fuse to form a tBLM.

Actually the formation of a lipid bilayer from vesicles in aqueous solution depends on the
chemical and physical parameters used during the process, such as the pH and the ionic strength
of the solution, the concentration of vesicles and their composition and the temperature at which
the formation of the lipid bilayer was performed!*.

Lei et al."®! prepared tethered or supported bilayers using a unilamellar vesicle suspension
(0.3 mM) onto the substrate and incubating at 60°C for 2 hours; afterwards the sample was cooled
to room temperature at ambient conditions and then rinsed with mQ water at least 20 times.
Vockenroth and colleagues® prepared lipid bilayers on DPTL by addition of SUV on DPTL
layer (0.02 mg/mL final concentration in NaCl 0.1 M) for 24 hours. Naumann™® and Schiller®”!
carried out the vesicles fusion at 30°C (0.02 mg/mL final concentration in NaCl 0.1 M), but they
didn't report how long is the incubation.

There are three different procedures to prepare vesicles in aqueous solution:

. the most common involves the extrusion of the lipid dispersion through nucleopore filters
(usually 100-200 nm size) to obtain large or small unilamellar vesicles® %% 106107,

. an alternative procedure involves the sonication of an aqueous lipid suspension for
several minutes (about 15-30 minutes), in order to obtain small unilamellar vesicles with
diameters that ranges from 30 nm to 100 nm. The most common instrumentation for the
preparation of sonicated particles are bath and probe tip sonicators. Bath sonicators are the most
widely used instrumentation for preparation of SUV. Mean size and distribution is influenced by
composition and concentration, temperature, sonication time and power, volume, and sonicator
tuning. Since it is nearly impossible to reproduce the conditions of sonication, size variation
between batches produced at different times and with different instruments is not uncommon.
Terrettaz and colleagues™™® perform the sonication at 10°C in an eppendorf vial to obtain SUVs
with a mean diameter of 30 nm. A similar protocol was described by other authors * 1%% 11;

. another procedure was described by Wiegang et al.l'*: after the preparation of lipid
solution, they performed 5 cycles of freezing (with liquid nitrogen) and thawing (water bath at
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50°C. Immediately before the injection into the measuring cell, the vesicle suspension was
sonicated for 10 min.

He and colleagues suggest to use liposomes prepared in water to take advantage of the osmotic
shock caused by the relatively high ionic strength electrolyte used during the vesicles fusion.
Vockenroth et al.* and He et al.® also suggest that the lipid composition of the vesicles should
have an effect on the assembly kinetics.

Some authors add in the lipid vesicles also cholesterol; in fact it is known that cholesterol can
influence the function of membrane proteins both by binding directly to the proteins and by
changing biophysical properties of the lipid membrane™®.

Protocol involving detergent

In this procedure an aqueous solution of lipids in detergent (for instance octyl glucoside) is
prepared, then the next dilution of the detergent below the critical micellar concentration leads to
the formation of a stable lipid layer on the hydrophobic alkanethiol surface. The solution
containing lipids and detergent is placed in the cell, and after 5 min, 30% of the total aqueous
phase was exchanged with pure buffer and the cell content were mixed. This procedure was
repeated until no further change of the optical and electrical properties of the self-assembled lipid

layer was observed!*% 112

Rapid solvent exchange:
According to McGillivray and colleaguesi™®™, rapid solvent exchange technique has three
advantages:
+ the bilayer formation completed more reproducibly;
+ it allows the formation of bilayers on SAMs of relatively low hydrophaobicity (as in the case
when a significant proportion of the hydrophilic backfiller BME is used);
+ the bilayer phase state of the lipid used for completion was found to be largely irrelevant,
because the lipid is applied to the surface in organic solution.
The usual procedure involves a brief incubation of the SAM-covered surface in a solution of
lipid in absolute ethanol (10-20 mM) for 5-10 min at room temperature (actually
Yaron!***lextends the lipid incubation for 1 hour). Then it was rapidly (within 5-7 sec) displaced
by a large excess of aqueous buffer solution, taking care to avoid the formation of air bubbles at
the surface that could disturb the SAM00102 114, 115]
According to them the lipid molecules, that are insoluble in water, during the exchange step
complete the bilayer rather than to mix with water and get washed away.
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3.2 Materials and methods

SAM preparation

For the realization of SAM formed by DPTL (Diverchim), each gold surface (TSG) was
incubated with 30 pL of thiolipid solution with a concentration of 1 mg/mL. The incubation took
place in an ethanol-saturated chamber, at a temperature of 4°C. The DPTL is stored at -20°C in
ethanol and, before being used, was sonicated for 10 minutes.

Mixed SAM were carried out by incubating each TSG with 30 uL of a mixture of DPTL and
BME (Sigma) to a final concentration of 1 uM in ethanol for 18-19 hours at a temperature of 4°C.
Several mixed SAMs were obtained using different molar ratios of the two components of the
mixture.

Each TSG during the incubation has been covered with a HybriSlip (Sigma) so that the solution
was uniformly distributed on the surface. After the incubation the samples were washed with a
slow addition of 1 mL of ethanol, dried with nitrogen and placed very quickly inside the
electrochemical cell.

Vesicles preparation

Lipid vesicles were obtained from 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) or 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) from Sigma at a concentration of
1 mg/mL. First, 2 mg of lipids were dissolved in chloroform, then the solvent was evaporated.
The pellet obtained in this process was hydrated by the addition of 2 mL of buffer (10 mM
HEPES and 50 mM CaCl,, pH 7.2), thus obtaining multilamellar lipid vesicles. To obtain
unilamellar vesicles the solution was sonicated in an ultrasonic bath for about 20-30 minutes,
until a clear solution was obtained.

Bilayer formation

Lipid membranes anchored to the surface were carried out incubating a solution of unilamellar
lipid vesicles (1 mg/mL) in an aqueous buffer (10 mM HEPES and 50 mM CaCl,, pH 7.2) on
functionalized gold surfaces with DPTL or DPTL + BME for at least 4 -5 hours at room
temperature.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy measurements were performed with pAutolab Type
III/FRA2. The data analysis was performed using the software FRA (Frequency Response
Analyzer System), provided by the manufacturer of the instrument, and Zview (Scribner
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Associated Inc.). All the impedance experiments were performed in the three-electrode cell
described at pag. 27.

EIS measurements were conducted in the frequencies ranges 1 MHz-5 mHz or 1 MHz-1 Hz with
an excitation amplitude of 10 mV and a bias potential of 0 V vs. Ag/AgCI reference electrode.

Reductive stripping assay

The experiments of reductive stripping were performed with pAutolab Type 11I/FRA2. The data
analysis was performed using the software GPES (General Purpose Electrochemical System),
provided by the manufacturer of the instrument. All the reductive stripping assays were
performed in the three-electrode cell described at pag. 27.

The potential range applied is between -0.7 V and -1.4V, with a scan rate 0.1 V/sec, in
0.1 NaOH.

AFM

All the images were obtained by Multimode AFM facility (Nanoscope Ill, Veecco/Digital
Instruments, Santa Barbara, CA) with scanner 2795E in a contact mode. Slandered etched silicon
cantilevers (Ultra sharp NSC15/AIBS silicon probes with tip apex radius of ~10 nm, resonant
frequency range of AFM cantilever 325 Hz, and number of pixels 512x512) were used for
imaging in liquid. All the images were taken at room temperature (~25 °C).

Surface plasmon resonance

The SPR instrument used for the experiments is a Biacore X100 by GE Healthcare. It consists of
two microfluidic cells; one of the two is usually used as a reference cell in order to subtract the
bulk effect. Each flow cell is 0.5 mm wide, 2.1 mm long and 50 um tall. The total contact area is
1.05 mm?. In all the experiments a sensor chip with a gold surface (Sensor chip Au or SIA kit Au,
from GE Healthcare) was employed. For data analyses, the Evaluation Software available with
the Biacore X100 was used.

Injections consist of a two phases: an association phase in which a solution of the determined
molecule is injected; and a dissociation phase, or stabilization period, in which the running buffer
(in this case PBS 0.1 M KCI) flows inside the flow cell. The maximum single-injection volume in
the Biacore X100 is 90 pl. Ten successive injections of DPTL 0.4 mg/ml in an aqueous 1% poly-
(ethylene glycol)-octyl ether (octyl-POE) solution were performed for 200 seconds at 2 pl/min
over the gold surface of the chip. With a final injection of SDS 0.5% we removed any molecules
non-specifically bound to the surface.

After the formation of the monolayer, an injection of SUVs would form a complete lipid bilayer.
DOPC 1 mg/ml in PBS 0.1 M KCI was injected for 40 min at 2 ul/min followed by a dissociation
phase of 600 seconds. Then 10 consecutive 1 min-injections of ultrapure water at 10 pl/min with
a stabilization period of 480 seconds for each injection and a fast injection of PBS 0.1 M KCI
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(30 seconds at 100 pl/min). Also in this experiment with a final injection of SDS 0.5% we
removed any molecules non-specifically bound to the surface.
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3.3 Results and discussions

3.3.1 EIS data analysis

Impedance spectra

Data from impedance measurements can be expressed using different kinds of plots. The
impedance (Z) and the admittance (Y) are usually described by complex numbers, whose real and
imaginary parts represent their components for a phase delay of 0° and 90°, respectively. The
impedance data obtained in our experiments were displayed using two different representations,
the Bode plot and the complex admittance plot.

Bode-Plot: Bode plot is a very common representation for impedance data, and contains two
different information: a graph of the absolute magnitude of impedance is plotted against the
logarithm of frequency, whereas a graph of phase angle versus the logarithm of frequency gives a
Bode phase plot (figure 3.3a).

Complex Admittance (frequency normalized): the advantage to analyze AC circuit in terms of
the admittance (), which is the inverse impedance (Y=1/Z), is that admittance represents a kind
of conductance (figure 3.3b).

The complex admittance and impedance hold the relation:

, e e e e
V=—=Y+j¥Y"=0G+G, + jol
Z

where G is the conductance and G, is the conductance of electrolyte. The real part and the
imaginary part of the admittance can be obtained from:
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Variation of the AC frequency, o(f), results in different figure in complex plane corresponding to
changes in the ratio between real and imaginary components of the admittance. In this
representation the diameter of the semicircle on the Y axis corresponds to the capacitance of the
layer on the surface (figure 3.3b).
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Figure 3.3: (a) Bode plot; (b) complex admittance plot.

Equivalent circuit

A simple equivalent circuit commonly employed to interpret impedance spectra of tethered lipid
bilayers is shown in figure 3.4, where R, is the resistance of the aqueous electrolyte, R, and C,
are the resistance and the capacitance of the lipid bilayer respectively, and Cs is the capacitance of
the hydrophilic spacer. For simplicity, this equivalent circuit can be expressed with the following
nomenclature: Ro(RmCm)Cs that will be used in the following sections.

Figure 3.5 shows a plot of log |Z| versus log f (Bode plot), where |Z]| is the magnitude of the
impedance and f is the frequency.

It is known that the impedance of circuit elements in series is determined by the element with the
highest impedance; conversely, the impedance of circuit elements in parallel is determined by the
element with the lowest impedance.

Therefore, at the highest frequencies, |Z| is determined by the resistance Rq, because the
impedance of the C, element [1/(2=fC)], is lower than Rq, and the same is true for the impedance
of the R,Cn mesh, which is determined by the lowest impedance of these two elements in
parallel.
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Figure 3.4: equivalent circuit. Figure modified from [90].

Rq is independent of frequency, therefore the slope of the Bode plot becomes equal to zero
(portion a in figure 3.4).

Decreasing the frequency, C, becomes greater than Rq, while still remaining lower than R.,, and
it is also higher than C,, because Cs > Cy,. Hence, in this frequency range, |Z| coincides with C,
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Figure 3.5: a plot of log |Z| versus log f.

and the log |Z| versus log f plot has a slope equal to —1 (portion b in figure 3.5).

With a further decrease in frequency, C,, becomes comparable with R,,, and the slope of the Bode
plot increases with respect to —1, tending to attain the zero value, which would correspond to
complete control by Ry,. Before this can occur, however, the further decrease in frequency makes
Cs higher than Ry,,, causing |Z| to coincide with Cs. Hence, the slope of the Bode plot once again
becomes equal to —1 (portion c in figure 3.5).

If a ion channel is assembled in the lipid bilayer, ions from the aqueous phase are shuttled to the
hydrophilic spacer and vice versa across the lipid bilayer, with a resulting decrease in the
resistance Ry, In this case, C,, becomes comparable with Ry, at higher frequencies, as appears
from figure 3.6. This means that in this example R, starts to bypass the capacitance C, for
f=100 Hz, so the current starts to flow preferentially along the resistance Ry, Then, for f=10 Hz,
|Z| practically coincides with Cs and the Bode plot has the same sigmoidal shape as in figure 3.6.

log(|Z |/ 52)

3 1 | 1 |
-1 0 1 2 3
log(f /Hz)

Figure 3.6: Bode plots of a tethered lipid bilayer with (0) and without (+) pore-forming peptide.
Figure reproduced from [90].
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3.3.2 Formation and characterization of DPTL layers

Electrochemical impedance spectroscopy

Self-assembled DPTL layers can be easily obtained incubating a small amount of DPTL in
ethanol at a concentration of 1 mg/mL on a gold surface. The incubation is performed for about
24 hours in an ethanol saturated chamber at 4° C. After the incubation the functionalized surface
is washed with a large amount of ethanol and dried with a stream of nitrogen. This procedure
allows the formation of a single compact layer of DPTL with the molecules bound to the surface
through the disolphur groups and the lipid tails pointing to the solution.

These layers were characterized with electrochemical impedance spectroscopic measures. The
resulting spectra were fitted with the equivalent circuit reported in figure 3.4, as suggested from
Naumann® and Schiller®. Actually to describe the capacitance Cy, in this case is better to use a
constant phase element (CPE or Q) rather than an ideal capacitance.

CPE is an electrical circuit component that models the behavior of an imperfect capacitor.

CPE admittance is: Ycpe = Qo(wi)", where Qo and n (0<n<1) are frequency independent. The
constant phase is always —(90*n)°, also with n from 0 to 1. The case n = 1 describes an ideal
capacitor while the case n = 0 describes a pure resistor.

CPE is useful because it takes in greater account the heterogeneity of the layer due to the
particular DPTL structure and the roughness of the gold surface. Because of this, in fact, the layer
present on the surface deviates substantially from an ideal capacitor. However, as can be seen
from the table 3.1, the n values of CPE for DPTL layers are very close to 1, and then the values of
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Figure 3.7: impedance spectrum relative to a DPTL layer on gold surface obtained by an incubation
of 24 hours in DPTL 1mg/mL in ethanol. The impedance spectrum was obtained in 100 mM NaCl
and 10 mM phosphate buffer, pH 7, by applying sinusoidal potential of 10 mV, with a range of
frequencies from 1 MHz to 5 MHz, and a bias potential of 0 V. The red dashed lines correspond to
the fitting of the data with the equivalent circuit Ro(RmQm)Cs.
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CPE can be assimilated to an ideal capacitance.

In figure 3.7 is shown an impedance spectrum corresponding to a DPTL layer with the
corresponding fitting; the quality of the fit is quite good indicating that the model used to describe
what is present on the surface of the working electrode is correct.

In table 3.1, resistance values of DPTL layers generally change from 1 to 2 MQ*cm?® while the
capacitance is generally between 0.6 and 1 pF/cm?

The capacitance values are in agreement with those reported in literature, which suggests that
during the incubation step, a single DPTL layer has been formed on the surface and not a

‘ RQ Rm Qm a Cs ‘

Q*cm MQ*cm uF/cm uF/cm

1 5.73 1.23 1.1 094 1.63

2 6.78 1.49 083 095 2.83
3 6.86 1.23 093 0.92 3.673

4 4 1.39 1.056 0.93 3

5 7.4 1.65 1.144 0.94 2.7
Mean 6.15 1.40 1.01 094 277
St. dev. 1.35 0.18 0.13 0.01 0.74

Table 3.1: resistance and capacitance values of DPTL layers, obtained by fitting the spectra of
impedance relative to 5 different DPTL layers with the equivalent Ro(RnQnm)Cs.

multilayer; another indication that support this conclusion is that the values obtained are
substantially in agreement with the capacitance value calculated taking into account the
theoretical dimensions of a DPTL molecule, that is 4.7 nm!*!,

Instead the resistance values tend to be lower than those indicated in several articles, where
values up to 4-5 MQ*cm?are reported **l. A probable explanation could be that the gold surfaces
used in these experiments had a roughness greater than those used in literature. Interactions
between DPTL molecules involve the hydrophobic portions of the molecule: if the surface is not
perfectly flat, these interactions will be more difficult to form and the monolayer will be not very
compact. This aspect can greatly affect the resistance values.

Reductive stripping

A further evidence about the formation of a single layer of DPTL was obtained performing the
reductive stripping of these molecules from the surface applying a reductive potential as
suggested by Naumann and colleaguest™.

Sulphur-gold bonds can be described as an oxidative additions of thiols on the gold surface, so
it’s possible to break these interactions applying a reductive potential.

The voltammetry experiment was performed in an electrochemical cell with a larger working area
than the one used in the previous measurements, of about 50 mm?. Even in this case a TSG was
functionalized with DPTL, and before being inserted in the measuring cell, it was washed with
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ethanol, and then it was dried with a gentle stream of nitrogen. The potential range used in the
stripping assay is between -0.4 VV and -1.4 V in NaOH 0.1 M at a scan rate of 100 mV/sec, and
the appearance of a peak at a potential of about -1 V was observed.

The potential at which the reduction peak appears is the one expected for the DPTL™! and
calculating the integral of the peak (figure 3.8), it’s possible to estimate how many charges pass
through the working electrode during the stripping experiment. Knowing that the reduction of a
sulfur-gold bond involves a single electron, and that there are two sulfur-gold bonds for each
DPTL molecule on the surface, we can estimate how many DPTL molecules are present on the
surface. The value obtained from this calculation is equal to 2x10™ molecules/cm?, in agreement
with the value reported by Naumann and his collaborators!®“.

0.8 0.9 -1 1.1 1.2
E (V)
Figure 3.8: reductive stripping voltammetry of a DPTL layer on a gold electrode that was formed

through a 24-hours incubation with DPTL 1mg/mL in ethanol. The assay was performer in
NaOH 0.1 1M, with a potential range from -0.4 V to -1.4 V and a scan rate of 100 mV/sec.

AFM imaging

Finally, DPTL monolayer was characterized performing AFM experiments. This technique
allows to observe an high-resolution surface topography of a molecular monolayer.

In particular, a strategy called nanoshaving was performed (figure 3.9¢), consisting in the removal
of portions of monolayer from the surface, in order to estimate the thickness of the monolayer™®!.
Figure 3.9a shows an AFM image, in which the DPTL monolayer cover almost entirely the gold
surface except for three rectangular areas where the DPTL has been removed.

Within these zones can be observe the gold surface below, that appears darker because it is
located at a greater depth compared to the DPTL surface. These tests were carried out keeping the
surface immersed in an aqueous buffer, and this could be the cause of the accumulation of DPTL

at the edges of the holes, considering that DPTL is substantially insoluble in water.
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Figure 3.9: (a) AFM imagine relative to a nanoshaving assay on a DPTL layer; the three dark
rectangles correspond to a removal of DPTL from the surface; (b) thickness variation measured
measured at the two blue points indicated in the AFM image on the left; (c) Schematic of
nanoshaving.

Figure 3.9b shows the variation of the thickness of the DPTL layer between the blue points
indicated in figure 3.9a. The height of the DPTL layer corresponds to 4-5 nm, consistent with the
theoretical length of a DPTL molecule (theoretical length of 4.7 nm®*).

Characterization with SPR

The protocol used for the preparation of tBLM in a microfluidic chamber was proposed by
Terrettaz and colleagues™®!, and the process was monitored by SPR.

The formation of a monolayer of pure DPTL (figure 3.10) was performed to compare the density
of molecules bound to the surface with the theoretical value of lipids which should cover the
surface.

A first injection of an aqueous solution of SDS 0.5% cleans the gold surface from any impurities,
which may be present on the chip (SIA kit Au, GE Healthcare).

Given the chemical resistance of the microfluidic system, it is impossible to use an ethanolic
solution of DPTL, so a detergent, octyl-POE, was used. Octyl-POE form micelles containing the
thiolipids; so in this condition DPTL is water-soluble and can be injected into the SPR
instrument. With the final injection of SDS 0.5% any molecules non-specifically bound to the
surface were removed.

RU responses are collected with the flow cells filled with PBS 0.1 M KClI, in order to remove the
bulk effect.

During the first injection the signal increases very rapidly, from the level of the baseline up to
3900 RU, and after an initial peak, the signal stabilizes. With the following nine injections of
DPTL the signal increases of about 100 RU each injection, although after a rinsing step with
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SDS, it drops till 3800 RU; this indicates that the observed increase during the nine injections is
due to hydrophobic interactions between non-polar tails of DPTL immobilized on the surface and
the molecules of DPTL injected.

There is a correlation between the RU response and how much mass is bound to the surface: it is
accepted by the majority of the groups who works with SPR that the best conversion factor is
1RU = 1 pg/mm?™, Using this conversion factor we calculated that, at the end of the
experiment, on the surface there are 2.36x10** DPTL molecules/cm?.

Considering a flow cell area of 1.05 mm?, the theoretical density of lipids that should cover the
whole surface was calculated: considering an area of 69 A? for a single phospholipid™#, the flow
cell should contain 1.52 x 10" lipids (about 1.52 x 10* molecules/cm?).

It is interesting to note that this value practically coincides with the one obtained performing the
reductive stripping assay described previously (see pag. 60).

Data obtained from reductive stripping and SPR, together with the values of capacitance and
resistance obtained by EIS, are consistent with the formation of a single layer of compact DPTL.

3.3.3 tBLM formation on DPTL layer

After the formation of DPTL layers on gold surfaces, several experiments to form lipid
membranes anchored on the surface were performed 4 %81,

Lipid membranes anchored to the surface obtained from compacted layers of DPTL have several
drawbacks for biosensor applications: first of all the anchored lipid membrane shows a low

fluidity, since the innermost layer of the membrane is composed almost entirely of lipid tails from
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Figure 3.10: Sensorgram of the formation of a pure DPTL monolayer. The gold surface was initially
cleaned with SDS 0.5%. A sequence of 10 injections of DPTL was performed in order to form a pure
monolayer. The rinsing step with SDS 0.5% flows away the non-specific bound molecules from the
flow cell. A final value of 3800 RU is obtained, corresponding to 2.25x10* molecules/cm?. Arrows
indicate the injections performed during the experiment.
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DPTL molecules, that are anchored to the surface. In addition the submembrane space will be
very limited, as most of the space is occupied by the hydrophilic chains of DPTL.

The advantage of working on these types of membrane however is that, as mentioned previously,
there are numerous examples in literature of lipid membranes anchored on this kind of surface,
even if their use, for the disadvantages listed above, is in fact limited to the detection of
interactions with small molecules. So, given the greater number of information that could be
obtained from the literature about this kind of membrane model, the preparation of these layers
was attempted.

Preparation and characterization of lipid vesicles

In literature, the most common approach to form lipid membranes on a DPTL layer involves
unilamellar lipid vesicles.

In literature there are numerous protocols about the preparation of lipid vesicles, that differ about
some parameters, such as the buffer used, the applied timing and the instrumentation used for the
formation of vesicles.

The protocol used in the following experiments requires the preparation of a chloroform solution
containing the lipid of interest. Then chloroform is evaporated under vacuum, and subsequently
the pellet is hydrated by the addition of buffer (50 mM CaCl,, 10 mM HEPES, pH 7.2) for about
one hour; during this phase the solution is maintained stirred, allowing lipids to go in suspension
as multilamellar lipid vesicles. Finally, to obtain unilamellar vesicles the solution was sonicated
for about 20-30 minutes, until a clear solution is obtained.

Phosphatidylcholine lipids, especially 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
or 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were used(figure 3.11), as these types of
lipid appears to be predominant in nature, and also because these two lipids have very low
transition temperatures (for instance -2°C for POPC), so at room temperature they ensure high
fluidity to the lipid membrane.

The solution of unilamellar vesicles was then analyzed with light scattering, to determine their
size (figure 3.12). This analysis, carried out after about 30-40 minutes from the sonication step,
shows the presence of three different populations of vesicles with different size. The majority of
the vesicles have a diameter of about 100 nm, but at the same time vesicles of smaller diameter
are observed, around 50 nm, and other vesicles much bigger, of several hundred nanometers. In
several papers unilamellar vesicles sizes between 50 and 100 nm were reported; so the vesicles
obtained performing the protocol described previously turn out to be larger than expected.

One possible explanation may be related to the choice of using the sonication to prepare vesicles;
in fact sonication has the advantage of being simple and relatively quick to realize, but at the
same time results can change using different sonicators.

Another aspect to take into consideration, especially as regards to the vesicles of big dimensions,
is that light scattering measures were not carried out immediately but after several minutes, and
during this period fusion processes between vesicles might have occurred. In fact, due to the high
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Figure 3.11: molecular structures of the two lipids used in the experiments described later.

degree of curvature of these membranes, SUV are inherently unstable and will spontaneously fuse
to form larger vesicles, especially when stored below their phase transition temperature.

However, performing several readings of different samples prepared with the same protocol, the
size of the vesicles resulted to be repeatable, so these vesicles were used to form tethered lipid
bilayers on DPTL layers.

tBLM characterization with EIS

The protocol for the formation of tBLM is relatively simple. In fact, it requires the preparation of
the solution containing vesicles and the formation of a DPTL monolayer on the working electrode
surface. Then the solution containing vesicles was injected in the measuring cell, performing an
incubation for at least 4-5 hours.

During the incubation period, lipid vesicles spontaneously interact with the DPTL layer, merging
with each other, thus allowing the formation of a uniform lipid membrane over the entire surface.
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Figure 3.12: light scattering measure of a POPC vesicles solution. The graph shows the presence of a
majority of vesicles with a diameter of about 100 nm, and two populations of vesicles less numerous,
with a diameter of about 50 nm and the other of larger than 1 pm.
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Figure 3.13 shows impedance spectra corresponding to a DPTL monolayer (blue lines) and to the
resulting lipid bilayer (red lines) obtained after 4 hours of incubation in the solution containing
vesicles. It is possible to observe how the impedance increases over the whole range of
frequencies, and in particular at the lowest frequencies, which results in a slight decrease of
capacitance and a significant increase in resistance (from 5 to 8 MQ*cm?, see figure 3.14).

Experiments with SDS to remove lipid bilayers

To be sure that the changes in capacitance and resistance are actually correlated with the
formation of a lipid bilayer on the electrode surface, the removal of the membrane using sodium
dodecylsulfate (SDS) was carried out.

SDS is a detergent which should be able to remove the lipids of tBLM, but which should leave
intact the DPTL layer covalently bound to the surface.

After preparing the lipid bilayer on DPTL as described above, a brief washing was performed,
fluxing in the measuring cell 300 uL of a solution of SDS 0.5% in H,O at 100 uL/min.
Immediately after, 300 uL of buffer (100 mM NaCl, 10 mM HEPES, pH 7.2) at 50 puL/min was
injected. Figure 3.16 show the variation obtained after the addition of SDS; as expected, the
resistance and capacitance values measured after this treatment are comparable to those of the
starting DPTL monolayer.

Then the lipid membrane was reconstructed directly on the surface obtained after SDS treatment,
in order to understand if the previously experiments were influenced by side effects resulting
from the addition of SDS. So a solution containing lipid vesicles was injected again and at the end
of this treatment, another EIS measure was performed, confirming the formation of a new tBLM
on the surface, as can be seen in figure 3.15 (blue spectrum).
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Figure 3.13: Bode plot of a DPTL layer (blue points) and of a tBLM (green triangles) formed using
POPC vesicles. Red dashed lines correspond to the fitting of the tBLM spectrum with the equivalent
circuit Ro(RmQm)Cs.
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Figure 3.14: in this table were reported the values of R, Rm, Qm and C; relative to 4 different tBLM,
obtained fitting the experimental data with the equivalent circuit Ro(RmQm)Cs. On the right, the
histogram shows the resistance and the capacitance variation after the formation of a tBLM.

It is easy to see how the spectrum obtained after the addition of the lipid vesicles, upon treatment
with SDS, is practically superimposed to the one corresponding to the tBLM prior to treatment.
Further tests with SDS showed that longer treatment with SDS or using higher concentrations of
SDS, determine the dissolution of the lipid portion of the tBLM, but also an alteration of the
DPTL layer (data not shown), suggested especially from the capacitance values, which result
much higher than the capacitance of the starting DPTL layer. A possible explanation of this
phenomenon may be that in these conditions SDS alter also the hydrophobic portion of the DPTL
monolayer, changing its electrical parameters.

Formation and characterization of tBLM using SPR

In collaboration with the Laboratory of Life Science Electronics at EPFL in Lausanne, the
formation of tBLMs on a compact layer of DPTL was checked using SPR.

As discussed before, DPTL layers were obtained in aqueous solution using a detergent. Then a
solution containing POPC vesicles was prepared as described above, with a final concentration of
2 mg/mL.

In the experiments one of the two channels (channel 1) was used as a reference, while the other
channel (channel 2) was used to perform the actual experiment. So in channel 2 the solution
containing vesicles of POPC was fluxed for 2250 seconds, followed by a washing step in buffer
(PBS 0.1 M KCI) for 120 seconds and finally by three washes with 0.5% SDS of 180 seconds
each (in both channels); the passage in SDS take the system back to the initial conditions.

SUVs injections in the analysis chamber determine a steep peak in the RU response that might
correspond to the interactions between vesicles and the hydrophobic tails of the DPTL molecules
(see figure 3.16).
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Figure 3.15: spectra corresponding to the formation of the lipid bilayer (green), after washing with
SDS (blue) and the new formation of the membrane after treatment with SDS (red).

This initial phase is quick and is followed by a slower phase in which it is plausible that vesicles
organize themselves in a more ordinate and defined structure.
From figure 3.16, the variation of the signal after the formation of the lipid layer for each lipid
was estimated to ~ 6000 R.U. This value allows to determine how many molecules were on the
surface; in fact, knowing that 1 R.U. correspond to ~ 1 pg/mm? the lipid density on the surface
turns out to be 4.7x10™ POPC molecules/cm?.

7000

6000

5000

4000

3000

R.U.

2000

1000

o

-1000

-2000

10 20

30 40

Time {min)

70 80

Figure 3.16: Sensorgram of the formation of tBLM on a pure DPTL monolayer. A sequence of 10
injections of DPTL was performed in order to form a pure monolayer. The rinsing step with SDS
0.5% flows away the non-specific bound molecules from the flow cell. A final value of 3800 RU is
obtained, corresponding to 2.25x10** molecules/cm?®. Arrows indicate the injections performed during

the experiment.
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From the reductive stripping assay, the density for a pure DPTL monolayer is
1.52-10" molecules/cm?, therefore for a lipid bilayer it is plausible to obtain a similar density.
This value was also compared with data reported in literature, which said that the area occupied
by a phosphocoline molecule in a lipid bilayer is between 50-70 A%,

The theoretical density of lipid molecules in a phospholipid bilayer was calculated, and the
resulting value (3-4x10* molecules/cm®) is in agreement with the ones obtained in SPR
experiments.

As we can see from figure 3.16, the injections of SDS 0.5% at the end of the experiment take the
signal back to the starting value, indicating that only lipids that compose the tBLM are taken
away after SDS treatment, without changing the amount of DPTL molecules on the surface. Even
in this case the resulting DPTL can be used to form a new tBLM by the injection of lipid vesicles.

3.3.4 Formation of diluted DPTL monolayers

tBLMs described so far have dense DPTL layers and show a good passivation of the surface (the
resistance of the bilayer well over 5 MQ*cm?) and a good stability (at least in the first 7-8 hours,
data not shown). Despite this, they are not suitable for the goal of this project, that is the
development of an electrochemical biosensor based on model membranes, in order to study the
interactions between these membranes and biomolecules of various nature.
In order to obtain a biosensor that can detect a broad spectrum of interactions, it is important that
the model membranes have three basic characteristics:

+ high resistance values;

+ high fluidity;

+ presence of a sub membrane space.
As already observed, the first feature is already present in the tBLMs described so far, while the
other two parameters are practically absent.
A good hydration of both faces of the membrane is another aspect to be taken in account.
Practically the presence of a submembrane space between the gold surface is required, so that the
inner face of the membrane can remain hydrated. It is important also because determines a space
where ions can flow, for example through pores formed in the membrane. Furthermore, the
hydration of both sides of the lipid membrane determines a condition more similar to cell
membranes. Finally, the presence of this submembrane space should facilitate the insertion into
the lipid bilayer of transmembrane proteins with extramembrane domains, thereby making the
protein-membrane interaction much more similar to what occurs in vivo.
The structure of DPTL molecules tends to favor the presence of this space, thanks to its
hydrophilic portion, but the high density of DPTL on the surface reduces the hydration space. At
the same time the high density of DPTL is responsible for the low fluidity of the lipid membrane
anchored to the surface.
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To overcome the drawbacks outlined above, some researchers!%°!101

DPTL layer with smaller thiolated molecules; in this way, the lipid membrane will be anchored to
the surface, but the submembrane space will be wider and with a greater hydration.

proposed to “dilute” the

Choice of the diluent

To dilute a layer of tethering molecules, several molecules have been proposed in the literature.
One of these molecules is called tetraethylene glycol-D, L-a-lipoic acid ester (TEGL) and has
been employed by He and collaborators™® as a diluent for DPTL layers. TEGL is interesting
because its structure is identical to that of DPTL, except for the lipid tails, which in this case are
completely absent (see figure 3.17). DPTL layers diluted with TEGL show resistance values
similar to resistance values of layers consisting only of DPTL, and the resulting tBLMs should
show a greater fluidity because only a small portion of the lipids in the lower layer will be
anchored to the surface. The main drawback of using TEGL as diluent concerns the
submembrane region of the resulting tBLM that, in fact, continues to be almost completely
occupied by the hydrophilic portions of the DPTL and TEGL.

Another dilution strategy, more suitable for the aims of this project, is based on small thiolated
molecules (see figure 3.17), such as mercaptohexanol (MCH) and B-mercaptoethanol (BME).
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Figure 3.17: chemical structure of (A) mercaptohexanol, (B) DPTL and (C) p-mercaptoethanol.

Among these molecules, the biggest advantages should be provided by BME, since its small
dimensions should allow to maximize the submembrane volume, ensuring at the same time a
good level of fluidity of the lipid bilayer. These mixed layers were proposed by McGillivray and
his collaborators® which, however, have used a tethering molecule different from DPTL, even
if structurally they are very similar. These authors have characterized these layers also
performing EIS measurements, and these data will be considered as a reference in the following
pages.

Dilution experiments

Based on the results and the protocol described by McGillivray™®, a mixed monolayer consisting
of DPTL and BME was prepared, with solutions containing DPTL and BME in different molar
ratios dissolved in ethanol and maintaining always 1 uM as the total concentration of thiols in the
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solution. After the incubation, lasting 18-19 hours in an ethanol-saturated-chamber, the surface
was washed with 1 mL of ethanol and then dried with nitrogen.

Different molar ratio of DPTL and BME were tested, containing respectively 90, 80, 70, 50 and
30% of DPTL, and they were characterized using EIS measurements. The aim of this experiments
was to verify what was stated by McGillivray and colleagues, that using decreasing amounts of
DPTL during the incubation, the resulting layers should show a decreasing amount of DPTL.
Figure 3.18 shows a complex admittance plot in which the impedance spectra obtained for each
DPTL/BME molar ratio were compared. This kind of representation is useful to appreciate the
capacitance variation of each layers. As can be seen, the capacitance values are distributed
between two limit values: at the lower end there is the layer formed exclusively by DPTL (green
curve), while at the other end we find the layer that consists only of BME (blue curve).
Furthermore, the capacitance variation of each the mixed layers seems to be somewhat correlated
with the percentage of DPTL present in the solutions used to functionalize the gold surfaces (see
figure 3.19 and table 3.2).

In fact, decreasing the amount of DPTL in these solutions, the capacitance tends to increase,
because the amount of DPTL will decrease also on the surface, resulting in less compact layers.
This behavior is consistent with the data reported by McGillivray and colleagues. This suggests
that there is a direct correspondence between the ratios of DPTL and BME used during the
functionalization and the amounts of DPTL and BME actually present on the surface.
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Figure 3.18: Complex admittance with several spectra of different layer of DPTL diluted with BME.
In this plot, the diameter of the semicircle corresponds to the capacitance of the layer. Black dashed
lines correspond to the fitting with the equivalent circuit Ro(RnQm)Ce.

75



10 - Capacitance 1.6 - Resistance

14 - ‘}
8 1 12 -
~ 64 N 1.0 -
E £ 08 -
i 4 - G 056
5 | 0.4 m m
0.2 m
0 - 0.0 '_17
DPTL 10:1 7:3 55 37 BME DPTL 10:1 7:3 555 3:7 BME

Figure 3.19: variation of capacitance (left) and resistance (right) values as a function of the change in
molar ratios of DPTL:BME.

7:3 5:5
Capacitance (pF/cmz) 0.655 1.366 3.720 6.667 7.100 8.600
d.s 0.067 0.088 0.059 0.714 0.201 0.409
Resistance (Mn*cmz) 1.347 0.599 0.470 0.432 0.256 0.115
d.s. 0.158 0.163 0.131 0.133 0.082 0.055

Table 3.2 capacitance and resistance values as a function of the change in molar ratios of
DPTL:BME

The impedance spectra were analyzed as described before, but using the following equivalent
circuit: Ro(RmQm), the same used in the article that we chose as reference.

From the fitting analysis (see figure 3.19), the values of capacitance and resistance for each
DPTL diluted SAM with BME can be estimated (see table 3.2).

These values are consistent with the capacitance and the resistance values reported by
McGillyvray and colleagues, especially regarding the capacitance.

As expected, the resistance values tend to decrease with the reduction of DPTL in the incubation
solutions and therefore also, presumably, with the reduction of DPTL on the surface. Actually the
resistance values are lower than those reported by McGillivray, especially at higher percentages
of DPTL. A possible explanation of this phenomenon may lie on difference in the quality of the
gold surfaces; it is possible that the surfaces used in these experiments are rougher than those of
the article, thereby with negative influence on the formation of the mixed SAM.

Furthermore, McGillivray and colleagues used a different thiolipid, although very similar to
DPTL, and it can determine the formation of a layer with slightly different electrochemical
characteristics compared to those measured using the DPTL.
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3.3.5 Formation of tBLM on diluted DPTL monolayers

The formation of tBLM adding unilamellar lipid vesicles to different layers of DPTL diluted with
BME was evaluated. The goal is to obtain lipid membranes anchored to the surface with
characteristics similar to the physiological membranes: a fluid lipid bilayer physically separate
from the surface, with a submembrane space that allows the insertion of large size proteins.
McGillivray and colleagues™® used a different approach to complete the formation of tBLM on
diluted thiolipid layers, called "rapid solvent exchange". Using this protocol they can form the
lipid bilayer on all the diluted thiolipid layers, even those with very low amounts of thiolipid
(obtained with 30% of thiolipid and 70% of BME).

Unfortunately, every attempt to implement this protocol on diluted DPTL layers described above
did not give positive result; in fact at the end of these tests, no changes compared to the starting
resistance and capacitance values were observed. These negative results were observed also in
tests performed on undiluted DPTL layers. One possible explanation is that the technique of rapid
solvent exchange requires the use of a particular fluidic system, which probably can ensure a
certain kind of flow during the washing step, which prevents the formation of bubbles always
during the washing step, etc..

In alternative, the same protocol used previously to form tBLM on DPTL layers, that consists in
flushing unilamellar lipid vesicles on diluted DPTL layers, can be applied.

To verify the formation of the lipid membrane on diluted DPTL layers, impedance measurements
(from 1 MHz to 5 mHz, amplitude potential 10 mV in buffer NaCl 100 mM, HEPES 10 mM, pH
7.4) were performed. The electrical characteristics of the layers were obtained fitting the
impedance spectra with the equivalent circuit described in figure 3.4.

Actually, the formation of tBLM on diluted DPTL layers can also be evaluated by a qualitative
analysis of the EIS spectra represented through complex admittance plots (see figure 3.20).
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Figure 3.20: complex admittance plots relative to experiments of tBLM formation on mixed SAM of
DPTL/BME 3:7 (on the left) and 5:5 (on the right) molar ratio.
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In fact, diluted DPTL layers are characterized by high capacitance values, certainly higher than
1 pF/em® and thus the formation of tBLM should determine a wide decrease of capacitance,
especially as regards to the higher dilutions.

The formation of tBLM on diluted DPTL layers, such as DPTL/ BME 3:7 and DPTL/BME 5:5
were checked(figure 3.20). In both cases the respective complex admittance plots show a very
limited decrease of capacitance, also by carrying out incubations with lipid vesicles for longer
times (even after over-night incubation, data not shown).

As seen in figure 3.20, the capacitance variation obtained using vesicles (red spectrum), turns out
to be much lower compared to the expected variation. The small reduction of capacitance (and a
corresponding small increase in resistance, see table 3.3) can be explained considering that on
these diluted DPTL layers vesicles have had the opportunity to adsorb and possibly breaking
down on the surface, but probably they cannot merge to form a uniform and passivating tBLM.
Though McGillivray and colleagues state that in their diluted layers there is no phase segregation,
the experiments show in figure 3.20 might be influenced by a phenomenon of phase segregation;
in fact if the DPTL molecules are not distributed uniformly on the surface, then there could be
large areas without DPTL in which the vesicles may have problems to adsorb and merge with
each other.

Using diluted layers composed by DPTL and BME in a molar ratio of 8:2, better results were
obtained; in fact after the injection of lipid vesicles, a reduction of capacitance up to values that
are consistent with the formation of a tBLM was observed (see figure 3.21).

The subsequent analysis of the impedance spectra with the equivalent circuit Ro(RmQm)Cs
confirmed the capacitance value indicated in the complex admittance plot (see table 3.3) and
indicated a resistance value consistent with the one measured for tBLM formed of layers of dense
DPTL.
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Figure 3.21: complex admittance plot relative to an experiment of tBLM formation on mixed SAM of
DPTL/BME 8:2 molar ratio.
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Figure: 3.22: Bode plot relative to an experiment of tBLM formation on mixed SAM of DPTL/BME
8:2 molar ratio. Black lines correspond to fitting with the equivalent circuit Ro(RmQm)Cs.

5:5
CIDETIiaME (uF/cm?) 1.206 2.07 7.55 7.82
ChE (uF/cm?) 0.841 0.701 6.8 7.01
R berLpemE (MQ*cm?)  0.712 0.492 0.538 0.226
R &um (MQ*cm?) 7.4 6.42 0.645 0.285

Table 3.3: capacitance and resistance values before and after the tBLM formation as a function of
the change in molar ratios of DPTL:BME.

With EIS measurements, the stability of these tBLM was assessed. tBLM was left in the
measuring buffer (100 mM NaCl, 10 mM HEPES, pH 7.2) for the whole duration of the measures
(about 7-8 hours), and every 60 minutes a full impedance spectrum was collected and analyzed as
described previously. Figures 3.23 shows the trend of the capacitance and the resistance values in
this range of time. Both of these parameters tend to remain constant, especially during the first
hours after the tBLM formation. In the following hours the variability increases but no significant
drifts were observed.

3.3.6 Conclusions and perspective

In this chapter, the development of an effective protocol for the preparation of stable and
passivating tBLMs was described.
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Figure 3.23: capacitance (green lines) and resistance (orange lines) variations as a function of time of
three different tBLM formed using POPC vesicles on DPTL layer.

In particular, two different types of tBLM were prepared and characterized mainly with
impedance measurements, but also through AFM measurements and SPR.

The simplest tBLM that was prepared is characterized by a sublayer consisting of DPTL
molecules, and completed by the addition of POPC vesicles. EIS measurements carried out on
these tBLM indicate the formation of a single lipid bilayer with a good passivation of the surface,
with resistance values between 5 and 10 MQ*cm? These values are lower than the ones reported
in literature for tBLM prepared using DPTL as tethering molecule, where resistance of tens of
MQ*cm? are measured®. One possible explanation rely on the quality of the gold surfaces used
in our experiments; specifically the roughness of our gold surfaces is higher than 1 nm, so it could
have negatively effects on the quality of tBLM.

The DPTL layer formation and the subsequent tBLM formation were also monitored by SPR,
obtaining results consistent with those observed by EIS measurements. Unfortunately this type of
tBLM is characterized by a very reduced fluidity of the lipid bilayer, as also reported by several
papers in literature, making it unsuitable for a future application as a sensing element in a
biosensor.

For this reason, a second type of tBLM was prepared and characterized. In this case, the sublayer
is composed by DPTL and BME, in order to obtain, at the end, a lipid bilayer anchored to the
surface with a good fluidity.

Specifically it has been possible to prepare with success stable and passivating tBLM (also in this
case from 5 and 10 MQ*cm?, that remains stable for at least 7-8 hours) using a mixture of DPTL
and BME with a molar ratio of 8:2 to prepare the sublayer, and POPC vesicles to complete the
tBLM formation. Unfortunately, it was not possible to prepare uniform and passivating tBLM on
more diluted DPTL layers, as has been reported in the literature*®, so further efforts are required
to prepare tBLM on more diluted DPTL layers.
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However, the next goal is to verify the possibility of using these tBLMs as sensing elements in a
biosensor for the detection of interactions between the lipid membrane and different types of
macromolecules. Specifically, in the next chapter will be described numerous experiments that
involves different kinds of molecules, such as gramicidin (a pore-forming peptide), melittin (a
toxin), cyclohexane and dinitrophenol (pollutants) and a-synuclein (an amyloid protein).
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Applications of biosensors based on lipid membranes

4.1 Introduction

Model membranes, briefly described in the previous chapter, have been mainly used to study and
characterize the structure and the biophysical properties of lipid membranes, particularly with
regard to their composition and the required physical and chemical conditions.

It is also known that cell membranes interact with a very large number of molecules, through its
protein components, but also with the lipid bilayer. Many of these interactions are crucial for the
proper functioning of the cell, but other interactions can determine disorders at the cell level,
often resulting in negative effects for the whole organism.

The following pages report an overview of the applications of model membranes, and their
potential applications as biosensors.

4.1.1 Studies about the biophysical properties of lipid bilayers

The functionality of any biological membrane is determined mostly by the membrane proteins
embedded in it, and also by the peripheral proteins attached to the membrane surface. However,
at the same time the activity of these proteins is influenced by the composition and the structure
of the lipid membrane®*!,

The study of these processes in vivo is difficult because membrane proteins are associated with
each other in a complex mixture of other protein™®®!. Furthermore it is still difficult to extract in
vivo information regarding specific issues in the function of the cell membrane.

For this reason the reconstitution of membrane proteins in model membranes allows the
investigation of features and individual activities about a given component of the membrane. To
do this, various properties of model membrane must be optimized: for example the length of the
fatty acid chains can influence the hydrophobicity of the membrane, which in turn can influence
the activity of proteins.

The principal model systems for these studies are supported lipid bilayers, liposomes and lipid
nanodisc?!, and they have been used for instance to study membrane fusion, a key process in the
cells, since it allows the transport of molecules within cells but also between cells. Much has
already been understood regarding the membranes fusion, especially about the lipid components
required and the proteins involved in these processes, but the exact mechanisms and the
fundamental requirements of fusion are still unknown?,
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Figure 4.1: (a) Nanoscale assemblies of sterols such as cholesterol, sphingolipids such as
sphingomyelin and glycosphingolipids (GSLs), and proteins in the plasma membrane fluctuate in
composition. (b) In response to external signals or the initiation of membrane trafficking events, raft
platforms are formed from fluctuating assemblies through lipid-lipid, lipid—protein and protein—
protein oligomerizing interactions. (¢) Micrometre-sized raft ‘phases’ can be induced at equilibrium.
Figure reproduced from [123].

The principal model systems for the study of membrane fusion are liposomes, whose
composition, size and surface charge can be easily controlled. In addition, liposomes may be just
as easily functionalized with ligands of different nature in order to determine specific kind of
interactions with other liposomes.

The most common approach to study events of lipid mixing"?*, content mixing®#! and leakage is
based on fluorescence technique, and among them the main one is the fluorescence resonance
energy transfer (FRET).

In 1997 the concept of lipid raft was introduced. This term refers to a dynamic, nanoscale, sterol—
sphingolipid-enriched, ordered assemblies of proteins and lipids (especially with saturated
hydrocarbon chains), in which the metastable raft resting state can be stimulated to coalesce into
larger, more stable raft domains by specific lipid-lipid, protein-lipid and protein—protein
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oligomerizing interactions (see figure 4.1). Lipid rafts function as a membrane organizing
structure with important roles in cellular processes such as T cell signalling, viral infection
(including HIV and influenza) and membrane trafficking. Giant unilamellar vesicles (GUVs) and
supported bilayers were used as simple model systems to study lipid rafts!?!.

4.1.2 Interaction with drugs

The structural complexity of the cell membrane, and the highly dynamic nature of the lipid-lipid
and lipid-protein interactions, make the study of interactions with drugs and of drug delivery
systems very complex. For this reason, model membranes can be very useful. In fact, these
artificial structures provide insight into the role of membrane lipids in cellular uptake, to predict
drug toxicity and to optimize drug delivery systems?®!,
Generally three different kinds of interaction are possible between drugs and lipids™®!:

a) interaction with the headgrups of lipids;

b) interactions with the hydrophobic portion;

c) interaction with both headgroups and hydrophobic acyl chains.
All of these possibility can be explored to identify the basis for these interactions using model
membranes.
Many drugs have intracellular targets, and are therefore forced to cross one or more lipid bilayers
to reach their intracellular target and perform their function. In particular, it is increasingly clear
that the drug-lipid interactions have a very important role regarding the transport of the drug, its
distribution and accumulation inside the cell, and in particular the effectiveness of the drug. In
recent years a large number of drugs, including antibiotics!*?”), antihypertensive drugs®®,
antifungal drugs!?, antipsychotic drugs™® and anticancer agents™!, have been studied in
relation to their interaction with the membrane lipids, using different biophysical techniques.
For example, liposomes have been widely used to evaluate the efficacy of the drugs. In general
drug effectiveness is measured determining the partition coefficient of drugs, which essentially
measures the amount of drug able to enter into or through the lipid membrane in the biological
system. In this case, liposomes are good systems that mimic the hydrophobic part and the outer
surface of polar charged phospholipids which constitute a cell membranel™2.
Model membranes can also be used to estimate the amount of drugs transported into the cell, their
transport mechanism, but also their mechanism of toxicity, since it is possible to work at high
concentrations of drugs that are known to be toxic in vivo!**.
Interfacial properties of polymeric coatings used on drug delivery systems can influence the
interactions with the cellular environment, and therefore the efficiency of drug delivery system of
therapeutic agents for cells and tissue. So a better understanding of the interactions between lipids
polymers is necessary in order to develop effective drug delivery systems, limiting their
toxicity™?,

87



4.1.3 Neurodegenerative diseases

Several neurodegenerative diseases (for example Alzheimer’s disease, Parkinson’s disease, type
Il diabetes mellitus, etc.) are characterized by the accumulation of insoluble protein deposits
composed of fibrillar aggregates rich in p-sheets (amyloids). Amyloid fibrils are developed from
single-soluble proteins that undergo a process of aggregation characterized by the misfolding of
proteins and their aggregation first into prefibrillar aggregates and finally into mature amyloid
fibrils™,

Recent studies suggest that the toxic effects of these aggregates are not due only by the presence
of the high molecular weight aggregates, but rather to the simultaneous presence of fibers and
prefibrillar aggregates®™**.

Furthermore, it is increasingly clear that in this process cell membranes play a crucial role; on one
hand the membrane can work as a catalyst that promotes the misfolding of the proteins and their
aggregation into fibers, while, at the same time, the interaction with proteins may alter the
structural integrity of the membrane, causing the toxic effects®!.

The mechanisms that determine the permeabilization of the membrane have not yet been
completely clarified; however different models have been proposed, involving the formation of
oligomeric pore structures that span the lipid membrane, the formation of non-specific binding
between amyloid proteins and the membrane surface, or the detergent-like dissolution of the
membrane caused by the growth of amyloid fibers on the surface of the cell membranef®.
Membrane models ensures the ability to manipulate the chemical composition and the fluidity of
the membrane and are therefore of significant help in observing the changes in protein binding
and permeabilization activity.

Vesicles are the most efficient model membrane in mimic natural cell membranes, because of
their spherical structure and water-filled interior. Moreover, the possibility of introducing
fluorophores or dyes inside them, has made the vesicles a good model in the study of membrane
permeabilization, for example through dye-leakage assays™*!.

In alternative planar lipid bilayer, also called black lipid membranes, have been used to determine
the ion-channel activities of a-synuclein, A-B, and some prion-derived polypeptides**®. There is
also a growing interest in supported or tethered lipid bilayer to study these interactions, the effects
on membrane permeabilization and the fibrillation of the protein.

In recent years lipid alterations has been reported in cancer™ diabetes™® and various
cardiovascular diseases™® such as hypertension, atherosclerosis, coronary heart disease,
aneurysm and thrombosis.

It has been suggested that tumor cells can in some cases acquire resistance to chemotherapy, also
thanks to changes in their lipid composition; actually it is not entirely clear whether this variation
in the lipid composition is the cause or the result of cancer!**®.
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4.1.4 Studies about bacterial toxins and pollutants

Many pathogens act at distance producing virulence factors that are called ‘toxins’. Toxins
usually are synthesized as soluble proteins that need to interact with cell lipid membranes (plasma
membrane, endosomal membrane, etc.) in order to express their biological activity.

Toxins can be divided into two different categories®":

o the pore forming toxins form a pore or a channel through the membrane. This channel is
directly responsible for the toxicity either by disrupting the membrane permeability or by
activating signal transductions pathways (a-toxin of Staphylococcus aureus, the aerolysin
from Aeromonas hydrophila, the E. coli hemolysin);

o the translocation toxins, which need to translocate across a lipid membrane to exert their
biological activity (diphtheria toxin, cholera toxin).

In many cases it has been demonstrated the utility of model membranes to characterize the
interaction between toxins and lipid membranes. For instance Terrettaz and colleagues!®® used
supported lipid bilayer to investigate the interaction between cholera enterotoxin and the lipid
membrane receptors monosialoganglioside. Instead tethered lipid bilayer was used by Jadhav and
colleagues to functional characterized the PorB class Il toxin of Neisseria meningitides, of which
is known the ability of forming pores in lipid membranes *!. Also Tun and Jenkins used tethered
lipid bilayer as a sensing platform for the detection of a-toxin of Staphylococcus aureus and
exotoxin A of Pseudomonas aeruginosa™?.

Model membranes can also be used to study the interaction of pollutants with lipid membranes. In
fact it has been observed that many molecules classified as pollutants can interact with lipid
membranes, often with negative effects for the living beings.

For example substituted phenols are widely used in the production of many and different products
such as plastics, explosives, medicines, paints, detergents, pesticides and anti-oxidants, among
others. Despite their general use, substituted phenols are contaminants of considerable
environmental concern'®l. In fact, they are responsible of severe environmental contamination of
soil, ground water and air. Toxicity also affects many organisms by interfering with basic cell
functions; in fact by simple accumulating in the membrane, some phenols can non-specifically
perturb the membrane functions, causing a so-called “narcotic effect”’*Y, Moreover, substituted
phenols act as uncouplers that destroy the electrochemical proton gradient by transporting protons
across the membrane and/or by inhibiting the electron flow!“2. Labelled liposomes were used to
study how substituted phenols affect membrane fluidity™.

Another example of pollutant is represented by triazine herbicides, that are extensively used in
modern agriculture. Triazines are widely distributed in aquatic environments, and triazine
pollution in rivers, lakes, and seas has become a serious problem. Siontorou and colleagues
developed a triazine herbicide minisensor based on surface-stabilized bilayer lipid
membranes**?!,
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Cyclic hydrocarbons (such as cycloalkane and terpenes) are another group of molecules classified
as pollutants. The impact of cyclic hydrocarbons on microorganisms and the environmental and
economical consequences are clear. However, the mechanism of the toxicity induced by these
compounds has been poorly documented. The available data show that as a result of the lipophilic
character of these compounds, interactions with hydrophobic parts of the cell play an important
role in the mechanism of their toxic action!*4.

4.1.5 Biosensors based on model membranes

Artificial model membranes can be used as a sensitive component in biosensors, to directly detect
interactions between target molecules and the lipid membrane, or using them as an environmental
matrix to accommodate ion channels or membrane receptors, in order to detect specifically the
molecules that can interact with these membrane components.

Figure 4.2: (a) Two-site sandwich assay. The mobile ion channels (MIC) are coupled to antibody
fragments, as well as some of the membrane spanning lipids (MSL). In the absence of analyte (A),
MIC diffuse within the outer monolayer, intermittently forming conducting dimers. The addition of
the targeted analyte crosslinks the Fabs on MIC and MSL and forms complexes that tether MIC
distant from their immobilized inner-layer partners. This prevents the formation of channel dimmers
and lowers the electrical conductivity of the membrane. (b) Competitive assay: A similar membrane
is formed except that it contains hapten-linked gramicidin (Gh). Gh is thus tethered distant from its
immobilized inner-layer partners (GT), preventing the formation of dimers and lowering the
electrical conductance of the membrane. The sensor is stored in this state until the addition of analyte
competes with the hapten for the Fab9, liberating the channel and resulting in an increase in the
membrane conductance. Picture reproduced from [114].
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At the first category of biosensors based on model membranes belong all those sensing platforms
composed only by lipid membranes; in the case of electrochemical biosensors, the model
membranes most commonly used are the supported™?® or the tethered lipid bilayer™®, as they
can be easily prepared on metal surfaces that can serve as working electrodes. In these cases the
biosensor hardly allow to specifically identify the molecule that has interacted with the lipid
membrane; on the other hand this kind of biosensor would have the advantage of being able to
detect the presence of a wide range of molecules present in the sample that are capable to alter the
electrical characteristics of the membrane. Generally the most sensitive parameter in this kind of
interactions is the resistance of the lipid bilayer, since this model membranes are characterized by
a high surface passivation; therefore each interaction that can alter the integrity of the membrane
will be detected as a resistance decrease. Obviously, the identification of the target molecule will
require further analysis, but this type of biosensor may be useful for preliminary screening, for
example in environmental monitoring. A particular that still has to be taken into consideration
concerns the fact that the composition of the membrane has a high influence in the interactions
between target molecules and the membrane itself, so it is important to carefully select the lipids
to be used in the preparation of the model membranes.

As previously mentioned, model membranes can be used to create an environmental matrix that
can accommodate transmembrane proteins as sensing elements in electrochemical biosensors. An
example was describe by Stora et al.; they used the receptor protein OmpF from E. coli to detect
the antibacterial toxin colicin N2, Terrettaz et al. described a biosensor based on a synthetic
ligand-gated ion channel (SLIC) integrated in a lipid bilayer, both tethered to a gold surface, to
detect antibodies in blood serum and whole blood™*!.

lon channel (ICS) biosensors represent the most advanced example of biosensors based on model
membranes™*®. Cornell and colleagues used the low-molecular-weight bacterial ion-channel
gramicidin as the basis of a biosensor platform with a wide range of applications for the detection
of low-molecular-weight drugs, large proteins and microorganisms™4. An example of ion
channel biosensors was described in figure 4.2. Briefly, gramicidin was embedded in a tethered
lipid membrane; in particular gramicidin monomers in the inner leaflet and membrane spanning
lipids are tethered to the gold surface. At the same time gramicidin and membrane spanning lipids
in the outer layer were free to move in the layer and were functionalized with antibodies.

The arrival of analyte cross-links antibodies attached to the mobile gramicidin monomers to those
attached to membrane spanning lipids. This prevented the formation of gramicidin dimers, and
the admittance decreases.

ICS biosensors provides a rapid detection for specific target molecules, and can be fabricated and
used for multianalyte detection.

In the next paragraphs several experiments will be described, to verify the possibility of using the
model membrane described in the previous chapter for the development of a biosensor based on
model membranes.
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4.2 Materials and methods

Reagents
All reagents are from Sigma-Aldrich unless noted otherwise, and have been used as such without
further purification.

tBLM preparation

The following experiments were performed using tethered lipid bilayer prepared on a mixed
SAM formed using DPTL and BME with a molar ratio of 8:2. The protocol to prepared this
tethered lipid bilayer was widely described and discussed in the previous chapter.

For the experiments that involves a-synuclein, tethered lipid bilayers prepared with vesicles
containing 30% of POPG and 70% of POPC were used. Solutions containing a-synuclein were
injected in the electrochemical cell, then the cell was washed with PBS buffer (50 mM, pH 7.4)
with 0.05% sodium azide, and a final EIS measurements was performed.

Electrochemical measurements

Electrochemical impedance spectroscopy measurements were performed with pAutolab Type
II/FRA2. The data analysis was performed using the software FRA (Frequency Response
Analyzer System) provided by the manufacturer of the instrument, and Zview (Scribner
Associated Inc.) for the fitting analysis. All measurements were carried out in a 3-electrode cell in
polydimethylsiloxane (PDMS), a non-toxic polymer material, transparent, and which behaves as
an excellent electrical insulator. The cell is equipped with a microfluidic system, and presents a
volume of 20 uL and a working area of 15 mm?.

EIS measurements were conducted in the frequencies ranges 1 MHz-5 mHz with an excitation
amplitude of 10 mV and a bias potential of 0 V vs Ag/AgCI reference electrode and a platinum
counter electrode. All the measurements were conducted in the following buffer: NaCl 100 mM,
HEPES 10 mM, pH 7.3.

Real-time analysis were performed measured the in-phase admittance at 100 Hz every
30 seconds, using the same experimental setup and in the same buffer described above.

Pore-forming peptides and pollutants

Gramicidin was dissolved in ethanol to a final concentration of 100 uM. Before the injection in
the measuring cell, gramicidin was diluted with the following buffer (NaCl 100 mM, HEPES
10 mM, pH 7.3) to obtain a final concentration of 5 uM (with 1% ethanol).

Melittin was dissolved directly in NaCl 100 mM, HEPES 10 mM, pH 7.3, at a concentration of
5 uM.
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Just before performing the measurement, several solutions of cyclohexane in NaCl 100 mM,
HEPES 10 mM (pH 7.3) were prepared: specifically 0.05%, 0.1% and 1%.

2, 4 dinitrophenol was dissolved in NaCl 100 mM, HEPES 10 mM (pH 7.3), with the following
final concentrations: 15 uM and 50 puM.

In all these experiments at least 30 minutes of incubation inside the cell were performed; after
that 200 pL of buffer at 30 uL/min was injected to wash the cell, and finally EIS measurements
were performed.

a-synuclein oligomers and fibers preparation

First a-synuclein monomers were incubated in PBS buffer for 6 hours at 37°C; then the solution
was centrifuged with a 100 kDa filter for 15 minutes at 8000 RCF, and finally the concentration
of a-synuclein monomers was measured using a spectrophotometer.

a-synuclein aggregates were generated by incubating a-synuclein (between 40-80 uM) in 200 pl
of PBS buffer (50 mM, pH 7.4) with 0.05% sodium azide to avoid bacterial growth during protein
aggregation at 37 °C for 2-15 days with continuous shaking at 1000 rpm.

a-synuclein at different stages of aggregation was diluted in PBS buffer (50 mM, pH 7.4) with
0.05% sodium azide to a final concentration of 1 uM.

Sample preparation and AFM imaging

The samples for AFM imaging were initiated by depositing 10 ul of a-synuclein aggregates on
the freshly cleaved mica (RubyRed Mica Sheets, Electron Microscopy Sciences, Fort
Washington, USA) at room temperature (~25 °C). After adsorption for 5 min, the mica surface
was gently washed with the 20-30 drops (1-1.5 ml) of double distilled water (Milli-Q H,0), to
remove excess salts and unbounded proteins from the surface. The sample was dried by
condensed nitrogen gas by blowing over the mica surface and stored at room temperature (~25°C)
for imaging.

All the images for characterizing a-synuclein aggregates were obtained by Multimode AFM
facility (Nanoscope 11, Veecco/Digital Instruments, Santa Barbara, CA) with scanner 2795E in a
tapping mode. Slandered etched silicon cantilevers (Ultra sharp NSC15/AIBS silicon probes with
tip apex radius of ~10 nm, resonant frequency range of AFM cantilever 325 Hz, and number of
pixels (512 x512) were used for imaging in air. All the images were taken at room temperature
(~25°C)

In most experiments, the samples were diluted ~10 times with PBS then equilibrated at RT for
10 minutes prior to deposition in an attempt to minimize overlap of individual a-synuclein
aggregates.
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4.3 Results and discussion

4.3.1 Model pore-forming peptides and toxins

As explained in the introduction to this chapter, many peptides or proteins, such as bacterial
toxins or amyloid proteins, can interact with lipid membranes forming pores or channels that
cross the bilayer, altering the electrical properties of the membrane. It is possible to detect and
study these effects using peptides of which is known the ability to form pores in lipid membranes,
such as gramicidin.

Moreover, when biomembrane models consisting of a hydrophilic spacer interposed between the
electrode surface and a lipid bilayer, it is important to verify whether the hydrophilic spacer may
act as a satisfactory reservoir of inorganic ions. A simple but extremely useful test consists in
incorporating in the lipid bilayer the pore-forming peptide gramicidin, verifying the extent in the
conductance increases of biomembrane models.

4.3.1.1 Gramicidin

Gramicidin is a channel-forming peptide produced by Bacillus brevis and it is composed by 15
alternating L- and D-amino acid residues organized in a a-helix. Due to its small size and its well-
defined function, gramicidin has become a model for the study of membrane-protein interactions.
It can insert within membranes either as a monomer or as a dimer. Only the dimeric form can

span through the membrane and, hence, allows the passage of ions from one side to the other one
[147]
re,

of the bilaye

Gramicidin channels allow the passage of monovalent cations, flowing down their
electrochemical gradients. Gramicidin conductance is dependent on the dimerization constant and
on the species and the concentration of ions in the bathing solution; whereas the K" and Na* ions
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Figure 4.3: Schematic representation of the monomeric (left) and the dimeric (right) configuration of
the gramicidin insert within membranes. Figure taken from [147]
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penetrate the channel, other ions like the bigger tetramethylammonium ((CH3)4N") or
ammonium (NH4") ions are excluded.

Interaction of gramicidin with tBLM

Several EIS measurements were performed to checked the ability of the tBLM prepared as
described in the previous chapter to detect the presence of gramicidin in solution.

Gramicidin is not soluble in aqueous solutions so it is necessary to dilute the stock solution
prepared in pure ethanol with the following buffer, 100 mM NaCl, 10 mM HEPES, (pH 7.3), to a
final concentration of 5 uM of gramicidin (and 1% of ethanol). 200 puL of gramicidin solution was
immediately injected in the measuring cell, where a gold surface modified with a tBLM (with a
sublayer of DPTL and BME with 8:2 molar ratio) was used as working electrode. After 1 hour the
cell was washed with 200 pL of buffer, and an EIS measurement was performed, in order to
verify the effect of gramicidin on tBLM.

Observing the impedance spectra in a prototypical experiment shown in figure 4.4, after the
treatment with gramicidin there is a large decrease of impedance, especially at low frequencies, as
indicated by the deflection point that can be observed around 10 Hz.

Fitting these data with the following equivalent circuit, Ro(RmQm)Cs, the capacitance and the
resistance variations can be quantified. Figure 4.5 shows the corresponding results: a large
decrease of resistance (from 6.64 to 0.34 MQ*cm?), while the capacitance remains almost the
same (from 0.808 to 0.803 pF/cm?). The large decrease of resistance is consistent with values
reported in literature® and it was due by the presence of gramicidin that permeabilize the
membrane, and not by a destruction of the lipid bilayer, because otherwise the increase of
capacitance would have been much more pronounced.
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Figure 4.4: on the left impedance spectra of control experiment were shown. On the right were
reported impedance spectra before and after a 1 hour treatment with gramicidin 5 pM. All the
tBLMs used in these experiments have been prepared with 8:2 molar ratio of DPTL and gME,
respectively. All the spectra were fitted with the equivalent circuit Ro(RnQm)Cs € the values obtained
are shown in the table of figure 4.6.
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Figure 4.5: resistance and the impedance variation after 1 hour treatment with gramicidin 5 pM.

Control experiments carried out by injecting the same solutions in the absence of gramicidin lead
to no change of signal; one example of control experiment is shown in figure 4.4, and the
corresponding values of capacitance and resistance were reported in the table in figure 4.6.

To assess the importance of using membranes with a good fluidity in the recognition of
gramicidin, an experiment on a tBLM obtained from a DPTL-only sublayer was performed by
applying the same protocol described above.

The obtained spectrum was reported in figure 4.6 and the capacitance and resistance values are
collected in the attached table. It is possible to observe also in this case an inflection point of log
|Z| around 10 Hz after the treatment with gramicidin, but the impedance decrease observed at
lower frequencies is much more limited than what observed using a tBLM prepared on a diluted
DPTL layer. This in fact results in a lower decrease of resistance (from 4.49 to 1.84 MQ*cm? in
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Figure 4.6: impedance spectra before and after a 1 hour treatment with gramicidin 5 pM, using a
tBLM prepared with 100% DPTL. In the table on the right, resistance and capacitance values of
different experiments with gramicidin were reported.
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this example). It is therefore plausible that the dilution of the DPTL layer with BME determines a
greater fluidity of the lipid membrane that allows peptides such as gramicidin to insert in the
double layer.

Real-time detection of gramicidin

The impedance spectra described so far were obtained performing a measurement before and
another one after the treatment with gramicidin. Actually a strategy that allow to observe what
happen during the treatment with gramicidin could be more useful, but it’s difficult to do
performing the measurements described above, because they required several minutes to be done.
So the impedance variation at a single frequency was checked, choosing it in the range of
frequencies where the wider impedance variations was observed.

More precisely the in-phase admittance, a measure of the permeability of the membrane, at
100 Hz was checked. This method has already been described in the literature; more precisely
Cornell and colleagues monitored the in-phase admittance at 10 Hz using ion channel biosensor
to detect thyroid-stimulating hormone™. The choice of the frequency used in the real-time
measurements has been carried out analyzing the impedance spectra reported in figure 4.4, that
show the effect of gramicidin on tBLM. In particular it was assessed the frequency range in
which the effect of gramicidin is more marked, and 100 Hz was considered the best frequency for
this analysis.

Control experiments were performed and an example is shown in figure 4.7; it is evident that the
injection of buffer does not determine any variation of signal.

Figure 4.8 shows a prototypical experiment with gramicidin. Before the injection of gramicidin,
the in-phase admittance at 100 Hz of the tBLM in the measuring buffer was monitored for some
minutes, until a stable baseline was obtained.
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Figura 4.7: response of tBLM biosensor to two different buffer injection. The admittance is
measured at 100 Hz using an excitation amplitude of 10 mV and an offset potential of 0 mV at the
gold electrode relative to the test solution.
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Figure 4.8: response of tBLM biosensor to gramicidin. The admittance is measured at 100 Hz using
an excitation amplitude of 10 mV and an offset potential of 0 mV at the gold electrode relative to the
test solution. In the picture were also reported the resistance values before and after the treatment
calculated from EIS spectra.

Then 200 pL of gramicidin 5 pM in 1% ethanol was injected, and we observed an increase of
conductivity just a few minutes after the injection.

The signal enhancement at the beginning of the injection is almost instantaneous, and it is
probably due by the presence of ethanol in the injected solution. The signal continues to increase
even after the end of the injection of gramicidin, and is monitored for about 30 minutes (in this
case with an admittance variation of 0.8 uS), after which a washing step with the measuring
buffer is carried out, to eliminate the gramicidin in solution and the ones that has not been
interacted steadily on the membrane. The effect is an instantaneous signal drop (of about 0.2 uS),
probably due to the elimination of ethanol from the solution within the measuring cell.

In the absence of gramicidin the signal is stable, even if the admittance results higher than the
starting one, indicating that gramicidin has formed pores in the lipid membrane.

4.3.1.2 Melittin

Melittin is a cationic and hemolytic a-helical peptide and it is present in the venom of the
European honey bee Apis mellifera™® **! It is composed by 26 amino acid residues with a total
molecular weight of 2850 Da and it has an amphiphilic nature: the amino-terminal region is
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Figure 4.9: Schematic representation of the top-side (left) and the front-side (right) configuration of a
monomer of melittin. Figure taken from [150].

mostly hydrophobic, while the carboxy-terminal region is hydrophilic due to the presence of a
sequence of charged amino acids. Thanks to the amphiphilic properties, melittin is water
soluble™® 34 |ts molecular structure (Figure 4.9), determined from crystals grown in aqueous
solution, is a bent a-helical rod. Depending on experimental conditions such as pH, ionic strength
and peptide concentration, melittin is either monomeric a-helices in the membrane interface
arranged parallel to the bilayer plane, or tends to form tetramers in solution. Once the melittin
bound to the cell surface, it induces lysis of the cell by forming defects in the lipid bilayer.
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Figure 4.10: impedance spectra before and after a 1 hour treatment with melittin 5 pM, using a
tBLM prepared with 8:2 molar ratio of DPTL and BME, respectively.
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Figure 4.11: resistance and the impedance variation after 1 hour treatment with melittin 5 pM.

Interaction of melittin on tBLM

A prototypical experiment is shown in figure 4.10; more precisely, impedance spectra obtained
before and after a melittin treatment were reported.

tBLMs (with a mixed layer of DPTL and BME 8:2 in molar ratio) were prepared on a gold
working electrode and characterized with EIS.

Then 200 pL of a solution containing 5 uM of melittin in the measuring buffer was injected in the
cell; after one hour of incubation the cell was washed with 200 pL of measuring buffer and
another EIS measure was performed, in order to evaluate the effects of melittin on the lipid
bilayer.

A large decrease of impedance at low frequencies can be observed, especially at frequencies
lower than 10 Hz.

The impedance spectra were analyzed with the following equivalent circuit, Ro(RmQm)Cs, and the
corresponding data were reported in figure 4.11. In this particular experiment, melittin treatment
results in a large decrease of membrane resistance (from 8.8 to 0.39 MQ*cm? and a slight
increase of capacitance (from 617 to 719 nF/cm?). These results are consistent with data reported
in literaturel® suggesting that melittin has interacted with the lipid membrane causing the
formation of defects in the bilayer which remain stable even after the washing step.

Real-time measurements

Also in this case the in-phase admittance at 100 Hz was checked; an example of what was
observed is reported in figure 4.12. First of all, the in-phase admittance of a tBLM was checked
until a stable signals was measured. Then 200 uM of melittin 5 uM was injected in the measuring
cell.

The conductivity of the membrane begins to increase almost immediately (maximum variation
corresponding to 5.5 uS), and after about an hour the measuring cell was washed with measuring
buffer and also in this case the permeability of the tBLM remains higher than the starting
permeability, suggesting the formation of stable and permanent defect on the lipid bilayers.
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Figure 4.12: response of tBLM biosensor to gramicidin. The admittance is measured at 100 Hz using
an excitation amplitude of 10 mV and an offset potential of 0 mV at the gold electrode relative to the
test solution.

4.3.1.3 Conclusions

Model membranes anchored on the solid surface developed in the experiments reported so far,
can detect the presence of model pore-forming peptides such as gramicidin and melittin. EIS
measurements allow to characterize by an electrochemical point of view the interactions between
these molecules and the lipid membrane, while performing impedance measurements at a single
frequency, specifically at 100 Hz, a real time detection of these interactions is allowed.

At this stage real-time measurements is used primarily on a qualitative level, while for more
guantitative determinations EIS measurements over a wide range of frequencies remains the best
solution.

As expected, the treatments with both of these peptides result in a large decrease in resistance of
the interface, since they determine the formation of pores or other defects in the lipid bilayer
through which the passage of ions from the solution to the electrode surface is allowed. Instead
capacitance values undergo minor variations, indicating that the lipid bilayers were not removed
from the surface during the treatments with gramicidin and melittin.

Experiments conducted with gramicidin made it possible also to demonstrate the effective
presence of a lipid bilayer on the surface and of a satisfactory reservoir of inorganic ions between
the surface and the membrane. Moreover the fluidity of the tBLM used in these experiments seem
to be sufficient to allow the insertion of peptides within the lipid membrane.
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4.3.2 Pollutants molecules
Many substances classified as pollutants can interact with lipid membranes, causing harmful

effects at the cellular level and, in some cases, causing negative effects also in whole organisms.
For this reason detecting their presence in the environment may be of fundamental importance.

In the following sections will be describe the experiments conducted with two molecules
classified as pollutants, cyclohexane and 2,4 dinitrophenol.

4.3.2.1 Cyclohexane

Cyclohexane is mainly used as solvent in industrial chemistry, for example in the production of
polyethylene. Cyclohexane is used also as raw material in the production of nylon 6.6. In
particular, cyclohexane is becoming increasingly important as an industrial solvent replacing
benzene, which is known to be carcinogenic.

Cyclohexane is released into the environment primarily as an air pollutant from industrial
sources. Cyclohexane evaporates from water and soil exposed to air; once in air, it is expected to
break down to other chemicals. Because it is a liquid that does not bind well to soil, cyclohexane
that makes its way into the ground can enter groundwater.

Plants and animals living in environments contaminated with cyclohexane can store small
amounts of the chemical. Uribe et al. reported the toxic effects of cyclohexane on the energy
transduction in S. cerevisiae®®?. Moreover cyclohexane inhibited oxygen uptake in intact cells
and isolated mitochondria. Studies on isolated mitochondria showed that ATP synthesis was
impaired whereas ATP hydrolysis was slightly increased. Uptake of potassium ions was also
impaired, and dissipation of the mitochondrial membrane potential was observed®?. These
studies indicate that the permeability barrier of the inner mitochondrial membrane was disrupted
by cyclohexane.

Cyclohexane is mildly irritating to the eyes and can cause nervous system impairments such as
headaches, anesthesia, tremors, and convulsions if inhaled in large quantities. However, its long
term toxicity is considered very low. It has moderate acute toxicity to aquatic life and it has
caused membrane damage in an ornamental crop species.

Results and discussion
For these experiments tBLM based on DPTL layer diluted with BME in a molar ratio of 8:2 was

prepared.

The cyclohexane is very slightly soluble in aqueous buffer, and the more concentrated solution
that has been possible to prepare is a 1% solution of cyclohexane in buffer 100 mM NacCl, 10 mM
HEPES, pH 7.3. After the injection of the solution (at 200 uL/min), an almost instantaneous
increase of the in-phase admittance at 100 Hz was observed, up to reach a very high value (about
28 uS in the prototypical experiment shown in figure 4.13).
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Figure 4.13: On the left: response of tBLM biosensor to cyclohexan 1%. The admittance is measured
at 100 Hz using an excitation amplitude of 10 mV and an offset potential of 0 mV at the gold
electrode relative to the test solution. On the right: complex admittance plot of tBLM (blue
spectrum), DPTL+BME (dotted spectrum) and after treatment with cyclohexane 1% (green
spectrum).

After about 5000 seconds a washing step with measuring buffer was carried out and a slight
decrease of admittance was observed, and then it stabilized immediately. An EIS measurement
from 1 MHz to 1 Hz (figure 4.13) shows how the capacitance at the electrode interface
(2.92 pF/cm?) has been substantially increased compared to that of the starting tBLM
(0.818 uF/cm?), but also with respect to the mixed SAM of DPTL and BME (2.12 pF/cm?). This
suggests that at this concentration cyclohexane behaves as a detergent, destroying the lipid
bilayer, but also alters the diluted DPTL layer below.

Two solutions of more dilute cyclohexane, respectively 0.05% and 0.1% were prepared and
injected into the cell in two different experiments (figure 4.14). The effect on the in-phase
admittance is always an increase in permeability, but much more limited than what observed
before. Moreover both the measures were affected by high noise. The measurements made with
the cyclohexane solution of 0.05% shows a very limited increase of permeability, about 0.5 uS in
the best case, while doubling the concentration the admittance increase to about 1.5 puS.

So it seems that lower concentrations of cyclohexane destabilizes the lipid bilayer, as expected
considering the apolar nature of this molecule, but they cannot remove the lipid membrane from
the surface.

4.3.2.2 2,4 dinitrophenol

2,4 dinitrophenol (DNP) is a molecule that belongs to the larger category named as phenolic
compounds or substituted phenols.

Phenolic compounds exert their toxic activity at the level of the lipid membrane, considering the
high correlation between toxicity and the hydrophobicity of various phenolic compounds. This
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Figure 4.14: response of tBLM biosensor to cyclohexane 0.05% (black curve) and 0.1% (red curve).
The admittance is measured at 100 Hz using an excitation amplitude of 10 mV and an offset potential
of 0 mV at the gold electrode relative to the test solution.

conclusion is based on observations that phenol changes membrane functioning and influences
protein-to-lipid ratios in the membrane™*. Heipieper et al. demonstrated that addition of phenol
and 4-chlorophenol to suspensions of E. coli induced efflux of potassium ions™**!.

Moreover, substituted phenols can act as uncouplers that destroy the electrochemical proton
gradient by transporting protons across the membrane and/or by inhibiting the electron flow™*.
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Figure 4.15: response of tBLM biosensor to 2, 4 DNP 15 pM (red curve) and 50 pM (blue curve). The
admittance is measured at 100 Hz using an excitation amplitude of 10 mV and an offset potential of 0
mV at the gold electrode relative to the test solution.
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Results and discussion

As in the experiments described previously, tBLMs prepared on DPTL diluted with BME in a 8:2
molar ratio, were mounted in the measuring cell and characterized by EIS measurements using
the following buffer: NaCl 100 mM, HEPES 10 mM, pH 7.3.

Immediately after a solution containing DNP 15 or 50 uM in the measuring buffer
(NaCl 100 mM, HEPES 10 mM, pH 7.3) was injected in the electrochemical cell (at 20 uL/min)
and the in-phase admittance at 100 Hz was measured as described before; figure 4.15 shows
prototypical experiments conducted with these concentrations.

With a concentration of 15 uM an increase of admittance just few seconds after the injection
(about 2 uS) was observed, indicating an increase of permeability of the lipid bilayer. The
injection of DNP was followed by the injection of measuring buffer, at the same flow rate, and
we observed that the starting permeability was restored, suggesting that dinitrophenol can interact
with lipid membranes, but trough weak interactions.

As shown in figure 4.14, increasing the concentration of DNP injected in the cell to 50 uM, an
higher increase of admittance was observed (about 13.5 uS in the best case), but also in this case
the following washing step seemed to restore the starting permeability.
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Figure 4.16: response of tBLM biosensor to 2, 4 DNP 50 nM. The admittance is measured at 100 Hz
using an excitation amplitude of 10 mV and an offset potential of 0 mV at the gold electrode relative
to the test solution. For every stage of the experiment EIS spectra were collected and fitted with the
equivalent circuit Ro(RnQm)Ce.
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To verify if this increasing signal correspond actually to a greater permeabilization, EIS
measurements at every stage of this experiment were performed and in fact the increase in
permeability corresponds to a large drop of resistance before the washing step (see figure 4.16).
Instead after the washing step the starting permeability was restored as observed before, and in
fact also the starting resistance was almost restored.

4.3.2.3 Conclusions
Both the analyzed molecules, respectively cyclohexane and 2,4 dinitrophenol, have shown the

ability to interact with tBLM. Some of the results were expected, given the lipophilicity of these
two molecules, and show that the model membrane used for these experiments is potentially
capable to detect the presence of these substances in solution.

The particular behavior of DNP suggests the possibility of more advanced analysis using our
model membrane; in fact, we have seen how it is possible to distinguish stable interactions, such
as those involving the cyclohexane, but also gramicidin and melittin, from interactions mediated
by weak interactions, as in the case of DNP. It is therefore possible to think that this biosensor
based on model membrane, although it is not specific to a particular molecule, may allow to
distinguish between groups of molecules, characterized by specific interactions with the lipid
membrane.

However, it is important to note that a fundamental role is played by the lipid composition of the
membrane used as the sensing element in this biosensor. An example is represented by
experiments carried out with another molecule called atrazine (data not shown). In these
experiments no signal was detected following the injection of atrazine in the measuring cell, and
this suggests that this molecule does not interact with our model membrane. At the same time, in
literature is reported that triazine herbicides can interact with a particular lipid called
dipalmitoylphosphatidic acid™. So it is possible that the negative results of the experiments with
atrazine are due to the lipid composition of the membrane used, and at the same time indicates
that the lipid composition is a very important feature that has to be taken in account in the
following experiments.

4.3.3 a-synuclein
An increasing fraction of the population is affected by neurodegenerative diseases such as

Alzheimer’s disease and Parkinson’s disease (PD).

PD is characterized by the appearance of large intracellular protein aggregates called Lewy
bodies, that are rich in amyloid fibrils formed by the protein a-synuclein. In addition, it is known
that mutated forms of a-synuclein are associated with hereditary forms of PD™*. These
observations suggest that a-synuclein is one of the key players in PD progression.
Alpha-synuclein is a 143-amino acid long neuron-specific protein, and it is extremely well
conserved among distantly related species.
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The sequence of a-synuclein can be divided into three main regions®:

+ N terminus: interacts with the surfaces of the cellular membranes, assuming an a-helix

structure;

+ the intermediate region: also known as non-amyloid component, is purely hydrophobic;

+ C-terminus: region very rich of acidic residues, which is highly negatively charged and

unstructured.
Depending on the surface curvature of the model membrane, usually liposomes, membrane-
bound a-synuclein can adopt different conformation’®:

* o-synuclein on SDS micelles with high surface curvature adopts an antiparallel helix-

turn-helix conformation;

+ bent a-helical structures were observed when a-synuclein interacts with vesicles;

+ g fully extended a-helix was observed when a-synuclein interacts with large vesicles.
Extended a -helical structures of membrane-bound a-synuclein more likely represent the situation
in vivo, in which membrane surfaces have relatively low curvature.

Membrane binding probably mediate the enrichment of a-synuclein at presynaptic terminals
where it can regulate the stabilization and release of synaptic vesicles.

a-synuclein oligomers have been shown to permeabilize lipid membranes both in cellular and
membrane model systems™®® so membrane permeabilization can be feasible mechanism by
which a-synuclein could lead to neuronal death. Mitochondrial dysfunction has also been
highlighted as an important contributor to PD pathogenesis; in fact mitochondria are rich in the
negatively charged lipid cardiolipin and a-synuclein associates with this and other anionic lipids.
There are many ways in which proteins can destabilize the membrane integrity®! and the
mechanisms by which oligomers cause membrane permeabilization have not been unambiguously
determined. To identify the mechanism through which membrane permeabilization is promoted,
it is crucial to understand the interaction between a-synuclein and lipids.

Preparation a-synuclein aggregates and AFM images

a-synuclein monomers were incubated in PBS buffer for 6 hours at 37°C; then the solution was
filtrated using 100 kDa centrifugal filter for 15 minutes at 8000 RCF and the concentration of the
monomers was measured with spectrophotometer. It is very difficult to see a-synuclein
monomers by AFM, being their end radius of curvature of the order of 10 nm.

a-synuclein oligomers were prepared incubating a-synuclein monomers (with a concentration
between 20 and 40 puM) in 100 uL of PBS buffer 50 mM, pH 7.4 at 37°C with continuous
shacking at 1000 rpm.

Images were taken in tapping mode AFM, as shown in figure 4.17. The heights of the oligomers
were measured between 3-5 nm, which is compatible with the expected height of early formed
oligomers™®.
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Figure 4.17: AFM image analysis of early-formed a-synuclein oligomers (2um X2 pm, data scale
10 nm).

Figure4.18: AFM image analysis of early-formed a-synuclein mature fibrils (2um x2 pm, data scale
10 nm).

Mature fibrils were prepared after incubating o-synuclein monomers (also in this case with
concentration between 20 and 40 uM) in 100 pL of PBS buffer 50 mM, pH 7.4 at 37°C for 3-6
days with continuous shaking at 1000 rpm. Images were taken in tapping mode AFM as shown in

figure 4.18.
The height of a-synuclein mature fibrils was measured around 8 nm.
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Electrochemical recognition of a-synuclein
The goal of the following experiments was to verify the possibility of detecting the interaction

between the lipid membrane and the a-synuclein in its various stages of aggregation using the
tBLM described in the previous chapter.

The main aspect to take into consideration before starting these experiments, as noted above,
concerns what is the best lipid composition for this type of measures.

In literature, several experiments relating to the various stages of aggregation of a-synuclein and
the type of interaction that occurs with lipid membranes have already been reported®>M#56M2571
these experiments vesicles are the most used model membranes; in particular the experiments
have been conducted using LUV (diameters between 100 and 150 nm) consist of POPG, a lipid
characterized by a negatively charged polar head.

In fact the authors of these articles reported that the interaction between a-synuclein and lipid
membranes is favored by a high content of negatively charged phospholipids and a pronounced
curvature of the membrane. Through leakage experiments it was possible to observe that
especially a-synuclein oligomers can interact with the vesicles, increasing their permeability.
Since the permeabilization of the membrane is influenced by the size of the dye trapped inside the
vesicles, the authors suggest that this type of interaction leads to the formation of pores in the
lipid bilayer of the vesicles, which allow the release from the vesicle of dyes under a certain
molecular weight.

Thus as regards the composition of tBLM used in these experiments, the first choice was to use
the same sublayer of DPTL and BME (8:2 molar ratio) and POPG as phospholipid for the
completion of the lipid membrane.
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Figure 4.19: response of tBLM biosensor to a-synuclein monomers 1 pM. The in-phase admittance is
measured at 100 Hz using an excitation amplitude of 10 mV and an offset potential of 0 mV at the
gold electrode relative to the test solution.
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Unfortunately, the tests carried out to prepare this tBLM gave negative results (data not shown);
in particular the main issue involved the vesicles fusion on the sublayer, which seems to be more
difficult, leading to the formation of tBLM with low passivation (resistance just over 2 MQ*cm?)
and also unstable.

So tBLMs prepared with a mixture of 70% POPC and 30% POPG, always on a sublayer formed
by DPTL and BME, were prepared; a tBLM very similar has been described by He and
colleagues™™, and shows a good stability in time and also a good passivation.

As described in the previous paragraph, a protocol to prepare the various stages of aggregation
from monomers of a-synuclein was applied.

The electrochemical measurements can be divided into two phases: in a first phase the interaction
between a-synuclein and the lipid membrane was monitored measuring admittance variations at a
single frequency, as described in the previous paragraphs. Instead in a second step the interaction
was characterized by impedance measurements, but over a wide range of frequencies.

The first tests were carried out using a monomer solution of a-synuclein 1 pM in 50 mM PBS,
pH 7.4 and a prototypical result is shown in figure 4.19.
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Figure 4.20: impedance spectra before and after a 1 hour treatment with a-synuclein monomers
1 pM, using a tBLM prepared with 8:2 molar ratio of DPTL and BME, respectively.

a-synuclein monomers 1 pM in PBS

tBLM | after a-syn
Ro (Q*cm?) | 6.51 7.89
Qn (nF/cm?) | 717.5 731.4
n 0.97 0.97
Rm (MQ/cm?) | 6.9 5.7
C. (uF/ecm?) 3.9 3.5

Table 4.1: in this table were reported the values of Rq, Rm Qm and C, obtained fitting the
experimental data reported in figure 4.19, using the equivalent circuit Ro(RnQm)Cs.
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After a first step in which PBS (50 mM) was injected in the measuring cell and the in-phase
admittance at 100 Hz was monitored to assess the stability of the tBLM, 200 pL of a-synuclein
monomers 1 puM at 20 pL/min were injected into the measuring cell.

The signal begins to increase suggesting an increase in the permeability of the lipid membrane,
although after about an hour from the injection of the monomers, the admittance increase is very
limited, about 0.3 uS in the best case. However, the subsequent injection of buffer (200 uL of 50
mM PBS at 20 puL/min) determines a signal stabilization of the admittance; this suggests that the
increase of permeability observed can be attributed to the presence of the monomers in the
measuring cell, and then to their possible interaction with the tBLM.

Just before the beginning of this experiment, and immediately after, two EIS measurements with
a frequency range from 6 MHz to 5 mHz were performed, to see the overall effect of this
interaction. Both measurements were carried out in 50 mM PBS, pH 7.4; the resulting spectra are
shown in figure 4.20, and the values of capacitance and resistance resulting from the fitting with
the equivalent circuit Ro(RmQm)Cs are shown in Table 4.1.

The two impedance spectra are practically superimposed, and also the values of Ry, and Qpn
(relative to the lipid bilayer) do not show a significant change after the treatment with a-synuclein
monomers (for instance in this particular example the resistance slightly decreases from 6.9 to
5.9 MQ*cm?), suggesting that, despite the high concentration, the monomers in the time taken
into consideration do not affect the permeability of the membrane model.
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Figure 4.21: response of tBLM biosensor to a-synuclein oligomers 1 pM. The in-phase admittance is
measured at 100 Hz using an excitation amplitude of 10 mV and an offset potential of 0 mV at the
gold electrode relative to the test solution.
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For a-synuclein oligomers the experiments were carried out with the same protocol, performing
both real-time monitoring of the interaction with lipid membranes, and impedance measurements
of a wide spectrum of frequencies. The prototypical experiment in figure 4.21 shows a drift in the
in-phase admittance at 100 Hz after the injection of PBS 50mM, pH 7.4 in the measuring cell
(figure 4.21).

Despite this, the in-phase admittance measured in this step was used as baseline. After about
500 seconds, 200 pL of the solution containing a-synuclein oligomers 1 uM was injected into the
measuring cell at 20 pL/min. In this case a very rapid increase of the admittance was observed,
and after about a minute from the injection the signal becomes stable, maintaining a drift similar
to that observed in the baseline with PBS only.

After about 40 minutes from the injection of the oligomers, 200 ul of PBS 50 mM at 20 pL/min
were injected into the measuring cell, with no changes in the admittance signal; the overall
change of admittance due to the injection of a-synuclein oligomers is about 1 uS.

0O tBLM A aftertreatment withsyn = = fitting

8 - 90

fEEaas '%

7 | Wy g m - 80

N.EF \

6 - mw‘w“ h - 70
= - 60 ~
£5- f W \ e
* \ L -

u 50
% 4 - 4 w ®R &
= )
] \}Q’Q L \ 40 g
o 3 ) \ =
S ] - 30 &
) Nu n
| I-w \ - 20
m
1 10
m
0 T T T T T T T T 0
2 1 0 1 2 3 4 5 6
Log f (Hz)

Figure 4.22: impedance spectra before and after a 1 hour treatment a-synuclein oligomers 1 pM,
using a tBLM prepared with 8:2 molar ratio of DPTL and BME, respectively.

a-synuclein oligomers 1 uM in PBS

tBLM after a-syn
Rq Q*cm? 8.13 7.89
Q, nF/cm? 742 751.5
n 0.97 0.97
R, MQ/cm? 4.2 3.5
C. pF/em’ 3.3 2.8

Table 4.2: in this table were reported the values of Rq, Rm Qm and C, obtained fitting the
experimental data reported in figure 4.21, using the equivalent circuit Ro(RnQm)Cs.

112



Also in this case the EIS measurements before and after the real-time assay do not show any
significant variation, as can be seen comparing the impedance spectra in figure 4.22 and the data
corresponding to the fitting of these spectra reported in table 4.2. Although the admittance
variation is greater than what observed with the monomers, also in this case it seems that the
permeability of the tBLM has not been affected by the interaction with a-synuclein.

Figure 4.23 shows a prototypical experiment in which the real-time variation of the in-phase
admittance at 100 Hz was monitored, after the injection of a-synuclein fibers 1 uM in the
measuring cell. As in previous experiments, the in-phase admittance before this injection was
checked in PBS buffer 50 mM, pH 7.4 to determine the baseline. After about 1800 seconds
200 uL of a-synuclein mature fibers 1 uM were injected at 20 uL/min. Even in this case the
maximum variation (about 0.3 uS) was reached after about three minutes from the injection, then
the signal tends to stabilize, and also after an injection of 200 pL. of PBS 50 mM to 20 puL/min
(about 3000 seconds from the injection of the fibers) the signal remains stable.

As also observed in the previous experiments, the impedance spectra measured before and after
the real-time experiment (figure 4.24) do not show significant differences, as well as from the
values obtained from the fitting of these spectra (table 4.3).

All this results suggest that also the fibers do not lead to a significant variation of permeability of
the membrane model.
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Figure 4.23: response of tBLM biosensor to a-synuclein oligomers 1 pM. The in-phase admittance is
measured at 100 Hz using an excitation amplitude of 10 mV and an offset potential of 0 mV at the
gold electrode relative to the test solution.
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Figure 4.24: impedance spectra before and after a 1 hour treatment of a-synuclein mature fiber

1 puM, using a tBLM prepared with 8:2 molar ratio of DPTL and BME, respectively.

a-synuclein fibers 1 pM in PBS

tBLM | after a-syn
Ra Q*cm’ 6.94 7.12
Qn nF/cm? 805 791
n 0.97 0.97
Rm MQ/cm? 3.1 2.58
C. uF/em? 5.1 3.54

Table 4.3: in this table were reported the values of Rq, Rm Qm and C obtained fitting the
experimental data reported in figure 4.23, using the equivalent circuit Ro(RnQm)Cs.

Conclusions

The experiments performed with a-synuclein in its various stages of aggregation seem to indicate
a possible interaction with the tBLMs used in these experiments, although the effects on the
permeability apparently are not very high.

Obviously these data are not conclusive since, as said at the beginning of this paragraph, it is very
likely that these tBLMs can be improve for this type of analysis. In particular, additional efforts
are required to obtain the tBLMs consisting exclusively of POPG and at the same time with a
good stability.

Several modifications have to be made also to the measurement protocol, for example,
lengthening the incubation time of a-synuclein in the measuring cell, trying to use different
buffers that may further facilitate the interaction with the model membrane, or by carrying out the
real-time measures at other frequencies.
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Certainly also the protocol for the preparation of a-synuclein aggregates must be improved; in
particular it would be necessary to prepare solutions containing only one type of aggregate, and
not a mixture of them, as were presumably the solutions used for these experiments. Another
variation to the protocol that could be interesting regards the possibility to perform these
experiments at physiological temperature (37°C).

SPR experiments based on these model membranes to detect any interaction with-synuclein in the
different stages of aggregation are planned.

4.3.4 Conclusions and perspective

The experiments described in this chapter concerning model pore-forming peptides (gramicidin),
toxins (melittin), pollutants, (cyclohexane and 2.4 DNP) and a-synuclein show how the model
membrane described in the previous chapter is potentially capable of operating as sensing
element for biosensor.

Experiments conducted with gramicidin demonstrate the effective presence of a lipid bilayer on
the surface and of a satisfactory reservoir of inorganic ions between the surface and the
membrane. Gramicidin, melittin, cyclohexane and 2.4 DNP determine a large decrease in the
interface resistance, since they determine the formation of pores or other defects in the lipid
bilayer that allow the passage of ions from the solution to the electrode surface. Instead
capacitance values undergo minor variations, indicating that the lipid bilayer was not removed
from the surface during the treatment with these molecules. The preliminary measurements with
a-synuclein in its various stages of aggregation seem to indicate a possible interaction with the
tBLMs used in these experiments, although the effects on the permeability apparently are very
low.

In general, the possibility of monitor in real time the interactions between the lipid membrane and
the target molecules is very interesting because it allows to have useful results in a few minutes.
At the same time EIS measurements on a wide range of frequencies allow a better
characterization of the interactions.

As already noted in the introduction of this chapter, this particular type of biosensor was not
designed to be specific to a particular target molecule, and therefore has the advantage of being
able to detect the presence of a wide range of molecules (obviously without recognize them) that
can interact with the lipid membrane and then alter its electrical characteristics. For this reason
this type of biosensor may be applied in preliminary screening analysis, for example in
environmental monitoring.
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conclusions

117



118



Conclusions

Electrochemical biosensors represent a subclass of biosensors that combine the sensitivity of
electrochemical sensors with the high specificity of recognition processes of biological molecules
used as sensing elements. The interest around this class of biosensors is also due to several
advantages, including simple and low cost instrumentation and the possibility to develop
miniaturized, multiplexing and portable devices, allowing in situ analysis of different compounds
simultaneously.

Nanobiotechnology is drastically revolutionizing the biosensors development and different
transduction strategies exploit concepts developed in these field to simplify the analysis
operations for operators and end users, offering higher specificity, higher sensitivity, higher
operational stability, integrated sample treatments and shorter analysis time.

The aim of this PhD work has been the application of nanobiotechnological strategies to
electrochemical biosensors for the detection of biological macromolecules.

In the first project a DNA nanotechnological strategy called hybridization chain reaction (HCR)
was applied as an amplification strategy to enhance hybridization signals in a DNA biosensor.
HCR is an interesting enzyme-free reaction based on DNA nano-assembly. It requires two hairpin
species which are stable in this conformation; then the binding event between probe and target
triggers a cascade of hybridization events and leads to the accumulation of mass on the surface
which can be easily detected. Specifically, HCR products have been detected using two different
electrochemical techniques: through linear sweep voltammetry measurements, using a minor
groove binder called Hoechst 33258 in a label-based biosensor, and through capacitive
measurements in a label-free biosensor. In addition SPR was employed as another label-free
detection strategy to recognize HCR products after hybridization events.

Sequences belonging to different waterborne pathogen organisms as C. parvum, G. lamblia and
HEV were chosen as the target of these biosensors. We found that HCR can be implemented on a
solid surface and used as a signal amplification strategy in DNA biosensors. SPR results confirm
the molecular mechanism proposed for the HCR and in particular HCR results particularly
promising for multiplexed detections on array systems.

Employing HCR with the label-based biosensor, a decrease in the limit of detection by about 2
orders of magnitude is observed (~10™° M). HCR also seems to improve the ability of the
biosensor to discriminate between perfect matched and mismatched DNA targets; in addition the
particular mechanism of HCR allows to discriminate the position of the mismatch in the target
sequence.
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Then application of HCR as a label-free strategy to amplify the hybridization signal was
evaluated. HCR has proved capable to amplify the hybridization signal in SPR and capacitive
assays, even though low amplification factors were observed. Specifically, the maximum
amplification factor measured in SPR experiments was approximately 5-fold and a decreasing of
limit of detection of about one order of magnitude is observed. The preliminary results obtained
with the capacitive label-free sensor indicate the possibility of applying HCR to parallelized,
automated and point-of-care biosensors.

Considering the low signal enhancing (with amplification factor of 5-7), HCR looks far from
what could be required for biosensing applications. This signal enhancing is much lower
comparing with the amplification ratio obtained in experiments performed on magnetic beads
with HCR hairpin labeled with fluorophores® (up to 20-fold). This discrepancy could be due to
possible limitations in the electron exchange of Hoechst 33258 with the surface, especially
regarding Hoechst 33258 molecules that are at a certain distance from the surface. Moreover the
detection limit of 100 pM obtained with HCR is higher compared to other signal amplification
strategies for electrochemical DNA sensors (usually in the order of magnitude of 10™ M or
lower).

The second project concerned the application of another nanobiotechnological strategy based on a
biological model lipid membrane used as the sensing element in an electrochemical biosensor, for
the recognition of interactions between the lipid membrane and different types of target
molecules.

The biological model lipid membranes were anchored to the surface using a tethering molecule
called 2,3-di-O-phytanyl-sn-glycerol-1-tetraethylene glycol-D,L-a-lipoic acid ester (DPTL),
diluted with B-mercaptoethanol (BME). Phosphatidylcolines (POPC and DOPC) were used to
complete the lipid bilayer, to obtain lipid membranes with an electrical resistance in the MQ
range (specifically between 5 and 10 MQ*cm?), measured through electrochemical impedance
spectroscopy. So the membrane is physically separated from the surface, with the formation of a
hydrophilic space between the surface and the lipid membrane. An advantage of these model
membranes is that they can accommodate integral membrane proteins, thanks to this
submembrane space and, at the same time, the anchoring to the solid surface makes them
particularly resistant and stable and therefore it is possible to apply on them numerous surface-
sensitive techniques, such as SPR, AFM and electrochemical measures.

To verify whether the hydrophilic spacer interposed between the electrode surface and the lipid
bilayer act as a satisfactory reservoir of inorganic ions, experiments with gramicidin, a model
pore-forming peptide, were performed. These experiments demonstrate the effective presence of
a lipid bilayer on the surface and also the presence of a satisfactory reservoir of inorganic ions
between the surface and the membrane.

This particular kind of biosensor was not designed to be specific to a particular target molecule,
and therefore has the advantage of being able to detect the presence of a wide range of molecules
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(without to recognize them) that can interact with the lipid membrane and then alter its electrical
characteristics. For this reason this type of biosensor can be applied in the analysis of preliminary
screening, for example in environmental monitoring.

Experiments concerning model pore-forming peptides (gramicidin), toxins (melittin), pollutants,
(cyclohexane and 2.4 DNP) and amyloid proteins (a-synuclein) show how the model membrane
prepared in our laboratory is potentially capable of operating as sensing element for biosensor.
Gramicidin, melittin, cyclohexane and 2.4 DNP determine a large decrease in the interface
resistance, since they determine the formation of pores or other defects in the lipid bilayer that
allow the passage of ions from the solution to the electrode surface. At the same time, capacitance
values undergo minor variations, indicating that the lipid bilayer was not removed from the
surface during the treatment with these molecules. The preliminary measurements with o-
synuclein in its various stages of aggregation seem to indicate a possible interaction with the
tBLMs used in these experiments, although the effects on the permeability are apparently very
low.

In conclusion, nanobiotechnological strategies were applied with some success as an
amplification strategy in a DNA biosensors (HCR) and as the sensing element in a label-free
electrochemical biosensor.

For HCR applications, some optimization steps are surely required in order to improve the
amplification ratios, for example reducing the steric hindrance on the surface to obtain the
maximum overall yield on the surface. As mentioned before, it is possible that some electroactive
molecules interacting with the ds-DNA are too far from the surface and so cannot be detected,
determining the low amplification ratio. An improvement could be achieved in the case where the
electroactive molecules were free to diffuse in solution. For example Shimron and colleague used
two hairpin structures that determine, after the HCR, the formation of numerous G-quadruplex.
Hemin/G-quadruplex complex has catalytic properties and it can convert a specific substrate into
an electroactive product free to diffuse in solution, and thus probably easier to detect, allowing to
improve the sensitivity of this strategy.

The experiments obtained with tBLM as sensing element are just preliminary results and further
analysis are required, both to confirm the obtained results, and to improve the quality of the
measurements.

In particular, it will be necessary to move toward a parallelization of the measure, and also toward
a greater automation. This not only allows less time-consuming analysis, but it will also improve
the quality of the analysis, because through the parallelization the biosensor will be able to
analyze the same sample with different model membranes, each with a particular lipid
composition. This is a crucial factor for the efficiency of the biosensor, because the composition
of the lipid membrane greatly influence the interactions with the target molecules, as indicated by
the experiments with a-synuclein.
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