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11 Introduction

Misfolded protein aggregates have been associated with several major neu-
rodegenerative diseases such as Alzheimer’s and Parkinson’s1. For example,
alpha-synuclein (αSyn) is a protein that plays a key role in the parthenogen-
esis of Parkinson’s disease2; aggregation of amyloid beta causes Alzheimer’s
disease3; aggregation of tau proteins causes another entire group of disorders,
called tauopathies4. At certain conditions these proteins tend to aggregate,
forming toxic oligomers or amyloid filaments. Studies show that some metal
ions facilitate protein aggregation5.These processes are intensively investigated,
but not yet well understood.

Although the presence of metal ions in the human brain is crucial for
maintaining normal physiological functions, the imbalance of metal ions such
as copper, manganese, iron, zinc, and calcium facilitates the aggregation
processes6,7. Such imbalance of metal ions can be caused by environmental
conditions, such as high industrial metal release. It has been confirmed that
prolonged exposure to copper, lead, and manganese leads to higher Parkinson’s
disease incidence for miners, who were constantly working with these metals8.
In addition, recent high-resolution scanning transmission x-ray microscopy data
showed the presence of copper and iron in human amyloid plaques, confirming
the importance of further studying the impact of metal ions on the aggregation
processes at the molecular level9. Studying the effects of metal ions can help
understand the aggregation processes better and facilitate the development of
a treatment for Parkinson’s disease.

In small quantities, copper (1 mg/kg), manganese (0.17 mg/kg), and zinc
(28.6–42.8 mg/kg), are important for our health10. However, at certain concen-
trations they are harmful to humans due to their ability to form complexes with
peptides containing nitrogen, sulfur, and oxygen, that can lead to modification
of the molecular structure of proteins and therefore cause toxicological and
carcinogenic effects, affecting the central nervous system, kidneys and liver,
skin, bones, and teeth11,12. Based on scientific research, World Health Organi-
zation (WHO) and Environmental Protection Agency (EPA) defined guidelines
for the acceptable amount of transition metals in drinking water (such as 1.3
mg/l for copper, 5 mg/l for zinc, 0.3 mg/l for manganese). Unfortunately, their
levels often exceed the allowed limit12,13.

Therefore, it is important to monitor the concentration of heavy metals
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1
to prevent their negative impact on health, and monitoring systems, as well
as rapid, cheap, and easy-to-use tests to quantify heavy metals, are in high
demand14,15.

In this PhD thesis, I focused on the detection of copper and zinc ions using
potentiometric methods. Copper is an essential element for human health and
is necessary for normal iron metabolism and formation of red blood cells16,17.
However, elevated concentrations, as well copper deficiency18, can lead to
various diseases like Alzheimer’s, Parkinson’s, Menkes syndrome, myeloid
leucosis, liver cirrhosis, and many others19,20. Zinc is also an essential element
for the human body21. It participates in all major biochemical pathways, and
more than 100 enzymes require zinc for their catalytic function22. In addition,
a lower serum concentration of Zn2+ and a higher ratio of Cu2+ to Zn2+ in
patients with multiple sclerosis (MS) suggest the relationship between MS and
the concentration of these ions23.

Therefore, a precise technique for monitoring the transition metal concentra-
tion is required. Studying peptides as receptor molecules for sensing can also
provide a better understanding of the peptide-ion interaction, helping to shed
light on the more complex protein-ion interaction in the human brain.

The classical methods, widely used in clinical laboratories, are atomic absorp-
tion spectroscopy24,25, inductively coupled plasma mass-spectrometry26, atom-
ic emission spectroscopy (AES) and photometric kinetic methods. Analytical
methods, like a flame or electrothermal atomic absorption spectrophotometry,
have been adopted as a standard by the International Federation of Clinical
Chemistry and Laboratory Medicine (IFCC), the Institute of Clinical and Labo-
ratory Standards (CLSI), and the International Committee for Standardization
and Hematology (ICSH)19. These methods are accurate, but they are also
expensive, not portable, require complicated sample pre-treatment, and are
time-consuming.

We propose a sensing approach to detect metal ions in solution, based on
detection of their charge upon reacting with the surface of the sensor device,
functionalized with an assembled monolayer of the receptor molecules. We use
two types of devices: silicon nanoribbon (SiNR) based ion-sensitive field-effect
transistor device and extended gate-like device, with thermally evpaorated
gold (20 nm thick) sensing surfaces in both cases. Having gold as a sensing
surface allows direct one-step assembly of receptor molecules that have a
thiol group27. Our potentiometric devices have a great potential for sensing
purposes compared to state of the art: besides their sensitivity to various
targets, achieved with receptor molecules, they can be fabricated at a small
size in a CMOS compatible process. This will set a low production cost since
hundreds of devices can be produced simultaneously on one substrate.

We studied specific target detection with a focus on understanding reactions
at the surface-analyte interface. Ideally, we need a sensor that can detect
multiple species, as water or blood samples normally contain more than one
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Figure 1.1 Schematic of the surface with (from left to right) hydroxyl groups
on Al2O3/HfO2 oxide surface (Chapter 2); GGH peptide for Cu2+ ion
detection (Chapter 4); OT for detection of Cu2+ and Zn2+ (Chapter 5);
αSyn (monomer) adsorbed on the gold surface (Chapter 6).

target which needs to be detected. A device, which combines multiple ISFETs
(or even arrays of ISFETs) on one platform, has a high potential for multi-
plexed sensing. Functionalization of the gate surface with different receptor
molecules for various analytes would allow detecting several target species
within the same volume simultaneously. The important reason, which prevents
the development of such a device, is a combination of complex receptor-target
chelation mechanisms and non-specific interactions, affected by measurement
conditions. Optimization of measurement parameters is required to obtain
meaningful results. Moreover, different receptor molecules may require different
measurement conditions, which makes combining them on one platform more
challenging.

Currently, the implementation of ISFET devices even for one target has not
been commercialized, except for the detection of protons (pH sensing)28,29. In
this case, a receptor is not needed, and the sensing layer is a gate oxide itself,
due to the presence of hydroxyl groups on its surface, as schematically shown
in figure 1.1. As I will discuss later in this thesis, measurement conditions are
very important and can significantly affect the measured signal. Receptors are
often large molecules and they show a complex chelation mechanism with the
target.

We discuss in detail, how even in the case of short peptide Glycyl-Glycyl-
Histidine (GGH), which we use for detection of copper ions, multiple effects,
such as competing reactions, take place. We believe that understanding
processes that are happening at the surface, such as specific receptor-target
interaction as well as possible non-specific interactions between target species
and the surface, is essential for successful determining of device’s response and
creating a reliable sensor. Then we extend this potentiometric measurement
approach to a more complex receptor, neuropeptide Oxytocin (OT), which is
selective to both, Cu2+ and Zn2+ ions. To evaluate the impact of Cu2+ ions
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on the αSyn aggregation pathway, we performed a complex study, combining
Raman spectroscopy, atomic force microscopy, and molecular dynamic (MD)
simulations.

Chapter 2 provides an overview of basic concepts behind the potentiometric
sensing, the description of the devices used in this work, and describes how these
basic concepts can be extended to specific ion detection and the application
of peptides GGH and OT as receptors discussed. We also introduce the site-
binding model, which was established for the quantification of the sensor’s
response to the pH of the measured electrolyte. In Chapter 3 we extend
this approach to modeling the response of a surface, functionalized with a
receptor, to the ionic analyte. We consider multiple cases, for the receptor that
is selective to one ion only and the receptor that can bind two ions.

In Chapter 4 we present the experimental data on the response of GGH
peptide to Cu2+ ions. We systematically study the impact of pH and composi-
tion of the electrolyte, and the concentration range of Cu2+, on the obtained
response, and we determine the optimal conditions.

Next, in Chapter 5, we study the binding of two ions, Cu2+ and Zn2+,
to the peptide OT. We systematically design the experiments to evaluate the
response to one ion first. Then we measure the response to the mixture of
both ions at different concentration ratios, as well as response to one ion in the
presence of a high concentration of the other one. At the end of the chapter,
we assess the possibility to suppress high background response by passivating
the surface.

In addition, in both, Chapter 4 and 5, we compare the models described in
Chapter 3 with the experimental data.

Chapter 6 provides the background on the aggregation of αSyn and the
effect of metal ions. Then we provide AFM, Raman data and MD simulations
on monitoring the aggregation pathway of αSyn.
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2 Potentiometric measurement techniques

Potentiometric sensors have a great potential to become new widely used
detection devices. They offer sensitivity to different kinds of analytes, design
flexibility, the opportunity to use various materials for the fabrication that
results in large-scale integration of small-scale devices, enabling lab-on-chip
systems that can be used for various purposes. This chapter gives an overview
of potentiometric sensing, its basic concepts, and its limitations. We also
discuss devices which we use for our measurements, measurement procedures,
and the receptor molecules.

2.1 Theoretical background

2.1.1 Detection of ionic analytes

Detection of transition metal ions in various media such as drinking water
and blood is very important due to their impact on the human body. Besides
established ion detection methods, such as atomic absorption spectroscopy, in-
ductively coupled plasma mass-spectrometry and atomic emission spectroscopy,
many different alternative techniques are in development. Most common ones
rely on electrochemical and optical methods, combined with various nano-
materials, nanoparticles30, carbon nanotubes (CNT)31, novel materials like
metal-organic frameworks (MOF)32, mesoporous organosilicas33, biomolecules
(ligands, proteins, DNA)34, cells35 etc. Electrochemical detection includes
anodic36,37 and cathodic38 stripping voltammetry, cyclic voltammetry39. Novel
optical methods are based on fluorescence33, colorimetric detection40, surface
plasmon resonance (SPR)41. Photonic biosensors, based on subwavelength
waveguides, are also used for label-free molecule detection42.

Conversely, some unconventional methods such as multiwall CNTs with
screen-printed electrodes31 include modification of electrodes with mercury,
which is harmful to human health and the environment. Most of the meth-
ods with nanobiomodified electrodes and substrates are promising, but they
have problems with the reproducibility of results. Those which use chemical
reactions are irreversible43, and still require complicated equipment – for ex-
ample, Cu2+ ion detection realized with DNAzyme (complicated preparation
of sensor material, including expensive equipment for high-performance liq-
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uid chromatography (HPLC)44. The challenge in sensor development is the
reliable conversion of biochemical reactions into a measurable signal that can
give quantitative information about the analyte of interest. Optical methods
require labeling of the target analyte. These methods45 can be used for the
detection of molecules, but are not helpful for ion detection, as ions cannot be
labeled. Therefore there is a need to develop a label-free, selective and reliable
sensing technique. For practical use, the device should be portable and easy
to operate. When selecting a detection method, another important advantage
is the possibility of fabrication up-scaling, which will speed up manufacturing
and lower the production cost.

In our project, we focus on the electrical detection methods, which are based
on electrodes and therefore can be miniaturized as well as integrated into
lab-on-chip devices. They also offer the advantage of label-free sensing. In
addition, when combined with selective receptors such sensors can be used for
the detection of ionic or biological analytes. In this case, the charge of the
receptor-analyte complex should differ from the charge of a receptor.

Schematically, the sensing surface is shown in the figure 2.1. The analyte
of interest is dissolved in electrolyte medium solution, a layer of receptor
molecules is immobilized on the surface of the sensing device. The receptor
should selectively bind the analyte of interest, ideally with high specificity. The
immobilization step is also very important in sensor development. The receptor
layer is an interface between the transducer and analyte of interest, therefore it
can significantly impact the performance of the device. Correct immobilization
techniques can significantly improve the outcome.

Immobilization of receptors can be done in different ways. One option
is direct adsorption of receptors on the surface. This is a simple method,
but not reliable because desorption can take place, as bonding is weak and
susceptible to changes of pH, as well as ionic strength and temperature. Another
method is encapsulation when biomaterial is placed behind the membrane,
which permeable only to some materials. In the case of entrapment technique,
molecules are not directly attached to the sensor surface but trapped in polymer
film46. The obtained layer is stable, however, the activity of the molecule can
be limited, as well as diffusion of the analyte to the biodetector. Covalent
attachment or chemisorption methods provide a strong and stable binding of the
molecule to the surface. The main advantage of this method is that no reverse
reaction takes place due to changes in pH, ionic strength and substrate47. In
our sensors, we use the covalent attachment method, in particular Au−S bond.
We discuss it in more detail in Section 2.4.

Another important component of the sensor is a transducer. Biochemical
reactions, which take place at the surface, can be converted into a measur-
able signal using different fundamental transduction principles: mechanical
(change in the surface stress), electrical (change in conductivity, current or
potential), piezoelectric (change in vibration frequency due to additional mass
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Figure 2.1 Sensing principle: schematic of specific binding of a target analyte
to the receptor molecule leads to the change in the potential at the surface,
which can be converted into an electric signal.

adsorbed on the surface of the device), calorimetric (measuring heat, produced
or absorbed during the reaction), optical (change in absorption, fluorescence,
luminescence, internal reflection spectroscopy). Further, we will focus on
electrical transduction.

Electrical sensing techniques can be divided into three categories: conducto-
metric, amperometric, and potentiometric48. In the case of conductometric
transduction, a current is measured through the molecule or the device upon
binding of the analyte. Amperometry involves the measurement of a cur-
rent while applying constant reducing or oxidating potential. Amperometric
measurements can be used for various purposes: amperometric titrations are
used for the analysis of different substances, ranging from water to radioactive
materials; dissolved oxygen probe and amperometric biosensors are used for
clinical, environmental, and industrial monitoring; also in high-performance
liquid chromatography and inflow injection analysis49. Potentiometry is based
on the measurement of charge at the sensor surface, which is correlated with
analyte concentration. This method has an advantage, as it does not require
a generation of oxidation or reduction current, compared to amperometric
detection50. Examples of potentiometric sensing include pH sensors, which
can also be realized with ISFETs based devices.
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2.1.2 Ion-sensitive field-effect transistor

The concept of ion-sensitive field-effect transistor (ISFET) was proposed in
1970 by Dutch scientist Piet Bergveld. He suggested replacing metal gate,
like in metal-oxide-semiconductor field-effect transistor (MOSFET), widely
used at that time, by electrolyte solution with immersed external reference
electrode51. He adapted Nernst’s theory to his device, to be able to predict
the response value and showed pH detection. The idea of such a device was
criticized at the beginning, due to the direct contact of a liquid and electronic
component. However, eventually it gained the attention of researchers from
different fields, such as physics, chemistry, biology, and medicine. Since then,
ISFETs have been intensively investigated, due to their high potential for
specific ion detection, detection of various biomolecules, and other biochemical
applications.

Different designs of ISFET-based sensors exist, in combination with various
materials for insulating layer (Al2O3, HfO2, SiO2, TaO5, T iO2 etc.) and a
sensing surface (surface of insulating oxides, gold, graphene, carbon nanotubes
etc.)52–54. In terms of geometry, down-scaling to one-dimensional FET was
achieved55, used for gas sensing.

Besides pH sensing, ion detection with ISFETs has been successfully demon-
strated, using ion-selective molecules, such as crown ethers56, detection of
FimH protein57 etc. ISFET-based devices are also promising for variety of
applications, including DNA sequencing58, detection of novel SARS-Cov-259

as well as other viruses, bacteria, proteins60 and biomarkers of various dis-
eases52,61–63. However, up to now, only the application of ISFET as a pH
sensor was commercialized. Despite excellent reported research results, the
sensors are still not robust enough to be widely used. The devices lack repro-
ducibility, as measurement results strongly depend on the conditions such as
pH and composition of the measured solution and these processes are not well
understood. In addition, the receptors need to be reliably recovered to the
pre-complexation state to have a reusable sensor, which is rarely investigated
and remains challenging.

Extended gate

ISFETs offer the advantage of having sensing surfaces directly in contact
with the transducer. This makes the device compact and free of additional
connections, which can lead to higher noise. However, having the sensing surface
separated can also be useful for certain applications. So-called extended-gate
ion-sensitive field-effect transistor (EGFET) after being introduced by J.van der
Spiegel64, has been widely investigated65,65,66. Such device normally consists
of a MOSFET as a transducer, with an external sensing surface, connected
to the gate. In our project, we modified this concept by using an operational
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Figure 2.2 (a) Schematic of an ISFET; (b) transfer curves of p-type ISFET:
source-drain current (Isd, blue and log(Isd), green) versus gate voltage (Vg),
applied with the reference electrode. Four operation regimes, contact dominated,
linear, subthreshold, and leakage, are shown with different backgrounds.

amplifier-based circuit instead of a single MOSFET and a built-in reference
electrode system. We discuss this concept in detail in the section 2.3.2

2.1.3 Working principle of ISFET

ISFET has three terminals: source, drain, and gate. Constant voltage is applied
between source and drain (Vsd). Source-drain current (Isd) is controlled by
the gate voltage (Vg), applied with the reference electrode. Schematic of the
ISFET is shown on the figure 2.2a. Using silicon-on-insulator (SOI) wafers
is very common in manufacturing. SOI wafer consists of three layers: top
Si layer, insulating SiO2 oxide, and thick handle Si layer. Such wafers can
be made with required parameters, such as crystal orientation, conductivity
type, thickness, and resistivity for each layer. It is also compatible with the
CMOS process. The top layer of silicon will be the main part of the transistor,
separated with thick oxide (SiO2) from the Si handle wafer and with deposited
gate oxide on top, as an insulating layer from a liquid gate. Source and drain
are highly p-doped, to ensure ohmic contact with the Si channel (the NR itself)
and therefore low contact resistance. Additionally, high doping suppresses the
inversion regime of the transistor. ISFETs used in this work are operated in
an accumulation regime when charge carriers are the holes in Si channel.

Current starts to flow through the channel below a certain gate voltage, called
threshold voltage (Vth). As we discuss later in the measurement section, we
approximate Vth at 20 nS conductance value. Source-drain current, normalized
by source-drain voltage, yields a conductance value: G = Isd/Vsd. In this work,
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if not stated differently, we used Vsd = 100mV . Transfer curves, Isd and log(Isd)
versus Vg are shown on the figure 2.2b. With the decrease of gate voltage, holes
accumulate in the channel, and current increases, until saturation occurs. Part
of the transfer curve, when Isd changes linearly with a change of Vg, is called
the linear regime of the transistor. In this region, a transconductance, defined
as gm = ∂Isd/∂Vg is constant. Below the Vth, a small source-drain current
exists due to thermal activation of charge carriers. It depends exponentially on
Vg. Subthreshold swing S, the inverse of the subthreshold slope, shows how
much gate voltage needs to be changed to increase Isd by order of magnitude.
Is it an important parameter of an ISFET, as the steeper the slope is, the
faster transistor can be switched, but it is theoretically limited to 59.2 mV/dec
at room temperature67.

For sensing purposes, ISFET can be used in the following way: when source-
drain voltage and gate voltage are constant, the change in the measured current
will be induced due to the change of the surface state - for example, a different
number of surface hydroxyl groups will be protonated or deprotonated, leading
to the more positive or more negative surface net charge, as in the case of pH
sensing.

2.1.4 pH sensing

pH is an important characteristic of aqueous solutions. It shows how acidic or
basic the solution is, by measuring the relative amount of free hydrogen and
hydroxyl ions68.

By design, insulating oxide layer between the silicon channel (in our case,
silicon nanoribbon) and the liquid gate is essential for ISFET. In addition, the
presence of hydroxyl groups on the oxide surface allows direct application of
ISFET as a pH sensor.

Figure 2.3 shows an example of measured data. Transfer curves of an ISFET
are recorded when buffer solutions of pH 3, 7, and 10 are at the gate. With an
increase of pH value, curves shift to the right, due to additional contribution to
the gate voltage from differently charged surface groups. From transfer curves
threshold voltage is extracted at constant current value and plotted against
pH.

The slope of a linear fit gives the response value. Theoretically, maximum
pH response is 59.2 mV/dec67. The theoretical basis for such application is
given by the site-binding model. To give background for the model, we first
describe the surface-electrolyte interface.

Surface-electrolyte interface

In aqueous solutions ions are surrounded by water molecules. Water is a polar
solvent and can break up strong ionic bonds, leading to dissolved compounds
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Figure 2.3 Measured transfer curves of the ISFET at pH 3, 7, and 10. Inset
shows the extracted values of threshold voltage, converted to the surface
potential, versus pH value.

being more chemically active. Aggregated water molecules around an ion
locally change the dielectric constant and make it less affected by electric fields
from other ions. Therefore, ions can freely move in the solution69.

When the electrode surface is in contact with the electrolyte, an electrical
double layer is formed at the interface, as charges accumulate at the surface.
This occurs due to the differences in the chemical potentials between the
electrode and electrolyte. Since charges that accumulate from the electrolyte are
large-radius ionic charges, one layer of them will not be enough to compensate
for the excess charges on the electrode. Therefore a diffuse layer of ionic
charges is formed. This layer is called the Guoy-Chapman layer or electrical
double layer and the potential drop can be described with Poisson-Boltzmann
equation70.

This model, however, does not include the fact that ions cannot approach
the surface closer than their ionic radius. This modification to the model was
added by Stern. The region that is close to the electrode surface is depleted
from ionic charges, which leads to higher capacitance. This capacitance is
known as Stern capacitance. The minimum distance, at which ions can come
close to the surface, is called the outer Helmholz plane (OHP)71. The diffuse
layer starts after OHP.

Double layer capacitance consists of Stern and diffuse layer capacitance in
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Figure 2.4 (a) Schematic of the double layer according to the Gouy-Chapman-
Stern model at slightly positively charged oxide-electrolyte interface. Anions
surrounded by water molecules are attracted to the surface, creating a Stern
layer. The diffuse layer starts at the outer Helmholz plane (OHP) and extends
into the bulk to the Debye length; (b) schematic of potential and (c) charge
distribution at the oxide-electrolyte interface.
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series.
Cdl =

CSternCdiff

CStern + Cdiff
(2.1)

Stern capacitance is typically 0.2F/m2 72. Diffuse layer capacitance is deter-
mined by the ionic strength of the electrolyte, and the characteristic length of
the diffuse layer is given by the Debye length:

λD =
√

ϵϵ0kbT

2Nae2Ic
(2.2)

where Na is Avogadro constant and Ic is ionic strength:

Ic = 1
2
∑

cizi
2 (2.3)

where ci is ion concentration, zi is the change in the number of the ion. Diffuse
layer capacitance is calculated assuming a simple parallel plate capacitor70.
Therefore for the monovalent electrolyte of 50 mM concentration, the double
layer capacitance can be estimated as Cdl = 0.14 F/m2.

Site-binding model

The site-binding model, developed by Bousse, de Rooij and Bergveld describes
the ISFET’s response to pH by charging double layer capacitance70. It assumes
that the oxide surface is covered with hydroxyl groups (OH), which can accept
or donate protons. Therefore, depending on the pH of the bulk solution, a
different number of hydroxyl groups will be protonated (OH+) or deprotonated
(O−). This results in surface sites (M) to be neutral (MOH), positively
(MOH+

2 ) or negatively (MO−) charged.

MOH ⇆ MO− +H+
s ,Ka =

νMO−aH+
s

νMOH

(2.4)

MOH+
2 ⇆ MOH +H+

s ,Kb =
νMOHaH+

s

νMOH+
2

(2.5)

where aH+
s

is the activity of surface protons, ν - number of surface sites, Ka

and Kb are deprotonation and protonation equilibrium constants, respectively.
The total number of surface groups per unit area will be the following:

Ns = νMOH + νMOH+
2
+ νMO− (2.6)

Surface charge, generated by protonated and deprotonated surface sites:

σ0 = e(νMOH+
2
− νMO−) (2.7)
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Surface is neutral (σ0 = 0) at the point of zero charge (PZC). It happens when
pH = (pKa + pKb)/2. From equations 2.4-2.7:

σ0 = eNs

(
a
H+

s
−KaKb

a2
H+

s

+ a
H+

s
Kb +KaKb

)
(2.8)

The effect of small change in pH on the surface charge density, can be found
from the equation 2.7:

∂σ0

∂pHs
= −qβint (2.9)

where βint is the intrinsic buffer capacity of the oxide surface. It is called
intrinsic because it can buffer small changes in the surface pH, but not in the
bulk. Surface buffer capacitance can be defined as follows:

Cs = e2βint

2.3kbT
(2.10)

Due to the charge neutrality, the surface charge σ0 is compensated by an equal
but opposite charge σdl.

σdl = −σ0 = −Cdl,iΨ0 (2.11)

These two charge values form the so-called integral double layer capacitance71.
The ability of double layer to store charge, when a small change in the surface

potential occurs, defined as differential double layer capacitance Cdl:

∂σ0

∂Ψ0
= −∂σdl

∂Ψ0
= Cdl (2.12)

Now combining equations 2.9 and 2.12 we can express the effect of a small
change in the surface pH on the surface potential in the following way:

∂Ψ0

∂pHs
= ∂Ψ0

∂σ0

∂σ0

∂pHs
= −qβint

Cdl
(2.13)

Surface proton activity differs from the bulk proton activity and can be described
by the Boltzmann distribution:

aH+
s

= aH+
b
exp
(
−eΨ0

kbT

)
(2.14)

Since pH = −log10(aH+), we can rewrite equation 2.14 as follows:

Ψ0 = 2.3kbT
e

(pHs − pHb) (2.15)

Combining equation 2.13 with 2.15, we can derive an equation for the pH
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sensitivity of an ISFET:
∂Ψ0

∂pHb
= −2.3kT

q
α (2.16)

where α is

α =
(
2.3kTCdl

q2βint
+ 1
)−1

(2.17)

Dimensionless parameter α varies between 0 to 1, depending on Cdl and βint

values. The maximum value of pH sensitivity can be achieved when α = 1. In
this case, the response will be -59.2 mV/pH at 298 K, the so-called Nernstian
response. To be as close as possible to this value, one has to choose gate oxide
with a high value of surface buffer capacitance and a low value of double layer
capacitance. For instance, βint of SiO2 is not high enough, resulting in pH
sensitivity for ISFETs with such gate oxide of 30 mV/pH. Therefore more
studies have been done to find out better options. ISFETs with gate oxides
materials such as T iO2, Al2O3, Ta2O5, HfO2 and some more have shown
Nernstian response73.

2.2 Implementation

As an insulating layer in ISFET devices we use Al2O3 and HfO2, as these
oxides have high density of surface hydroxyl groups and a high dielectric
constant (9 and 25, respectively)74. ALD deposition, followed by annealing,
ensures the quality of the oxide. It makes them more efficient in use, compared
to SiO2 and perfect candidates for pH sensing75. Therefore, pH sensing can
be a first straightforward application of an ISFET.

Figures 2.5a, c show transfer curves of the ISFET with different pH of the
buffer (liquid gate) and extracted potential, respectively. Almost Nernstian
response, 54±3 mV/dec, is observed.

When measuring pH, the gate voltage sweep is done twice, resulting in
hysteresis. The Vth value is calculated as an average at the same current value.
In addition, we record transfer curves first when increasing the pH, and then
backwards, from pH 10 to 3. The final response value is an average of Vth,
extracted from "forward" and "backward" measurement. Plots in figure 2.5a, c
show only the measured transfer curves from pH 3 to 10, for clarity.

Gold as a gate material

Having oxide as a gate surface is suitable for pH sensing. However, for other
sensing applications, when receptor molecules are attached to the surface, it
may not be the best option. Due to its small size, protons from the solution can
diffuse between the receptor molecules and interact with the surface hydroxyl
groups, leading to an additional change in signal, that can be higher than
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Figure 2.5 (a), (c) Transfer curves, measured in Titrisol pH buffer solutions
(pH 3 - 10) with HfO2 and Au as a gate material, respectively; (b), (d)
Extracted values of threshold voltage are plotted versus pH. The slope of the
linear fit gives a response value of 54±3 mV/dec and 33±1 mV/pH, respectively.
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the specific one. Such simultaneous interactions, surface-proton, and receptor-
target are called competing surface reactions. ISFETs detect the overall change
in the potential at the surface, which makes it not possible to distinguish
contributions from such two reactions.

Several solutions to this issue are possible. One opportunity is to experiment
with different gate materials. For example, gate oxide can be additionally
coated with gold. This allows functionalizing surface with various receptor
molecules with thiol chemistry. As initially expected, gold should not have
a response to pH. However, as it is shown in the figure 2.5d, gold-coated
surfaces also show response to the pH, although it is lower compared to the
oxide surfaces. The reason for this is that approximately 1% of gold atoms are
oxidized, and they respond to pH changes76. Another option to suppress the
pH response pH is surface passivation - functionalizing surface with a dense
monolayer of molecules, not selective to any target76. This approach is also
useful for preventing target species from interacting with a sensing surface.
We describe this in more detail in Chapter 4, when discussing competing
non-specific adsorption of Cu2+ on gold surface.

Potentiometric sensing opens up plenty of possibilities to use already known
materials and molecules differently for sensing purposes. On the other hand,
comparing the potential of the molecule before and after its complexation with
a target allows gaining a deeper insight into their interaction.

2.3 Measurement devices

Two types of devices were used throughout the present thesis: silicon nanoribbon
(Si-NR) ISFET device and extended gate-like device with patterned gold
electrodes on a glass substrate (figure 2.6a, b respectively).

2.3.1 ISFET based sensor
The working principle of an ISFET is described above. Fabrication process
of an ISFET device is described in details in the thesis of Dr. Kristine
Bender77 and in our previous work56,57,78. We also provide a summary below.
Our measuring setup consists of an ISFET device, electrical interface to the
measurement units using a printed circuit board (PCB), and a microfluidic
interface to a reference electrode; reference electrode, Keithley source-measure
unit, voltmeter, peristaltic pump, valve, switch, holder with the solutions to
measure.

Device fabrication

The ISFET devices were fabricated from a p-doped silicon-on-insulator (SOI)
wafer (Soitec, France) with a buried oxide 145 nm thick, by a top-down approach.
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Figure 2.6 Schematics of (a) ISFET and (b) extended gate-like gold electrode
device.

The structure of the device is shown in figure 2.7. The top Si(100) layer of the
SOI wafer (p-type, 85 nm thick, resistivity 8.5–11.5 Ω) was thermally oxidized
to grow a 15 nm thick SiO2 layer. A device pattern with 48 SiNRs was defined
by electron beam lithography (EBL) and etched using a combination of reactive
ion etching (SiO2 layer) and wet etching (Si device layer) with a mixture of
tetramethylammonium hydroxide (TMAH) and isopropyl alcohol (IPA) 9:1
at 45°C. The etched NRs were typically 10 µm long, 80 nm high, and 1–25
µm wide. The source and drain of each transistor were doped with boron,
and then thermally annealed in a forming gas to activate the dopants (6 min,
950°C). As an insulation layer, a 20 nm thick Al2O3 layer was deposited using
atomic layer deposition (ALD) at 225°C. Contact pads were opened by wet
etching with buffered hydrofluoric acid (BHF), and 300 nm thick Al–Si (1%)
pads were deposited by electron beam evaporation and annealed at 450°C.
To extend the range of application and enable their functionalization with
various receptors, SiNRs were covered with 20 nm thick gold film (with a 5 nm
chromium adhesion layer) by electron beam evaporation. This coating partially
suppresses the response to H+ and permits the use of thiol chemistry for
surface functionalization. For additional protection and to create microfluidic
channels, the devices were covered with a 2 µm thick layer of SU-8. Finally,
the wafer was diced, and devices were wire-bonded to the chip carriers. The
bonds were sealed with epoxy (Epotek 353ND).

Microfluidic Channels for ISFET device

Microfluidic channels were fabricated to reduce the required amount of an-
alyte solutions for the measurements and to automatize solutions exchange.
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Figure 2.7 (a) Layout of the ISFET based device: 48 ISFETs, arranged in
4 arrays. Each ISFET has an individual source; the drain is common for the
ISFETs in the array. Close-up to the array (b) and the pixel (c) of three
ISFETs, of 1 µm and 25 µm thickness. (d) Layout of the SU-8 mold for the
PDMS channel fabrication.

Polydimethylsiloxane (PDMS) was poured onto a 100 µm thick SU-8 layer
on Si, acting as a master, and patterned by EBL with the desired channel
structure (two channels in our case). PDMS was cured for 2 h at 60°C and
peeled off from the wafer. Two holes at the beginning and at the end of each
microchannel were punched to connect polytetrafluoroethylene (PTEE) tubes
for solution exchange. The whole system was then placed in a larger mold, and
more PDMS was added to stabilize the microfluidic chamber.

Reference electrode

A reference electrode is an essential component of the potentiometric mea-
surement device. It is used to set the stable potential of the electrolyte. In
this work, we used standard and leakless Ag/AgCl reference electrodes for our
ISFET-based sensor. In the case of the extended gate gold electrode device,
we integrated the reference electrode in the sensor. This approach will be
described later.

Measurement procedure

Two measurement procedures were used: steady-state and real-time (figure 2.8).
In the first case, the samples were stabilized for 1 min after solution exchange.
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A potential of 100 mV was applied between source and drain. The source-
drain current was measured while sweeping the gate voltage, applied with
the reference electrode. From the measured transfer curves, we extracted a
threshold voltage (Vth) at a given conductance value of 20 nS. Performing such
measurement while increasing Cu(NO3)2 concentration resulted in a relative
shift of the transfer curves. We quantified the change in the surface potential of
the devices by extracting Vth and plotting it versus concentration. A linear fit
to this data gave us the response of the device in mV/decade. As we operated
the p-type semiconductor in the accumulation regime, the change in surface
potential was given by ΔΨ=−ΔVth

79.
We measured the response of gold-coated SiNRs, functionalized with the GGH

peptide (active surface). To exclude possible contributions from nonspecific
interactions, as well as superimposed signals, we also measured the response of
the reference, bare gold as control (passive surface). The differential response,
characterizing the response due to the active molecular layer, was obtained by
subtracting the control SiNRs signal from the active SiNRs signal.

In real-time measurements, a constant source-drain voltage (100 mV) and
constant gate voltage (defined by the linear response regime of the device)
were applied, and the source-drain current (Isd) was monitored versus time.
Changes in surface potential while flushing different solutions could be quantified
by normalizing the source-drain current by the transconductance (gm) of
each individual NR as follows: ΔΨ=−ΔIsd/gm. Possible drifts during the
measurement were corrected by subtracting the baseline. It was defined as a
linear fit of the measured data of electrolyte solution only, prior addition of
copper ions (at least the first five minutes of the measurement). For plotting
experimental results, the measured curves were shifted to 0 for clarity, as we
measured the change in the surface potential, not the absolute value. At each
“step” in concentration, the surface potential shift value for each Cu(NO3)2
concentration was extracted by averaging the data points after a 1 minute
stabilization time.

2.3.2 Extended gate-like gold electrode sensor

The second setup, used in this work, consists of a gold electrode sensor with
an integrated Ag/AgCl reference electrode, a buffer amplifier board, a power
source, a data acquisition (DAQ) card, and a PCB, to which the sample is
connected via spring-loaded contacts. For the data acquisition, we use LabView
in-house developed software with both setups. Gold electrode device consists of
a glass substrate with patterned gold electrodes and a PDMS with microfluidic
channels and wells for solutions (figure 2.9).
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Figure 2.8 (a) Schematics of the device structure with two Si-NR based
ISFETs. The potential of 100 mV is applied between the source and drain
of each ISFET. The back gate is at 0 V. The gate potential is applied with
the reference electrode, and the source-drain current is measured for active
(Au-GGH) and passive (Au) surfaces; (b) Schematics of the device’s response:
steady-state and time-dependent measurements.

Device fabrication

Gold electrodes were fabricated on a previously cleaned (for 5 min in Acetone,
Isopropanol, and DI water in an ultrasonic bath at 50°C) glass substrate with
a resist layer (AZ 5214E), patterned using UV photolithography. 50 nm of
gold with 5 nm of titanium as adhesion layer was thermally evaporated on
the pre-patterned glass substrate, followed by the lift-off process. Two types
of electrodes were used: disk and ring electrodes of the same surface area
(figure 2.9b, c). The fabrication process is described in detail in Appendix A.

Microfluidic Channels for gold electrode device

Microfluidic channels were fabricated to ensure the same potential in all wells
of the device. PDMS was prepared in the same way as for the ISFET device,
using SU-8 mold of a different design (figure). After PDMS was cured, holes
of 5 mm diameter were punched, to create wells to access the gold electrodes.
PDMS with patterned microchannels was bonded to a glass substrate. Gold
electrode devices and PDMS were cleaned in Isopropanol for 10 mins, dried
with a nitrogen gun, and placed in UVO plasma cleaner for 10 mins. Then
PDMS was placed on the glass, aligned ensuring no overlap with gold electrodes,
and pressed to avoid air bubbles. Afterwards, devices were placed on a hot
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Figure 2.9 (a) Measurement setup: extended gate device, PCB board with
spring-loaded pins, DAQ card, power source; (b) Layout of the gold electrode
device (purple); patterned microchannels on PDMS part (blue); (c) fabricated
device.

plate at 80°C for 10 mins.

Microfluidic reference electrode

The reference electrode was prepared using Ag/AgCl (DuPont 5876) paste
and KCl-agarose gel. The gold electrode in the reference well was covered
with Ag/AgCl paste and heated on a hot plate, increasing temperature from
80°C to 140°C degrees and then letting it cool down to 60°C. KCl-agarose gel
was prepared using the following components: 50 mL of Milli-Q water, 0.5 g
agarose (add exact name), and 3.7 g of KCl. This creates a solution of 1 M
KCL and 1% of agarose. Mixing was done with a magnet on a hot plate at
80°C for at least 3 hours. KCl-agarose solution was added to the reference well
and pushed through the microchannels, ensuring it reaches each well. Such
mixture jellifies at room temperature after 10-15 mins. Then reference well
was filled more with KCl-agarose solution. After it jellified, 1M KCl was added
to all the wells for storage, to prevent drying of reference gel.

Measurement procedure for gold electrode device

For extended gate-like gold electrode devices, a real-time measurement pro-
cedure was used. We monitor the change in surface potential with time
upon changing conditions in the wells. PCB board contains circuits with an
operational amplifier (OpAmp) for each electrode, to enable the readout of
high-impedance electrodes by the data acquisition card (DAQ). Each OpAmp
is switched in a signal repeater mode, followed by RC low-pass filter, to create a
low impedance signal, which comes to the input of DAQ (add figure). Solutions
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were exchanged or modified to increase metal ion concentration by adding the
required solution with a pipette. Typically 5 µl of metal salt solution was
added to 50 µl of solution in the well; after mixing 5 µl of the solution was
extracted, to keep the same volume.

Functionalization of the sensor surface

For both, ISFET and gold electrode devices, the gold surfaces of our mea-
surement devices were functionalized with peptides. Partial functionalization
of ISFET devices, to have half of SiNRs as control surfaces, was achieved
using a pump and microfluidic system. ISFET devices were cleaned with
UV–ozone, rinsed with Milli-Q water and covered with PDMS microchannels.
The devices’ surfaces were functionalized by flushing a LpaGGH solution (83
µM) in Milli-Q water through one of the microfluidic channels for 12 hours
in total, in sequences alternating between 10 s of flushing (solution refresh)
and 1000 s of functionalization time. This procedure was used for steady-state
measurements.

For the real-time measurements, an assembly process was performed. The
peptide solution was applied to the device surface for typically 12 hours. This
method has the advantage of sparing material, as only about 50 µl of the peptide
solution is necessary. The same procedure was used for the functionalization
of the extended gate-like gold electrode device with OT. 50 µl of OT solution
(0.25 g/l) in Milli-Q water was placed in the wells and kept overnight for at
least 12 hours.

Electrolyte, Cu2+ and Zn2+ ion solutions

For the experimental data, presented in this thesis, the ammonium acetate
solution (5 M), pH buffers Titrisol, copper (II) nitrate trihydrate, and zinc (II)
nitrate were purchased from Sigma Aldrich and diluted with Milli-Q water to
the required concentration. The pH was adjusted using KOH and HCl. As
previously shown, K+ and Cl− ions do not affect the GGH −Cu2+ binding80.

2.4 Peptides as receptor molecules

Selecting a receptor molecule is essential for the performance of a potentiometric
sensor. The main selection criteria are selectivity, specificity, and high affinity
to the target species. The receptor molecule must also be close to the surface
and small (due to the Debye screening). Additionally, from a practical point of
view, a simple assembly process on the ISFET gate surface is beneficial. For
example, prior conjugation of a receptor with a molecule that contains sulfur
group at the end allows direct assembly on the gold surface.
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Figure 2.10 Schematic of the peptide (a) LpaGGH and (b) Oxytocin (OT)
with amino acids specified in bold, assembled on the gold surface. GGH
peptide is known to selectively bind copper ions with high affinity, and OT
shows selective binding of Cu2+ and Zn2+ ions.

Peptides are well suited for this purpose. They are also very interesting
objects to investigate as they are present in the human body and participate
in many important biochemical processes, many of which involve the binding
of metal ions. Therefore peptides that are naturally selective to metal ions can
also be used in sensors as receptor molecules.

Two peptides were used in this work for detection of metal ions: Glycyl-
Glycyl-Histidine (GGH) and Oxytocin (OT) (figure 2.10a).

2.4.1 GGH peptide

For the detection of Cu2+ ions, we used a monolayer of GGH peptide (2.10a),
assembled on the surface of our device. The peptide was conjugated with
lipoic acid before grafting it onto the surface. Cu2+ binding to GGH peptide
starts from nitrogen atom of pyridine in the imidazole ring, followed by the
deprotonation of consecutive secondary amides in planar geometry (ATCUN
motif)81. The selectivity of the GGH peptide towards Cu2+ ions has been
shown in literature82,83. The GGH peptide, conjugated with a lipoic acid was
synthesized by a standard HATU-based solid-phase peptide synthesis protocol,
and its assembly on the surface was characterized with X-ray photoelectron
spectroscopy (XPS) as described in previous work80 by the group of Prof.
Shlomo Yitzchaik at the Hebrew University of Jerusalem.

A large range of binding constants (106−1012M−1) of GGH peptide to Cu2+

ions can be found, as shown in the table below84–87.
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Cu-GGH binding constants, M−1

(15.1 ± 2.03) × 106 in solution 84

(50 mM HEPES buffer, pH 7.4)
1.6 × 1012 in solution (100 mM KCL) 85

(100 mM KOH for pH adjustment)
(4.4 ± 0.3) × 108 poly(3-thiopheneacetic acid) (PTAA) 86

modified gold electrode
(50mM ammonium acetate & NaCl, pH 7)

(8.1 ± 0.4) × 1010 3-mercaptopropionic acid (MPA) 87

modified gold electrode
(50 mM ammonium acetate, pH 7)

Such a broad range of the reported values is caused by the complexity of their
determination. The obtained values depend on the environmental conditions
(pH, the composition of the solution) and the deprotonation state of the peptide.
GGH can have different deprotonation states, depending on the pH of the
media, which will therefore influence the binding affinity as previously reported,
for instance, for peptides with histidine residue88.

Sensitivity of GGH peptide as a part of a sensing device has been reported
in the concentration range from femto- to micromolar80,89,90.

2.4.2 Oxytocin

For the detection of both, Cu2+ and Zn2+ ions, we used neuropeptide Oxytocin
(figure 2.10b). This peptide consists of nine amino acids: cysteine, tyrosine,
isoleucine, glutamine, asparagine, cysteine, proline, leucine, glycine-amide
(Cys− Tyr − Ile−Gln−Asn− Cys− Pro− Leu−Gly −NH2), forming a
"ring" and a "tail". Oxytocin is known to bind both, Cu2+ and Zn2+ ions91,92.

An additional property of this peptide, attractive for our application, is its
direct assembly on a gold surface. This is possible due to the presence of a
double sulfur bond between two cysteine amino acids that form part of the
"ring". Direct surface functionalization is possible due to the breaking of double
Sulfur S − S bond and consecutive sulfur binding to gold atom. It has been
shown that double Sulfur bond does not participate in the OT complexation
process with Cu2+ and Zn2+ ions and also that complexation with Cu2+ and
Zn2+ ions takes place when OT is assembled on the surface93.

Different binding mechanisms of Cu2+ and Zn2+ ions to OT were report-
ed91,93–97. Studies suggest that Cu2+ ion binds to the OT via deprotonated
amide groups, and Zn2+ via carbonyl groups. Multiple complex configurations
are possible, as different amino acids can be involved in the binding of an ion, as
shown in figure 2.11. However, independently of amino acids that form binding
sites, the type of groups involved remains the same. The final complex charge
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Figure 2.11 Schematic of OT, shown as "ring" and "tail" with amino acids,
specified in rings. (a), (b) OT-Cu and (c), (d) OT-Zn complexes. Amino acids
highlighted in blue are involved in Cu2+ binding, highlighted in orange - in
Zn2+ binding.

is 1− for OT-Cu and 2+ for OT-Zn, which is important for our application, as
we measure the change in the potential at the surface, and having complexes
of different charges can help to differentiate between the two ions.

The binding of both ions to the same OT is unlikely. After binding one
ion, a conformational change of the peptide is required to bind the second one.
OT is, however, is a relatively small peptide with low flexibility that makes
complexation with the second ion unlikely. In addition, in our experiments, OT
is attached to the surface, which further restricts the flexibility of the peptide.

Binding affinities of Cu2+ and Zn2+ ions to OT were not extensively s-
tudied. In one study they are estimated to be 9×104 M−1 and 5×103 M−1,
respectively98. These values were determined with OT being in the solution,
not assembled on the surface as in our case. Such high values suggest the
detection in micromolar range of concentrations. However, the more recent
study demonstrates Cu2+ and Zn2+ ion detection with OT assembled on the
surface in the concentration range from femto- to millimolar93, which we also
use in our experiments.

2.5 Conclusion to the overview of our methods

In this chapter, we introduced a concept of potentiometric sensing and the
devices that are used in this work: Si-NR ISFET-based device and extended
gate-like gold electrode device, discussed their structure and working principle.
The first straightforward application of such potentiometric sensors is pH de-
tection. The theoretical basis is given by the site-binding model. Experimental
data show the sensitivity of our ISFET-based device close to the Nernstian
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limit, which defines the highest possible response.
This approach can be developed further for the detection of other analytes.

In this case, the surface of the device has to be functionalized with a receptor,
selective to the target of interest. The fundamental ability of peptides to
interact with ions and form complexes can be utilized for sensing purposes.
When a change in the charge of the complex differs from the charge of the
peptide before complexation, such peptide can be a very promising candidate
for application in potentiometric sensing devices, such as ISFET-based or
extended gate-like devices for specific ion detection.
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3 Modeling ion binding

Contributions: The model described in Section 3.2 was co-developed by Dr.
Mathias Wipf.

Experimental methods give a great opportunity to study systems of interest.
Solid theoretical support, however, is equally important and makes the scientific
method complete. In the following chapter, we model the change in the surface
potential that occurs due to various competing reactions at the surface, specific
and non-specific ones.

Since we measure the change in the surface potential with our devices,
developing a model that includes the reactions that take place at the surface
can help to determine the system-specific parameters, such as receptor-target
binding constant and the number of surface sites.

The site-binding model, previously introduced for pH sensing, can potentially
be extended to more complex systems. We apply this modeling approach to
the receptor-target interaction-induced response.

In this chapter, we develop theoretical models to predict the change in the
surface potential upon ion binding to the receptor. We consider three cases:
receptor with one binding site and defined only one possible complex charge;
receptor that depending on the environment can form complexes of different
charge; and the receptor that is selective to two different ions.

3.1 One binding site

First, we consider a receptor molecule that is neutral before binding a divalent
ion, and the final complex is negatively charged (1-) due to the release of
protons from the ligand. We start with a simple case, considering only a
specific binding reaction.

3.1.1 Modeling simple ligand-ion binding
With this simple approach, we consider one reaction that is taking place at the
surface: specific metal ion-ligand binding 3.1.

Ligand() + Cu2+ ⇆ Ligand(Cu2+)1− + 3H+ (3.1)
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The dissociation constant of the complex Ligand(Cu2+)1− is defined as follows:

KL =
νLiganda

s
Cu2+

νLigand(Cu2+)1−
(3.2)

as
Cu2+ is the activity at the surface of Cu2+ ions. It is related to the bulk

activity via Boltzmann distribution:

as
Cu2+ = aCu2+e−

2eΨ0
kT (3.3)

As a next step, we define the total number of surface groups. In the simplified
case, we consider two contributions to the total number: the number of ligand
molecules that did not bind metal ion, and the number of formed ligand-metal
ion complexes:

Nsum = νLigand + νLigand(Cu2+)1− (3.4)
Only the νLigand(Cu2+)1− will affect the potential at the surface, as νLigand is
neutral. We can therefore define the charge and then obtain the expression for
the surface potential:

σ = e(−νLigand(Cu2+)1−) = −
eNsumas

Cu2+

as
Cu2+ +KL

(3.5)

Ψ0 = σ

Cdl
= −eNsum

Cdl

as
Cu2+

as
Cu2+ +KL

(3.6)

In the final equation, Nsum and KL are the parameters specific to the studied
ligand-ion system. Double layer capacitance Cdl is assumed to be constant, as
ionic strength is dominated by the concentration of electrolyte and is almost
not affected by the target ion concentration. We can solve this equation with
an in-house developed script in MATLAB.

To evaluate how Nsum and KL affect the final response, we plot Ψ0 when
KL is fixed (figure 3.1a) and when Nsum is fixed (figure 3.1b). Double-layer
capacitance value is Cdl = 0.14 F/m2, estimated for an electrolyte solution of
50 mM concentration. In our models, we assume an ideal solution, for which
the chemical activity of ionic species (describing the effective concentration)
can be approximated as concentration, as a = c/c0, and the standard state is
given by c0 = 1M for ideal solutions.

With an increase of Nsum the total change in the surface potential over the
selected range of concentrations increases, with a plateau at lower concentrations
(10−14 − 10−12 M) and higher concentrations (10−8 − 10−7 M) for all the Nsum

values. Binding constant KL does not affect the total change in the surface
potential. An increase of KL shifts the curve along the x-axis to the right,
indicating that ligand’s sensitivity to the target decreases.

So far, we have considered only a simple ion-receptor binding reaction.
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3.1 One binding site

Figure 3.1 Modeled change in the surface potential with increase of metal ion
concentration: (a) for different Nsum and (b) for different KL. The thick line
in the plot (a) highlights the value, used for the calculations for the different
KL (Nsum = 1.26× 1016 m−2), and a thick line in the plot (b) highlights the
value used for the different Nsum (KL = 10−10 M).

However, since initially the ligand is neutral and the final charge of the complex
is 1−, the ligand has to release three protons.

For developing the model further, it is important to include these three
deprotonation reactions, that are taking place before metal ion binding, as we
discuss in the following section.

3.1.2 Modeling ligand-ion binding including deprotonation

To make the model closer to the real case, we add the deprotonation reactions
to the model described in previous section. As in the previous case, we start
with the specific reaction (3.7).

()Ligand()3− + Cu2+ ⇆ ()Ligand(Cu2+)1− (3.7)

The deprotonation of the peptide can be included considering the following
reactions:

(3H+)Ligand() ⇆ (2H+)Ligand()1− +H+ (3.8)
(2H+)Ligand() ⇆ (H+)Ligand()2− +H+ (3.9)

(H+)Ligand() ⇆ ()Ligand()3− +H+ (3.10)
(3.11)
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Dissociation constants are defined as follows, for the deprotonation reactions
and the specific reaction, respectively:

K1 =
ν(2H+)Ligand()−as

H+

ν(3H+)Ligand()
(3.12)

K2 =
ν(H+)Ligand()2−as

H+

ν(2H+)Ligand()−
(3.13)

K3 =
ν()Ligand()3−as

H+

ν(H+)Ligand()2−
(3.14)

KL =
ν()Ligand()3−as

Cu2+

νLigand(Cu2+)1−
(3.15)

In the expression of total number of surface sites, considered in the previous
model (3.4), we include also number of ligands that are deprotonated, but have
not bound the ion yet.

Nsum = ν(3H+)Ligand() + ν()Ligand()3− + ν()Ligand(Cu2+)1− (3.16)

Deprotonated form of the ligand contributes to the net charge:

σ = e(−3ν()Ligand()3− − ν()Ligand(Cu2+)1−) (3.17)

The final equation for the surface potential:

Ψ0 = −eNsum

Cdl

3 + as
Cu2+/KL

(as
H+)3/(K1K2K3) + as

Cu2+/KL + 1 (3.18)

Figure 3.2 shows the 3D plot, surface potential versus pH and ion concentra-
tion. At pH 5 and 6, the potential is not changing with the increase of ion
concentration. At pH7, Ψ0 decreases, and from pH 8 to 10 increases. Along the
pH axis, surface potential is decreasing towards more basic pH, as the ligand
releases more protons from its structure. As in the previous case, modeled
potential has two plateaus, for the lowest and highest concentrations. The
response region is from 10−12 to 10−8 M concentration with KL = 10−10 M.

In this modeling approach, we took into account specific ligand-ion interaction
and the deprotonation of the ligand. In real systems, however, non-specific
competing reactions between the target ions and a surface occur. In the
following section, we integrate such non-specific interactions into the model.

3.1.3 Impact of non-specific interaction of metal ions with surafce

We modify the equation for Nsum (3.16) from the model that includes deproto-
nation of the ligand by adding a term for the number of surface sites, occupied
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3.1 One binding site

Figure 3.2 Surface potential versus pH and Cu2+ ion concentration described
by equation 3.18. Parameters used in this model are the following: Nsum =
1.26× 1016 m−2, KL = 10−10 M , K1K2K3 = 10−22 M3.

by a metal ion.

Nsum = ν(3H+)Ligand() + ν()Ligand()3− + ν()Ligand(Cu2+)1− + νAuCu (3.19)

Assuming charge +1 for every νAuCu site, the total charge can be expressed as
follows:

σ = e(−3ν()Ligand()3− − ν()Ligand(Cu2+)1− + νAuCu) (3.20)
K1, K2, K3 and KL remain the same as in the previous model (equations 3.12-
3.15). In order to integrate the number of non-specific binding sites but to
keep the number of parameters in the model as low as possible, we introduce a
parameter r, that is a ratio of the number of sites occupied by Cu2+ ion to
the number of formed complexes:

r = νAuCu

ν()Ligand(Cu2+)1−
(3.21)

Finally we obtain the following expression for the surface potential:

Ψ0 = −eNsum

Cdl

3 + as
Cu2+(1− r)/KL

as
H+

3/(K1K2K3) + as
Cu2+(r + 1)/KL + 1

(3.22)

In this equation we set constant pH (aH+ = 10−7) and we plot Ψ0 versus ion
concentration and the ratio r (figure 3.3). Parameter r is in the range from
0 to 2. Values r < 1 indicate less non-specific adsorption, and on the plot,
we can see that potential in decreasing with an increase of ion concentration.
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Figure 3.3 Surface potential versus Cu2+ ion concentration and the ratio
of number of non-specific binding sites to the number of Ligand-Cu com-
plexes described by equation 3.22. Parameters used in this model are the
following:Nsum = 1.26× 1016m−2, KL = 10−10M , K1K2K3 = 10−22M3.

This is expected, as the complex is negatively charged. For the r > 1, when
non-specific interaction is dominating, Ψ0 increases with the increase of ion
concentration, which also corresponds to the expected trend.

This model is more accurate than the previous ones, although it is still
a simplification of a real system. We don’t know how exactly non-specific
adsorption impacts the potential and multiple reactions that we consider in
the model are happening simultaneously. Nevertheless, modeling the surface
charge can provide an insight into the system, and depending on its complexity,
the modeled surface potential can be correlated with the experimental data in
order to obtain parameters Nsum and KL.

3.2 Formation of multiple complexes upon ion binding

Until now we modeled the ligand-ion interaction, assuming that only one type
of complex can be formed. In this section we look into the system, when four
ligand-ion complexes are possible.

Such system is illustrated in the figure 3.4. Schematically ligand is shown in
the top left corner on the figure 3.4. Ends on the blue lines creating "+" repre-
sent four groups that are involved in ion binding. Initially, these four groups are
protonated. Figure 3.4 shows possible pathways for the complexation reaction,
depending on the number of protons released from the ligand. Depending on the
receptor-target interaction, different amount of protons needs to be released in
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order to bind the target. Number of ligands, assembled on the surface, is NL0.
K1, K2, K3, K4 are the deprotonation constants, Kd1, Kd2, Kd3, Kd4 are the
dissociation constants. Ns1, Ns2, Ns3, Ns4 are the numbers of ligand in depro-
tonated states, NL1, NL2, NL3, NL4 – amount of ligand-Cu2+ complexes. We
will use short form for the ligand in different deprotonation states, for instance
L−1 – ligand, which has released one proton and is negatively charged. We
consider two major pathways of ligand−Cu2+ complexation reaction, indicated
on the figure with green arrows. Since we have 2+ charged target, the respective
complexes will be 1+ and 2− charged (L+1, L−2). Therefore, selecting these two
pathways allows us to describe the system in both cases, when a final surface
charge is positive or negative, depending on the conditions in the system and
ligand-target interaction. The first important step is to define reactions that
take place in the system. To describe different states of the ligand, we use the
following template: (number_of_protons)Ligand(target)(complex_charge).

In our case, four deprotonation reactions and two complexation reactions
take place:

(4H+)Ligand() ⇆ (3H+)Ligand()(1−) +H+,K1 (3.23)
(3H+)Ligand()1− ⇆ (2H+)Ligand()(2−) +H+,K2 (3.24)
(2H+)Ligand()2− ⇆ (H+)Ligand()(3−) +H+,K3 (3.25)

(H+)Ligand()3− ⇆ ()Ligand()(4−) +H+,K4 (3.26)
(3H+)Ligand(Cu2+)1+ ⇆ (3H+)Ligand()(1−) + Cu2+,Kd1 (3.27)

()Ligand(Cu2+)2− ⇆ ()Ligand()(4−) + Cu2+,Kd4 (3.28)

K1, K2, K3, and K4 are the deprotonation constants of the ligand and Kd1 and
Kd4 are the dissociation constants of the corresponding chelation reaction, as
described above and shown in the figure 3.4. Therefore, equilibrium equations
for the chemical equations 3.23-3.28 are the following:

(4H+)Ligand() + Cu2+ ⇆ ()Ligand(Cu2+)2− + 4H+,

Ktotal4 = K1K2K3K4

Kd4
(3.29)

(4H+)Ligand() + Cu2+ ⇆ (3H+)Ligand(Cu2+)1+ +H+,

Ktotal1 = K1

Kd1
(3.30)

where Kd4,Kd1,K1,K2,K3 and K4 are defined using activities of Cu2+ and
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Figure 3.4 Schematic of the different possible reactions of the ligand-target
complexation with two assumed major paths.
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protons and number of ligands per unit area in different states as:

Kd1 =
as
Cu2+ν(3H+)Ligand()1−

ν(3H+)Ligand(Cu2+)1+
(3.31)

Kd4 =
as
Cu2+ν()Ligand()4−

ν()Ligand(Cu2+)2−
(3.32)

K1K2K3K4 =
(as

H+)4ν()Ligand()4−

ν(4H+)Ligand()
(3.33)

Substituting these expressions into the equations 3.29 and 3.30, we obtain
expressions for the dissociation constants:

Ktotal1 =
as
H+ν(3H+)Ligand(Cu2+)1+

as
Cu2+ν(4H+)Ligand()

(3.34)

Ktotal4 =
(as

H+)4ν()Ligand(Cu2+)2−

as
Cu2+ν(4H+)Ligand()

(3.35)

With ν(4H+)Ligand(), ν()Ligand(Cu2+)2− , ν(3H+)Ligand(Cu2+)1+ being the num-
bers of different types of surface sites. Total amount of ligand in the complexed
state, following two pathways, can be expressed in the following way:

NL1 = ν(3H+)Ligand()1− + ν(3H+)Ligand(Cu2+)1+ + ν(4H+)Ligand() (3.36)
NL4 = ν()Ligand()4− + ν()Ligand(Cu2+)2− + ν(4H+)Ligand() (3.37)

We include the number of the respective deprotonated ligands, ion-ligand
complexes, and the number of ligand in its initial state, fully protonated.

The total charge (σ) can be obtained by taking into account the numbers of
all charged species in the system:

σ1−4 = e(ν(3H+)Ligand(Cu2+)1+ − ν(3H+)Ligand()1−−
4ν()Ligand()4− − 2ν()Ligand(Cu2+)2−) (3.38)

Using previously obtained expressions for the dissociation constants, we derive
the final equation for the surface potential:

Ψ0 = σ

Cdl

NL1

 as

Cu2+
Kd1

− 1

1 +
as

Cu2+
Kd1

+
as

H+
K1

− 2NL4

 as

Cu2+
Kd4

+ 2

1 +
as

Cu2+
Kd4

+
(as

H+ )4

Ktotal4Kd4


(3.39)
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Figure 3.5 Simulated data using our model and experimental data, obtained
for the peptide GGH and Cu2+ ions at pH 5. We used the following pa-
rameters: NL4 = 0.75 × 1017m−2,K1 = 10−7.5M,Kd1 = 10−0.5M,Kd4 =
10−9M,Ktotal4 = 2.5× 10−10M3.

Where NL1 and NL4 are:

NL1 = NΣ

(
Kd1

as
Cu2+

+ Ktotal4Kd1

(as
H+)3K1

+ Ktotal4Kd1Kd4

as
Cu2+K1

+ Kd1

as
Cu2+K1

+ 1
)−1

(3.40)

NL4 = NΣ

(
Kd4

as
Cu2+

+
(as

H+)3K1

Ktotal4Kd1
+

(as
H+)3K1

as
Cu2+Ktotal4

+
(as

H+)4

as
Cu2+Ktotal4

+ 1
)−1

(3.41)

And NΣ is the total number of ligands on the surface, participating in the
reactions:

NΣ = Ns1 +NL1 +Ns4 +NL4 +Ns0 (3.42)
We plot the surface potential versus ion concentration using expression 3.39
for different pH.

Figure 3.5 shows a modeled surface potential and the experimental data
obtained for the Cu-GGH system in Titrisol buffer at pH 5.

From 10−10 to 10−5 M ion concentration potential decreases, indicating the
formation of negatively charged complexes. From 10−4 to 10 M the change
in the surface potential is positive, meaning that more positively charged
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Figure 3.6 Simulated data using our model and experimental data, obtained
for the peptide GGH and Cu2+ ions at pH 4, 5, 6. We used the following
parameters: (a) Nsum = 2.5 · 1017m−2,K1 = 10−7.5M,Kd1 = 10−8M,Kd2 =
10−13M,Ktotal2 = 2.5 · 10−13M3, (b) Nsum = 3.5 · 1017m−2,K1 =
10−8M,Kd1 = 10−8M,Kd2 = 10−20M,Ktotal2 = 5 · 10−15M3.

complexes have been formed. It can be assumed that the prevalence of the first
or the second reaction path that we consider in this model is concentration-
dependent, with path no.1 dominating in the low range of concentrations
(<10−5 M) and path no.2 in the high range (>10−4 M).

In this model, the parameter NL4 = 0.75 × 1017m−2 is fixed, however in
the real case the number of formed complexes changes with the increase of
target ion concentration. Therefore the more correct approach is to keep the
total number of surface sites (Nsum) constant. Figure 3.6 shows the modeled
surface potential change for pH 4, 5, and 6 with Nsum being fixed. We use a
different set of parameters in figure 3.6 a and b. Focusing on the model for pH
5 and comparing it to the experimental data, we can see that either a similar
change in the surface potential or the position of a minimum was obtained.
Parameters Nsum, K1, Kd1, Kd2, Ktot2 control the total change in the surface
potential, the position of a peak minimum, and a slope value. However, the
dependence is not always straightforward. Changing one parameter can affect
multiple characteristics of the curve.

Although full deprotonation of GGH peptide at low pH (4-6) does not happen
and the complex charge is unlikely to depend on the Cu(NO3)2 concentration
range, this model shows an interesting approach for modeling receptor-target
systems, when complexes of different charge are formed.
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3.3 Selectivity to multiple ions

In this section, we develop a model for a receptor that is selective to two
different ions (Cu2+ and Zn2+). We consider the case when only one of the
ions binds, and the complex charge is 1- and 2+, respectively. We start with
a simple case, considering only specific binding reactions, as described in the
following section.

3.3.1 Simplified approach
We start building the model with two specific binding reactions:

Ligand() + Cu2+ ⇆ Ligand(Cu2+)1− + 3H+ (3.43)
Ligand() + Zn2+ ⇆ Ligand(Zn2+)2+ (3.44)

The dissociation constants are defined, respectively:

KL1 =
νLiganda

s
Cu2+

νLigand(Cu2+)1−
(3.45)

KL2 =
νLiganda

s
Zn2+

νLigand(Zn2+)2+
(3.46)

The total number of surface sites (Nsum) includes the number of ligand before
ion binding (νLigand()) and after binding Cu2+ or Zn2+ ion (νLigand(Cu2+)1−
or νLigand(Zn2+)2+ , respectively).

Nsum = νLigand() + νLigand(Cu2+)1− + νLigand(Zn2+)2+ (3.47)

Since the ligand is neutral, only complexes will contribute to the net charge at
the surface:

σ = e(−νLigand(Cu2+)1− + 2νLigand(Zn2+)2+) (3.48)
The expression for the surface potential is therefore the following:

Ψ0 = eNsum

Cdl

2as
Zn2+/KL2 − as

Cu2+/KL1

1 + as
Cu2+/KL1 + as

Zn2+/KL2
(3.49)

To assess the impact that dissociation constants have on the surface potential
in the case of multiple ion binding, we first evaluate them individually by keeping
the concentration and the dissociation constant of the other ion constant.
Figure 3.7a shows the change in the surface potential with increase of Cu2+

ion concentration for different KL1 values, from 10−14 to 10−5, and the same
approach is used for modeling the response to Cu2+ ions (figure 3.7b). For the
specific Ligand-Cu binding, the surface potential decreases with an increase of
copper concentration as expected, since the Ligand-Cu complex is negatively
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Figure 3.7 Modeled change in the surface potential with increase of metal ion
concentration: (a) for different KL1 (KL2 = 10−8 M, aZn2+ = 10−8 M) and
(b) for different KL2 (KL1 = 10−8 M, aCu2+ = 10−8 M).

charged. The sensitivity range is withing three decades of concentration, for
example for the KL1 = 10−12 the potential changed from 10−13 to 10−10 M
(3.7a). An increase of KL1 leads to the shift of the curve towards higher
concentrations and the total change in surface potential remains the same. For
the specific Ligand-Zn binding we observe a positive change in the surface
potential, but otherwise, the same trend as for Ligand-Cu: increase of KL2
leads to the shift of the curve to the right, and the sensitivity range is also
within three decades of concentration.

Figure 3.8 shows the surface potential depending on the concentration of
Cu2+ and Zn2+ ions. As expected, with the increase of metal ion concentration,
the surface potential decreases when Ligand-Cu complexes are formed and
increases for OT-Zn. The presence of high Zn2+ ion concentration, for instance,
10−5 M, leads to the shift of the sensitivity region to Cu2+ ions, as more OT-
Cu complexes need to be formed to overcome high positive net charge due to
OT-Zn complexes. The same impact has a high Cu2+ ion concentration on
the response to Zn2+ ions.

So far, we have investigated how the model is affected by the change of
only one dissociation constant at a time and when they are equal (figure 3.8).
To evaluate the impact of different KL1 and KL2 combinations on the model
output, we plotted four situations, when KL1 and KL2 are the same or different
by four orders of magnitude 3.9.

Interestingly, as shown in figure 3.9a, b the position of slope does not change
when both KL1 and KL2 are increased by for orders of magnitude, meaning
that ligand remains sensitive in the same range. When the values are different,
3.9c, d, the curve is shifting to the lower (for lower KL1, KL2 values) of the
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Figure 3.8 Surface potential versus Cu and Zn concentration described by
equation 3.49. Parameters used in this model are the following: Nsum =
3.62× 1015m−2, KL1 = KL2 = 10−8M .

higher range of concentrations (for higher KL1, KL2 values). Such dependence
can make an estimation of binding constants when the model is applied to
the real system more challenging, as multiple combinations of KL1 and KL2
values exist for the sensitivity in the same range of concentrations. In this case,
however, the overall change in the surface potential can be used as an indication
of the appropriate values of KL1 and KL2. As shown in the Figure 3.9a, b, the
surface potential change is decreasing from 12 mV (a) to 7.5 mV (b).

3.3.2 Selectivity to multiple ions including deprotonation of the
receptor

The negative Ligand-Cu complex charge is due to the release of three protons
from the ligand’s structure. Similar to the case discussed in Section 3.1.2, we
integrate three deprotonation reactions into our model. In this case we consider
five reactions:

(3H+)Ligand() ⇆ (2H+)Ligand()1− +H+ (3.50)
(2H+)Ligand() ⇆ (H+)Ligand()2− +H+ (3.51)

(H+)Ligand() ⇆ ()Ligand()3− +H+ (3.52)
()Ligand()3− + Cu2+ ⇆ Ligand(Cu2+)1− (3.53)
Ligand() + Zn2+ ⇆ Ligand(Zn2+)2+ (3.54)
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Figure 3.9 Surface potential versus ion concentration for different KL1 and
KL2, as specified in the legend. Parameters used in this model are the following:
Nsum = 3.62× 1015m−2, and binding constants (KL1, KL2) are shown in the
legend on each plot.
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with the following dissociation constants, respectively:

K1 =
ν(2H+)Ligand()−as

H+

ν(3H+)Ligand()
(3.55)

K2 =
ν(H+)Ligand()2−as

H+

ν(2H+)Ligand()−
(3.56)

K3 =
ν()Ligand()3−as

H+

ν(H+)Ligand()2−
(3.57)

KL1 =
νLiganda

s
Cu2+

νLigand(Cu2+)1−
,KL2 =

νLiganda
s
Zn2+

νLigand(Zn2+)2+
(3.58)

The total number of surface sites will be given by the sum of the amount of
ligand in its neutral state, deprotonated, and the amount of Ligand-Cu and
Ligand-Zn complexes.

Nsum = ν(3H+)Ligand() + ν()Ligand()3− + ν()Ligand(Cu2+)1− + ν()Ligand(Zn2+)2+

(3.59)
The net charge at the surface can be expressed as follows:

σ = e(−3ν()Ligand()3− − ν()Ligand(Cu2+)1− + 2ν()Ligand(Zn2+)2+) (3.60)

The final equation for the surface potential:

Ψ0 = −eNsum

Cdl

3 +
as

Cu2+
KL1

+ 2
as

Zn2+
KL2

(as

H+ )3

K1K2K3
(as

H+ )3

K1K2K3
+

as

Cu2+
KL1

+
as

Zn2+
KL2

as

H+
K1K2K3

+ 1
(3.61)

We fix pH at 7 and plot surface potential versus concentration of Cu2+ and
Zn2+ ions (figure 3.10).

Compared to the previous model, when deprotonation of the ligand was
not included, the main difference is a reversed trend in the response to Cu2+

ions: the surface potential is increasing, despite the formation of 1− negatively
charged Ligand-Cu complexes. This happens due to the low potential in the
plateau region that we observe in the low range of concentration, from 10−14

to 10−10 M, which can be due to the partial ligand deprotonation, causing
initially negative net charge at the surface. The binding of Cu2+ ion leads to
the formation of 1− charged complex, therefore the potential at the surface
increases. This is not the case for high Zn concentrations (10−8 to 10−4 M):
the net surface charge is initially positive, and the surface potential decreases
upon Cu ion binding, as in the previous model.

Upon the formation of Ligand-Zn complexes, the surface potential increases
(in most of the range of Cu concentrations), as expected. Interestingly, we
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Figure 3.10 Surface potential versus Cu2+ and Zn2+ ion concentration.
Parameters used in this model are the following: Nsum = 3.62 × 1015m−2,
KL1 = KL2 = 10−10M , K1K2K3 = 10−20M3, aH+ = 10−7M .

observe no change in the surface Ψ0 upon Zn binding when Cu is at a high
concentration (10−5 − 10−4 M). Such effect could be due to the saturation of
the receptors on the surface, if all of them are occupied by metal ions.

3.3.3 Impact of non-specific interaction of Cu2+ and Zn2+ ions with
the surface

To the model that includes deprotonation, developed in the previous section,
we add the reactions of non-specific interaction of Cu2+ and Zn2+ ions with
the surface. The total number of surface sites includes, in addition to the
ligand states in equation 3.59, includes a number of surface sites occupied by
Cu2+ and Zn2+ ions:

Nsum = ν(3H+)Ligand() + ν()Ligand()3− + ν()Ligand(Cu2+)1−+
+ ν()Ligand(Zn2+)2+ + νAuCu + νAuZn (3.62)

In the expression for the net charge, we include also contribution from non-
specific interaction (νAuCu and νAuZn), assuming +1 charge per site.

σ = e(−3ν()Ligand()3−−ν()Ligand(Cu2+)1−+2ν()Ligand(Zn2+)2++νAuCu+νAuZn)
(3.63)

We define parameters r and t as ratios of the number of non-specific interactions
with surface sites to the number of formed complexes with Cu2+ and Zn2+
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Figure 3.11 Parameters used in these models are the following: Nsum =
3.62× 1015m−2, KL1 = KL2 = 10−10M , K1K2K3 = 10−20M3, aH+ = 10−7M
and (a) t=0.0001 while changing r from 0.1 to 5; (b) r=0.0001 while changing
t from 0.1 to 5.

ions, respectively:

r = νAuCu

ν()Ligand(Cu2+)1−
(3.64)

t = νAuZn

ν()Ligand(Zn2+)2+
(3.65)

Defining these parameters allows keeping amount of unknown values at a
minimum. The final expression for the surface potential is the following:

Ψ0 = −eNsum

Cdl

3 +
as

Cu2+
KL1

(1− r) + 2
as

Zn2+
KL2

(as

H+ )3

K1K2K3
(2 + t)

(as

H+ )3

K1K2K3
+

as

Cu2+
KL1

(1 + r) +
as

Zn2+
KL2

as

H+
K1K2K3

(1 + t) + 1
(3.66)

We plot the surface potential for the two cases: constant concentration of Zn,
low non-specific adsorption (t=0.001) (figure 3.11a) to evaluate the effect of
non-specific adsorption of Cu on the surface potential; constant concentration
of Cu, low non-specific adsorption (r=0.001) (figure 3.11b) to evaluate an
impact of non-specific adsorption of Zn ions. In the figure 3.11a we can see
that potential is decreasing with an increase of Cu2+ ion concentration for
low values of r, meaning that the formation of specific Ligand-Cu complexes
prevails. For the values r > 1, an increase in the surface potential is observed,
due to the dominating effect of non-specific interaction of Cu2+ ions with the
surface.

In the figure 3.11a we observe only increase in the surface potential with
an increase of Zn2+ ion concentration. For the values of t < 1, however, the
potential is higher for the concentrations 10−6 − 10−5. This can be explained
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3.4 Conclusions

by the 2+ charge of OT-Zn complexes, whereas Au-Zn interaction is assumed
in this model to contribute with a charge +1.

3.4 Conclusions

In this chapter, we modeled the potential at the surface for different types
of receptors: the case when only one complex type is formed; the case of the
possibility of multiple complexes of ion and receptor; and finally, the case
when one receptor is selective to two ions and formation of complexes with
one of the other ion leads to the different complex charge. The site-binding
model, initially introduced to describe pH sensing, could be also applied to
more complex receptor-target systems.
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4 GGH peptide for detection of Cu2+ ions

Contributions: GGH peptide was obtained from the group of Prof. Shlomo
Yitzchaik, Hebrew University of Jerusalem. ISFET devices, used in this work,
were fabricated by Dr. Christine Bender. The initial measurement setup
was developed by Dr. Mathias Wipf and Dr. Ralph Stoop with subsequent
development by Olena Synhaivska and Yves Mermoud. Olena Synhaivska
performed the experiments and analyzed the results presented in this chapter.

Some peptides are naturally selective to metal ions, and using them as recep-
tors has great potential not only for ion detection but also for understanding
peptide-ion interaction. In this chapter, we systematically study the effect of
multiple conditions such as composition and pH of the electrolyte solution,
analyte concentration range using Glycyl-Glycyl-Histidine (GGH) peptide for
the detection of Cu2+ ions.

4.1 Response to Cu2+ ions

We performed potentiometric detection of Cu2+ ions using SiNR based ISFETs
functionalized with a LpaGGH (GGH peptide, conjugated with lipoic acid to
allow direct functionalization of the gold surface). We systematically measured
the Cu2+ response at electrolyte pH ranging from 4 to 8. We used ammonium
acetate (50 mM) as an electrolyte solution at pH ranging from 5 to 8 and added
Cu(NO3)2 at a concentration ranging from 0.1 fM to 0.1 µM.

4.1.1 Low Cu2+ concentration range
Figure 4.1a shows the change in the surface potential ΔΨwith increasing
Cu(NO3)2 concentration, starting from ammonium acetate (50 mM, pH 7).
The two lines (red and black) represent the Au-GGH (active) and Au (passive)
surfaces, respectively. Figure 4.1b shows the extracted values of the surface
potential shift (average value for each concentration after 1 min settling time)
versus Cu2+ concentration. We observe a negative change in surface potential
shift upon binding of Cu2+ to the immobilized ligand at pH 7 (about -15
mV/dec). Subtracting the response of the control surface (Au, -4 mV/dec) from
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the active SiNRs (Au-LpaGGH) results in a differential response of -11 mV/dec
(blue dots). We plot the differential response to represent the GGH-Cu system
without background signal from Cu2+ interacting with the Au surface.

At pH 8, we observe a similar trend (Figure 4.1 c, d), with a smaller
differential response of -5 mV/dec. The negative differential response appears
counter-intuitive as the analyte is positively charged. We would indeed a
priori expect an increase in surface potential with increasing of Cu2+ ion
concentration when the surface charge becomes more positive56. However, we
anticipate here that the measured negative change in surface potential reveals
a more subtle mechanism upon the complexation of Cu2+ ions by the GGH
ligand, which leads to a net negative charge of the complex, as sensed by the
active surface. In these experiments, we don’t observe full Nernstian response.
However, we don’t expect that, as the binding reaction is not at the Helmholtz
plane, but it takes place in the diffuse layer. This limits the response due to
screening effects99, as the charges are further away from the surface, and we
measure lover change in the potential.

4.1.2 Cu2+-GGH complexation

We suggest that the final complex GGH−Cu2+ can be negatively charged due
to the release of several protons from the ligand upon Cu2+ chelation. The
GGH peptide has three amide groups that contribute to the complex formation
(Figure 4.2). The nitrogen atom of pyridine in the imidazole ring acts as an
anchoring binding site to initiate the Cu2+ chelation101–103. At neutral to
basic pH, the Cu2+ chelation process sequentially deprotonates the consecutive
peptide nitrogen (secondary amides). The Cu2+-ligand complex can have four
different charge states, depending on the pH, which influences the protonation
state of the ligand:

L+ Cu2+ ⇆ [Cu2+L]+2

L+ Cu2+ ⇆ [Cu2+L−1]+1 +H+

L+ Cu2+ ⇆ [Cu2+L−2] + 2H+

L+ Cu2+ ⇆ [Cu2+L−3]−1 + 3H+

At pH 7 and higher, the ligand is neutral. Upon copper binding the ligand can
release up to three protons (secondary amides) and predominantly forms the
complex [Cu2+L3−]−1 89,90,104,105. In addition, Cu2+ comes in a variety of ionic
forms106, as the Cu2+ hydrolysis depends on pH (occurring at pH 5 and higher).
Studies identify five hydrolysis products, with CuOH+ and Cu(OH)2 (aq.)
being prevalent at pH 6 and higher107. Cu2+ hydrolysis competes with the
GGH complexation reaction, affecting the amount of [Cu2+L3−]−1 complexes
formed and hence, the surface potential.
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4.1 Response to Cu2+ ions

Figure 4.1 Response of the GGH ligand to Cu(NO3)2 in the concentration
range 10 fM - 0.1 µM. Real-time measurements of the surface potential shift
ΔΨfor increasing concentrations of Cu(NO3)2 in ammonium acetate (50 mM),
pH 7 (a) and pH 8 (c). For drift correction, a baseline is subtracted from the
measured data, and the measured curves are shifted to zero. (b, d) Differential
response at pH 7 and 8, respectively. The reported surface potential values are
extracted from "steps" after a 1 min settling time, and the baseline shifted to
zero. Figure adapted from reference100.
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Figure 4.2 Glycine-glycine-histidine (Gly−Gly−His,GGH) monolayer on the
gold surface and the complexation of Cu2+ ions. Secondary amides, carrying
different charges depending on the electrolyte’s pH, are indicated in red. Figure
adapted from reference100.
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4.1 Response to Cu2+ ions

Figure 4.3 Time-dependent measurements for Cu(NO3)2 in ammonium ac-
etate (50 mM, pH 5, 6). Concentration range: 10 fM - 0.1 µM. Figure adapted
from reference100.

Based on our results, we interpret that upon Cu2+ binding to the ligand,
secondary amides are deprotonated, and the GGH ligand undergoes a con-
formational change80,89,104, bringing an effective negative charge close to the
surface (Fig. 1). At pH 7 and slightly higher, we expect the formation of
-1 charged complexes [Cu2+L3−]−1 resulting in a negative surface potential
with increasing Cu(NO3)2 concentration [42]. In slightly basic conditions
(ammonium acetate, pH 8), a secondary amine can already be deprotonated. It
results in less or even no net gain in charge, and we observe a smaller response.
Furthermore, a higher pH leads to more copper (II) hydroxide formation, lead-
ing to a lower concentration of free Cu2+ ions in solution that can also lower a
response108,109.

For the passive surface (Au), the surface potential decreases as well. As
emphasized above, several copper hydrolysis products coexist at pH 7 and 8,
which shows a non-specific interaction with the Au surface of hydroxyl groups
on it.

At pH 6 and lower, we observe no response in the Cu(NO3)2 concentration
range between 0.1 fM and 0.1 µM. The acidic environment prevents the depro-
tonation of the secondary amide groups of the ligand, lowering the probability
of the chelation of a cation, thereby leading to a lower affinity to Cu2+. At
pH 5 and 6 the active Au-GGH devices in the low concentration range show
negligible response (Figure 4.3).

4.1.3 High Cu2+ concentration range
In certain conditions, a positive response to Cu2+ can be observed. Instead of
the expected signal saturation at high Cu(NO3)2 (from 0.05 mM to 10 mM)
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Figure 4.4 Response to Cu2+ ions at high concentrations (0.05 - 10 mM) in
Titrisol buffer at (a) pH 4 (105 mM, HCl 0.044, NaOH 0.11, C6H8O7 0.056
mol/l), (b) pH 5 (148 mM, NaOH 0.2, C6H8O7 0.096 mol/l), (c) pH 6 (83 mM,
NaOH 0.16, C6H8O7 0.06 mol/l), (d) pH 7, ammonium acetate (50 mM). The
signal is averaged over all measured nanoribbons (12 active and 12 control).
All insets show the differential response. Figure adapted from reference100.

concentrations, we observe an increase in the surface potential on all surfaces
(Au and Au-GGH) even at low pH. Figure 4.4 shows the response to Cu(NO3)2
at pH 4, 5, 6 (Titrisol buffer). The inset shows a differential response of +11
mV/dec. Figure 4.4b and c show the response at pH 5 and 6 respectively, +8
mV/dec and +3.9 mV/dec. The positive response indicates that in this case,
another process is prevalent. We explain this by non-specific adsorption of
Cu2+ ion to gold at high Cu(NO3)2 concentrations, leading to a superimposed
signal which is higher than that from the specific interaction process. Also,
at pH 6 and lower, the histidine can be protonated, contributing to a more
positive net charge of Au-GGH compared to the bare Au surface. This process
is independent, whether chelation is happening or not, as the effective charge
of the GGH −Cu2+ complex is either neutral or positively charged (+1 or +2)
at low pH. This process leads to a clear increase in the surface potential for
Au and Au-GGH and hence, to the positive differential response.

4.1.4 Effect of high background signal
In some cases, a positive response for both the active and the passive wires can
lead to overall negative differential response. This might be interpreted as the
expected response from the specific interaction between the analyte and the
ligand. We however show in Figure 4.5 that this situation can also arise when
the response is dominated by non-specific interactions. We observe this behavior
at high Cu(NO3)2 concentrations (0.05 mM - 10 mM) in ammonium acetate,
pH 7, where the differential response is indeed negative, -14 mV/dec. In this
case, both surfaces, Au (passive) and Au-GGH (active) show however a positive
change in surface potential, which indicates that non-specific interactions of
Cu2+ with the surface dominate the signal from the specific ion binding to the
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4.2 Optimal conditions for Cu2+ detection with GGH peptide

Figure 4.5 Response to Cu2+ ions at high concentrations (0.05 - 10 mM) in
ammonium acetate (50 mM), pH 7. The signal is averaged over all measured
nanoribbons (12 active and 12 control). Inset shows the differential response.
Figure adapted from reference100.

ligand. This again shows the importance of carefully considering all possible
contributions to the measured signal.

4.2 Optimal conditions for Cu2+ detection with GGH peptide

As we can see from the results, it is essential to determine optimal conditions
when working with a peptide-based sensor for metal ions. In figure 4.6 we
summarize the different states of ligand and copper depending on the pH of
a solution. In the first pH range (I) (figure 4.6) copper mostly exists in ionic
form (Cu2+)107. The nitrogen atom in the imidazole ring of the GGH peptide
is protonated, which lowers the ligand’s affinity to copper ions. Therefore, not
much Cu2+ is expected to bind to the ligand in this range. In the second range
(II), around neutral pH, nitrogen is deprotonated. Copper in this pH range
is not only in its ionic state but also in a hydrolyzed form. In this range, we
obtain a maximal sensor response. In the third pH range of the plot (III),
almost no copper is in its ionic form. We don’t expect chelation in this range
since hydrolyzed copper doesn’t bind to ligands with the same affinity as free
copper ions.
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4 Figure 4.6 Optimal pH range for Cu2+ detection. Qualitative schematics
of the amount of free Cu2+ ions in solution depending on its pH. The plot
is divided into three ranges, defining the optimal conditions for Cu-GGH
interaction.

4.3 Importance of buffer for detection of Cu2+ ions

When working with buffer solutions with metal salts, it is also important
to select the correct buffer, as its components may interact with metal ions
leading to additional changes in the measured signal. To illustrate this, we show
the data in the figure 4.7. We measured the change in the surface potential
from active (Au-LpaGGH) and passive (Au) surfaces upon adding different
concentrations of Cu(NO3)2, dissolved in Tris buffer. In both cases, a positive
change in the surface potential was observed. We extracted the potential value
for every copper concentration (as a potential average of the last 10% of the
saturation plateau) after exchanging buffer solution to buffer solution with
copper (figure 4.8).

One of the reasons for such high response from the control surface, as
discussed previously, is a high impact from non-specific adsorption of Cu2+

and copper products from the solution on the gold surface. However, in this
case, one more non-specific competing interaction takes place: complexation of
Tris and Cu2+ ions, as it has been previously reported110. Tris is a commonly
used buffer in the pH range from 7 to 9. However, it can bind copper ions,
therefore preventing them from reaching the receptor, or it can also remove
the ion from the receptor.

Figure 4.8 illustrates the extracted values from the figure 4.7. A small
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4.4 Application of site-binding model to Cu-GGH system

Figure 4.7 Response of the active (functionalized with GGH ligand) and
passive (Au) surfaces to Cu(NO3)2 in the concentration range 0.001 - 1 mM.
Time-dependent measurements of the change in the surface potential ΔΨwith
increase of Cu(NO3)2 concentration in Tris buffer (150 mM), pH 7.4. Baseline
shifted to zero.

value of differential response (-4 mV/dec) shows a very minor difference in the
response, recorded from active and passive surfaces. It can be attributed to
the high effect of non-specific adsorption, which is dominating in this case.

Even though well-buffered systems are often an advantage due to their
constant pH throughout the measurement, for the detection of copper ions,
it is also important to select a buffer, which does not introduce a competing
reaction by forming additional complexes that can affect the device’s response.

4.4 Application of site-binding model to Cu-GGH system

In the model, described in subsection 3.1.2, the ligand has one binding site,
and the deprotonation, which happens in the case of Cu-GGH complexation,
is included in the model. Therefore, we compare the modeled surface potential
with the experimental, in the Cu concentration range from 10−14 M to 10−6

M at pH 5, 6, and 7.
The modeled surface potential is shown in figure 4.9a. Blue, red, and

yellow lines highlight the potential change at pH 5, 6, and 7. Additionally,
we plot the same curves separately (figure 4.9b) with the experimental data,
obtained for the respective pH values. The parameters are the following:
Nsum = 9 × 1016m−2, KL = 10−11M , K1K2K3 = 10−22M3. Compared to
the model in subsection 3.1.2, Nsum was increased to adjust the change in the
surface potential closer to the experimental one.

The model shows a good fit for experimental data obtained at pH 5 and 6
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4 Figure 4.8 Differential response calculated from the measurements in Tris
buffer. The reported surface potential values are extracted from the saturation
plateau for every copper concentration (last 10% of the "step") shown in the
figure 4.7.

Figure 4.9 Modeled surface potential with highlighted lines at pH 5, 6 and 7
(a) and modeled and experimental data obtained at pH 5, 6 and 7 for GGH-Cu
system.

(in most of the concentration range). In the case of pH 7, the overall change in
the surface potential is the same, but the slope is steeper. We do not expect an
exact fit, as the model was built with several approximations, and we basically
model only part of the real system. The similarity however indicates that the
site-binding model can be used to predict in some cases the change in the
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4.5 Conclusions to the Cu2+ detection with GGH peptide

surface potential upon receptor-ion complexation.

4.5 Conclusions to the Cu2+ detection with GGH peptide

We have investigated a wide range of Cu(NO3)2 concentration, from 0.1 pM
to 10 mM; the impact of pH and composition of the electrolyte solution on
the GGH − Cu2+ complexation and the measured results. We found that the
optimal range for copper ion detection with GGH peptide is from 0.1 pM to
0.1 µM in ammonium acetate, pH 7. We have also systematically investigated
the non-specific effects, which take place at the surface and interfere with a
specific signal. ISFET based device has potential for the detection of analytes,
however, it must be used in a well-controlled environment, and the system
needs case-specific optimization.

The theoretical model, developed in Chapter 3 for receptor with one binding
site, can describe the experimental data to some extent.

Having learned the importance of measurement parameters with GGH pep-
tide, we can now extend our approach of using peptides in potentiometric
sensors to more complex systems, such as neuropeptide Oxytocin.
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5 Oxytocin for detection of Cu2+ and Zn2+

ions

Contributions: OT peptide was obtained from the group of Prof. Shlomo Y-
itzchaik, Hebrew University of Jerusalem. Dr. Mathias Wipf and Dr. Sahana
Sarkar developed the extended gate-like gold electrode device. Dominik Bachman-
n developed the electronics. Olena Synhaivska fabricated the devices, performed
experiments and analyzed the results presented in this chapter.

Sometimes the reason for developing a certain disease is not caused by the
lack of excess of only one metal ion. For example, multiple sclerosis (MS), an
inflammatory disease of the central nervous system, is linked to an imbalance
of copper and zinc concentration in the human body. The pathophysiology
of this disease is not known, but it is considered to have autoimmune nature.
It has been found, however, that oxidative stress plays an important role in
the pathogenesis of MS111. Since oxidative stress is generated by oxygen free
radicals, in the formation of which copper is involved112, monitoring of copper
concentration is necessary. Zinc is also an essential element for humans. It
is needed for a normal course of an oxidation-reduction reaction, and it is a
component of more than 200 enzymes23. In addition, zinc is necessary for
protection from oxygen-free radicals, synthesis of proteins, nucleic acids, and
many other processes113,114. In particular, lower serum concentration of Zn
and a higher ratio of Cu to Zn in patients with MS shows the relationship
between MS and oxidative stress23. Therefore, concentration ratio of these
metals in blood serum can be a potential biomarker for MS.

Our sensing platform can be very flexible due to the possibility to use a
variety of receptor molecules that are selective to analytes of interest and has a
high potential for multiple ion sensing. Previously we discussed the challenges
of using different receptors for different targets. Optimization of measurements
conditions is essential for the best performance of a receptor molecule. Therefore
using multiple receptors on one platform in the same conditions (such as pH
of electrolyte or target concentration range) is limited. In this chapter, we
investigate the opportunity of assembling one receptor molecule that is selective
to multiple targets. For Cu2+ and Zn2+ ion detection, we selected neuropeptide
Oxytocin (OT), which binds both ions.
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5.1 Response of OT to Cu2+ and Zn2+ ions

We performed time-dependent measurements to determine the response of
OT-functionalized gold electrodes to Cu2+ and Zn2+ ions. 5 µl of each salt
solution of concentration from 0.1 pM to 1 mM was added to the ammonium
acetate of 45 µl volume in the measurement well. Figure 5.1 shows the measured
response to Cu2+ and Zn2+ ions in ammonium acetate at pH 7 for active
(Au-OT) and control (Au) surfaces. We observed a positive change in the
surface potential for both Cu2+ and Zn2+ ions. In the lower range of metal
ion concentrations, from 0.01 pM to 0.1 µM, we observe a higher increase in
the surface potential from the functionalized surfaces in case of the Zn2+ ions,
up to 15 mV, compared to the 9 mV for the Cu2+ ions.

From every "step", we extracted the potential value for each concentration,
figure 5.1c, d. By subtracting the background response, we obtained differential
potential values, shown in the figure 5.2. Linear fit gives a response value.
Although the response values are lower compared to the GGH-Cu system
(-1.43±0.14, -1.12±0.18, -1.4±0.18 mV/dec for Cu2+; 0.64±0.03, 0.56±0.03
mV/dec for Zn2+), we observe a clear trend: the negative response to Cu2+

ions and positive to Zn2+ ions. This correlates with the literature data, as the
expected complex charge of OT − Zn complex is positive, [OT − Zn]+2, and
the charge of OT − Cu complex is negative due to the amide deprotonation,
[OT − Cu]−1 93,95.

Having measured the OT response to Cu2+ and Zn2+ ions separately, we
continued studying the system further, investigating the response in the presence
of both ions in the solution as described in the following section.

5.2 OT response to the mixture of Cu2+ and Zn2+ ions

Figure 5.3 shows time-dependent measurements of Au-OT surfaces to the
mixture of Cu2+ and Zn2+ ions. The concentrations range from 0.1 pM to
1 mM (or from 0.2 pM to 2 mM, for a 1:2 and 2:1 ratio). We observed an
increase in the surface potential for all the surfaces. In the range from 0.1 pM
to 1 µM, the potential recorded on Au-OT surfaces in the case of 1:2 Cu2+ to
Zn2+ ratio increases up to 40 mV. It is higher than in the case of the 1:1 and
2:1 ratio, where the observed potential increase is up to 30 mV. We attribute
a higher change in the surface potential in the case 1:2 ratio to the higher
number of OT − Zn2+ complexes formed due to the larger amount of Zn2+

ions. Since OT − Zn2+ complex is positively charged, a higher potential is
expected. The difference in the potential change for different concentration
ratios is evident from the differential plot (figure 5.3d).

To investigate whether this trend continues with an increase of the concentra-
tion of one of the ions, we measured the response to 1:3 and 3:1 concentration
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5.2 OT response to the mixture of Cu2+ and Zn2+ ions

Figure 5.1 Change in the surface potential recorded upon exposure of Au
and Au-OT surfaces to (a) Cu(NO3)2 and (b) Zn(NO3)2 salt solutions in
ammonium acetate (pH 7). Each line represents the measured surface potential
on the individual electrode. The measurement starts with ammonium acetate
to obtain the baseline. Arrows indicate the addition of 5 µl of the salt solution
of a concentrations specified in figure to the well containing 45 µl, therefore
the actual concentration in well is one decade lower. (c), (d): extracted surface
potential from the "steps" (average value of the last 50% of plateau) for Cu2+

and Zn2+ ions, respectively.

ratio (figure 5.4). Interestingly, we do not observe a further increase in the
surface potential in the case of the 1:3 Cu2+ to Zn2+ ratio. As we can see in
figure 5.4, the trend of background response (Au surfaces) being lower than a
response from Au-OT surfaces does not continue. The differential response (fig-
ure 5.5 in this case shows a similar trend as in the figure 5.2 when the response
of OT to Cu2+ and Zn2+ was measured separately. This may indicate that
with the concentration ratio of 1:3 and 3:1, the effect on the surface potential
from the metal ion of higher quantity is dominating the response to the other
ion.

63



5 Oxytocin for detection of Cu2+ and Zn2+ ions

5
Figure 5.2 Differential response to Cu2+ and Zn2+ ions was obtained by
subtracting the control response of Au surface from the functionalized ones,
Au-OT. Linear fit gives the response value specified in the legend. The response
to Cu2+ is measured in triplicates, the response to Zn2+ in duplicates. We fit
the range from 10−14 to 10−7 M. From the concentrations higher the different
regime starts, where non-specific interaction of Cu2+ ions with a gold surface
is prevalent, as can be seen in figure 5.1c.

From the time-dependent measurements (5.4), the difference in the kinetics
of the response from Au and Au-OT surfaces is clearly visible: it reaches
saturation faster in the case of Au than for Au-OT surfaces. The change in the
surface potential measured from Au surfaces we attribute to the non-specific
interaction of Cu2+ and Zn2+ ions with gold. Since the surface is clean, the
ions can reach it faster, compared to the OT functionalized surfaces. Also, the
specific reactions of the ions with OT contribute to the slower change in the
surface potential.

5.3 OT response to Cu2+/Zn2+ ions in the presence of high
Zn2+/Cu2+ concentration

To evaluate the affinity of OT to Cu2+ and Zn2+ ions in the presence of high
concentration of the other ions, we measured the response to Cu(NO3)2 ions
in the presence of 10−8 M of Zn(NO3)2, and vise versa. The obtained results
are shown in figure 5.6.

Interestingly, in this case, we observe a negative differential response to Zn2+
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5.3 OT response to Cu2+/Zn2+ ions in the presence of high Zn2+/Cu2+

concentration

Figure 5.3 Change in the surface potential recorded upon exposure of Au and
Au-OT surfaces to the mixture of Cu(NO3)2 and Zn(NO3)2 salt solutions in
1:1 ratio (a), 2:1 (b), 1:2 (c) in ammonium acetate (pH 7). Each line represents
the measured surface potential on the individual electrode. The measurement
starts in ammonium acetate to obtain the baseline. Each "step" indicates the
addition of the metal salt solution of a higher concentration. (d) Differential
response for the 1:1, 2:1, 1:2 concentration ratios.

ions and positive for Cu2+ ions, which was not the case when we measured the
response to them separately 5.2. Now, after adding the high concentration of
copper as a first step (5.6a), a certain amount of OT-Cu complexes is created.
With the addition of Zn(NO3)2, starting from low concentration, 10−14 M,
the amount of positive OT-Zn complexes is very low compared to OT-Cu.
Therefore the measured potential at the surface is lower than for Zn2+ ions
only. A similar explanation can be applied to the case in 5.6b, where the
response from Au-OT surfaces is higher than from Au, causing, therefore,
differential response to be positive.
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Figure 5.4 Change in the surface potential recorded upon exposure of Au and
Au-OT surfaces to the mixture of Cu(NO3)2 and Zn(NO3)2 salt solutions in
3:1 (a) and 1:3 (b) ratio in ammonium acetate (pH 7). Each line represents
the measured surface potential on the individual electrode. The measurement
starts in the ammonium acetate to obtain the baseline. Each "step" indicates
the addition of the metal salt solution of a higher concentration.

Figure 5.5 Differential surface potential obtained for OT response to Cu2+

and Zn2+ at the concentration ratio of 1:3 and 3:1.
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5.4 Application of site-binding model to OT − Cu2+/Zn2+ system

Figure 5.6 Change in the surface potential recorded from Au and Au-OT
surfaces: (a) after adding high concentration (10−7 M) of Cu(NO3)2 followed
by titration of Zn(NO3)2; (b) addition of 10−7 M of Zn(NO3)2 followed by
titration of Cu(NO3)2. The measurement starts in the ammonium acetate
first to obtain the baseline. Arrows indicate the addition of the initial high
concentration of metal salt and the first and the last addition of the other
salt. To keep the concentration of the first added salt constant throughout the
measurement, every solution with the second salt contained also the first one,
to compensate for the amount extracted from well. (b), (d) Extracted potential
values from each "step" and calculated differential response to Zn(NO3)2 and
Cu(NO3)2, respectively.

5.4 Application of site-binding model to OT − Cu2+/Zn2+

system

Theoretical model, developed in section 3.3.2, describes receptor, that can bind
two ions, and the complexes formed are 1- and 2+ charged. The model includes
also deprotonation of the receptor’s binding groups. We can therefore assume
that this model could describe our OT-Cu/Zn system. We plot the modeled
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surface potential (5.7a), highlighting the case of Ψ0 change with an increase of
Zn2+ concentration when Cu2+ is at 10−8 M, and vice versa.

Figure 5.7 Modeled surface potential in the case of receptor, selective to two
ions, Cu2+ and Zn2+. (a) Surface potential plotted versus Cu2+ and Zn2+

concentration. Red and purple lines on the surface highlight the experimental
conditions, the response to one ion measured in the presence of constant con-
centration of the other ion (10−8 M). (b) Surface potential versus concentration
of Cu2+/Zn2+, extracted from the 3D plot for clarity.

In this case the modeled response does not correspond exactly to the obtained
data (figure 5.6). In the model differential response shows the opposite trend:
positive for OT-Cu complexation and negative for OT-Zn. Considering the
sign of the response, the modeled one is more similar to the data obtained for
Cu2+ and Zn2+ detection only (figure 5.2).

Also, in the model we assume that all the ions at certain concentration bind
to OT on the surface. In reality, however, the effective concentration is lower,
which could also explain the difference in the modeled and experimental data.

5.5 Surface passivation with thiols

Metal ions interact with a gold surface, contributing to the measured signal (due
to additional contribution to the net surface charge) and therefore interfering
with the specific analyte response. We investigated the possibility of surface
passivation of the gate surfaces, to minimize nonspecific adsorption. For
this purpose we selected octane- and dodecanethiol (C8H18S and C12H26S,
respectively), which form densely packed monolayers on gold surfaces115, as
shown in figure 5.8.

Figure 5.9 shows the measured response from Au and Au-thiol surfaces to
Cu(NO3)2 salt solutions in the concentration range from 0.1 pM to 10 µM.
For the two highest concentrations, we observe a significant increase in the
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5.5 Surface passivation with thiols

Figure 5.8 Schematic of the gold surfaces, passivated with the monolayers of
dodecane- and octanethiol.

surface potential for Au electrodes, whereas for the electrodes, functionalized
with octane- and dodecanethiols, the measured signal returns to the baseline,
indicating effective surface passivation.

As a next step, we functionalized the surface with OT and thiols in a two-step
procedure: first, the OT solution in Milli-Q water was deposited on the gold
surface for a minimum of 12 hours; then the OT solution was removed, followed
by the Milli-Q water rinse, and thiol solution was applied. The surfaces are
schematically shown in figures 5.10a,b.

The change in the surface potential for one Au-OT-octanethiol surface oc-
curred upon adding 0.1 mM Cu2+ concentration and for one Au-OT-dodecanethiol
surface (10 µM and 0.1 mM). This change, however, as is was observed at
high concentrations, could also be due to "breakthrough" cases of Cu2+ ions
reaching the surface, with a typically observed increase in the surface potential.
In addition, the potential change after adding these Cu2+ concentrations is
relatively high (in the range of 100-200 mV), which is usually observed for the
non-specific adsorption of metal ions on Au surfaces. Therefore, the data in
figures 5.10c,d suggest that despite surface passivation was achieved for most
of the surfaces, we can not conclude that the specific response was observed.

The reason for not observing the specific OT-Cu/Zn response can be due
to the hydrophobic effect of the thiols used. Since metal ions in the solution
are surrounded by water molecules, it is possible they cannot approach OT
close enough for binding. Therefore shorter hydrophilic molecules, such as
6-mercapto-1-hexanol, could be more suitable for passivation with further ion
sensing application (figure 5.11).

In addition, the surface passivation procedure can be improved. Since
thiol molecules have a stronger affinity to gold than OT, it is likely that OT,
assembled in a first step, was removed from the surface by thiols, deposited in
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Figure 5.9 Change in the surface potential upon addition of Cu(NO3)2 salt
solutions in ammonium acetate (50 mM, pH 7) measured on the electrodes,
gold (Au) and functionalized with octane- and dodecanethiols. Each line shows
the measured surface potential on the individual electrodes. The measurement
starts in the ammonium acetate first to obtain the baseline. Arrows indicate
the time of adding the Cu(NO3)2 solutions of higher concentration.
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5.5 Surface passivation with thiols

Figure 5.10 Surface potential recorded from the Au, Au-thiol and Au-OT-thiol
surfaces. We show the data in the concentration range from 0.1 µM to 0.1 mM,
where the change in the surface potential was observed.

Figure 5.11 Schematic of the gold surface, functionalized with mercaptohex-
anol and OT.
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a second step. Therefore, preparing the solution of equal concentration of OT
and thiols and depositing this mixture at once could be a promising approach.

5.6 Conclusions to the Cu2+ and Zn2+ detection with
Oxytocin

We have investigated the response of OT in the range of Cu(NO3)2 and
Zn(NO3)2 concentrations from 0.01 fM to 0.1 mM. We can differentiate
between the response of our OT-functionalized device to the solutions with
Cu2+ and Zn2+ ions with concentration ratio 1:1, 2:1, and 1:2, as in the
latter case, there are enough positively charged OT-Zn complexes formed to
compensate contribution from the negative change of OT-Cu complexes. When
we increased ratio further, to 1:3 and 3:1, we found that the sensor’s response is
more similar to the case when we studied the OT response to Cu2+ and Zn2+

ions separately, suggesting the dominating effect of ion at higher concentration.
Since in all the experiments we observe a background signal, we investigated

the opportunity of passivating the surface to suppress the background response.
We assembled octane- and dodecanethiols on the surface, and as a result,
non-specific Cu2+ ion adsorption was prevented. Specific OT-Cu response was,
however, not confirmed. We describe possible reasons and suggest using another
molecule, 6-mercapto-1-hexanol, and modifying the passivation procedure.
Implementing such an approach could potentially solve the issue of non-specific
adsorption in potentiometric sensors.
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6 Physiochemical profile of the aggregation
pathway of Parkinson’s alpha-synuclein
protein

Contributions: αSyn samples were prepared by Olena Synhaivska from the αSyn
in lyophilized state, synthesized by Dr. Silvia Campioni. AFM measurements
and analysis were conducted by Dr. Peter Nirmalraj. MD simulations were
done by Dr. Shayon Bhattacharya and Prof. Damien Thompson from Uni-
versity of Limerick, Ireland. Olena Synhaivska conducted Raman spectroscopy
measurements and data analysis, and integrated all the results together for an
overview analysis of αSyn aggregation pathway presented in this chapter.

6.1 Introduction

Neurodegenerative diseases, such as Parkinson’s (PD) and Alzheimer’s (AD)
affects millions of people worldwide and is a serious global health crisis. The
incidence of PD cases is the fastest to increase116. Currently, it is estimated
that 50 million people live with AD and 10 million people with PD117, and
with the aging of the population, these numbers are predicted to rise116? ,
creating new challenges for future generations.

Although massive efforts are currently underway to decode the genetic and
environmental triggers that could lead to AD and PD, underlying molecular
level pathogenesis remains to be fully understood118,119. However, there is a
definite consensus that the processes of misfolding and aggregation of proteins,
alpha-synuclein (αSyn) and amyloid-beta, occur in the case of PD and AD,
respectively2,3. Aggregation of tau proteins causes another entire group of
disorders, called tauopathies4 and tau peptides have also been implicated in
the pathology of AD.

Early-stage diagnosis of the above-mentioned pathologies is challenging, as
the symptoms are mild and can also occur during normal aging118. Currently,
the clinical diagnosis possible at stages when symptoms become visible, which
is already an indication of later stages of the disease. Therefore, understanding
the exact reasons for their development at the molecular level will shed light
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Figure 6.1 Schematic of the aggregation of aSyn from monomer, oligomers,
protofibrils, to mature and elongated fibrils.

on the pathogenesis of these diseases and will also help with early diagnosis,
prevention, and treatment120.

Over the last twenty years of research on Parkinson’s disease, it is now widely
accepted that protein αSyn is the main regulator of PD pathology121,122. It is
a natively disordered protein, consisting of 140 amino acids123 and has three
domains: N-terminal (lipid-binding α-helix), amyloid-binding central domain
(NAC), and C-terminal (acidic tail)5. This protein has a tendency to gradually
aggregate, leading to the formation of fibrillar aggregates, as schematically
shown in figure 6.1. One of the pathological hallmarks of PD is the presence of
intraneuronal αSyn aggregates in Lewy bodies124. Understanding the reasons
that cause αSyn to aggregate will allow to shed a light on the pathogenesis
of PD and ultimately to find a cure. Therefore, studying its aggregation is
necessary.

αSyn aggregation can be reproduced in laboratory conditions, by incubating
the protein solution with mechanical agitation at higher temperatures. Samples
can be prepared at different time points for the analysis and monitoring of
an aggregation process. Various techniques have been used for the character-
ization of αSyn aggregates. The most commonly used methods are infrared
spectroscopy, optical fluorescent microscopy125, electrospray-ionisation mass
spectrometry2,122, Raman spectroscopy4, nuclear magnetic resonance (NMR)
and electron paramagnetic resonance (EPR) spectroscopy126. In addition
to experimental studies, theoretical modeling is also an active research field.
Molecular dynamics (MD) is yet another powerful method for understanding
protein aggregation in experimentally inaccessible timescales and to gain a
deeper insight into the dynamics and energetics of the folding and aggregation
process127.

In this study, we combine AFM and Raman spectroscopy to clarify the size,
shape, morphology, and spectrochemical signature of the aggregates formed
along the αSyn assembly pathway on a clean gold surface. To gain a deeper
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understanding of the αSyn interactions on gold we rely on molecular dynam-
ics simulations in collaboration with simulation experts at the University of
Limerick, Ireland. The combination of these methods allows complex charac-
terization of protein aggregates under both standard laboratory conditions at
experimentally inaccessible time scales (10-100 ns). AFM allows visualizing
proteins with a high resolution in their different aggregation stages in the air as
well as at the solid-liquid interface. Raman spectroscopy provides information
on the protein chemical structure, and the information on its aggregation state
can also be extracted, as it is reflected in the amide I (1640-1690 cm−1) and
amide III region (1230-1300 cm−1) due to the higher content of the β-sheet in
the aggregated state128,129.

Therefore, combining these techniques allows fully characterize the αSyn
aggregates by correlating their morphology and chemical structure. Importantly,
these methods are label-free.

Effect of metal ions

Genetic reason for the development of PD is attributed to 20% cases. The
other causes of the onset of PD are aging and environmental factors, such as
exposure to heavy metal ions and pesticides, as well as brain injuries130,131.
For example, studies have shown that people exposed to high doses of heavy
metals from the environment for a long time, such as miners132, are more likely
to develop PD.

Therefore, a substantial amount of research has been done on the investigation
of how these metal ions can impact protein aggregation5,122. Copper, calcium,
and manganese ions are considered to be the most cytotoxic133, and can cause
early onset of aggregation and affect its rate. A recent study has confirmed the
presence of copper and iron in the human brain tissue9. With high-resolution
(20 nm) synchrotron-based scanning transmission x-ray microscopy (STXM)
presence and spatial distribution of copper and iron were determined in human
amyloid plaques. In addition, magnetic properties of different regions of the
sample were correlated to their chemical structure via x-ray magnetic circular
dichroism (XMCD) effect. The combination of these techniques allowed the
detection of elemental metallic copper and iron. Cu2+ has been also detected at
elevated concentrations in cerebrospinal fluid (CSF) from patients with PD134.

In addition to the ongoing efforts, it would also be beneficial to address the
issue of metal ion interactions with αSyn at a single particle level under in
vitro conditions, as this could also advance our current understanding of the
metal ion-αSyn interactions.

In this project, we aim to study the aggregation pathway of αSyn with AFM,
Raman spectroscopy, and MD simulations. As copper is one of the key ions
that interact with αSyn7, we investigate its aggregation pathway with and
without the presence of copper ions.
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6.2 αSyn sample preparation and measurement techniques

In this section, we provide the details on the preparation of αSyn samples and
the measurement techniques, AFM and Raman spectroscopy.

6.2.1 αSyn sample preparation
αSyn solutions were prepared by dissolving lyophilized protein (30 mg/ml
when dissolved in 2 mL) in PBS buffer at pH 7.4. This led to the decrease of
pH, which was then adjusted to 7.4 by adding sodium hydroxide (NaOH) of
1 M concentration (25-30 µl). After the filter membrane of Amicon Ultra-4
Centrifugal Filter Unit (NMWL 100 kDa) was hydrated by running centrifuge
three times with 4 ml of PBS buffer (3200 g, 5 minutes), αSyn solution was
centrifuged for 30 minutes to filter out large αSyn chunks that were not dissolved.
Then 200 µl volume (or 10% of solution volume) of PBS was added to the filter
and mixed using a pipette to extract remaining aSyn from the bottom part of
the filter, followed by centrifugation for 5 minutes.

Afterwards the final concentration of αSyn (ϵ280=5960 M−1cm−1) was mea-
sured with spectrophotometer Implen Nanophotometer NP80 UV/Vis. After-
ward, the solution was diluted with PBS buffer to 300 µM aSyn concentration.
V-shaped 1.5 ml Protein LoBind tubes were filled with 500 µl αSyn solution
and incubated in Eppendorf ThermoMixer C at 37 °C for 7 days. To investigate
the effect of Cu2+ ions on the αSyn aggregation rate, its solution was added
to the aliquot with αSyn before the incubation. For each experiment, three
aliquots of 300 µM αSyn concentration were prepared for comparison: not
incubated, incubated without, and with Cu2+ ions. For AFM and Raman
spectroscopy measurements samples were prepared by drop-casting 50 µl of
aSyn solution on different substrates (gold/mica, mica, Silicon). Samples were
dried in ambient conditions.

Preparation of Cu2+ ion solutions

Cu2+ ion solution of concentration 10 µM was prepared by dissolving copper(II)
chloride in PBS buffer, pH 7.4 (Merck Millipore). Then 50 µl volume of prepared
copper chloride solution was added to the aliquot with 500 µl of αSyn, leading
to the final Cu2+ ion concentration of 1 µM.

6.2.2 AFM
Liquid-based atomic force microscopy was performed using a Multimode 8
AFM (Bruker) equipped with a flow cell. For the AFM probe, a SCOUT
70 HAR silicon AFM tip with a high aspect ratio was used in tapping mode
(gold reflective backside coating, force constant 2 N/m, resonant frequency: 70
kHz, cone angle of <15°over the final 1 µm of the tip apex, NuNano). Before
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Figure 6.2 Raman signal obtained on αSyn samples with three laser wave-
lengths: 488 nm, 532 nm and 785 nm.

inserting the AFM probe in the holder, the AFM tip was cleaned by rinsing in
acetone for 30 s followed by rinsing in isopropanol for ∼1 min followed by blow-
drying with compressed air. After mounting the AFM probe in the tip holder,
5 µL volume of alpha-synuclein solution was injected through the inlet port
in the liquid-cell holder on atomically flat Au(111). Before deposition of the
αSyn solution, the Au(111) on mica (commercially obtained from Phasis, Inc)
samples were thoroughly cleaned (acetone rinsing followed isopropyl alcohol
rinsing and blow-drying with N2) and the surface quality was checked using
an AFM. After ∼2 min the liquid cell was gently flushed with pure water and
the AFM was immersed and tuned in the pure water medium to generate the
AFM images shown in the main manuscript.

6.2.3 Raman spectroscopy

Raman spectra were obtained using WITec Alpha 300 R confocal Raman
microscope. After acquiring spectra with three different lasers (wavelength
488 nm, 532 nm, 785 nm) as shown in the figure 6.2, we concluded that 532
nm laser gives the highest resolution and therefore is the most suitable for our
application. For all the measurements we used the spectrometer grating of 600
g/mm and Zeiss 100× objective, NA = 0.9. Raman maps were acquired on
typically 15 µm by 15 µm surface, with 1 µm steps, 1 s integration time, (225
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Figure 6.3 Background (BG) subtraction from raw aSyn spectra obtained on
the Au/mica substrate. a) Full spectrum (averaged over the surface area of 15
by 15 µm, 225 spectra in total) and b) close-up to the region of interest before
and after polynomial subtraction. We used a third-order polynomial.

spectra in total). Time series were acquired on the same spot (normally 60
spectra, 1 s integration time).

Laser power was adjusted for different substrates: 40 mW for mica, 20 mW
for silicon, 10 mW for gold/mica. For every area scan, one average spectrum
was obtained. To obtain representative spectra of the measured sample, average
spectra of multiple areas were normalized and then averaged. For the spectra
obtained on Au/mica surface, we did a background (BG) subtraction, as shown
in figure 6.3.

6.3 Results and Discussion

In this section, we present and discuss AFM and Raman spectroscopy data,
obtained on αSyn samples, prepared with different incubation times, from 1
to 10 days. Such an approach allows studying the different phases of αSyn
aggregation, from embryonic (monomers and small oligomers) to lag (large
oligomers and short fibrils), elongation (isolated long fibrils), and saturation
(densely packed layered fibrils).

6.3.1 AFM based analysis of αSyn aggregation pathway at gold
water interface

Figure 6.4 shows AFM data on the early stages of αSyn aggregation, with
incubation for 1, 2, 3, and 4 days.
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Figure 6.4 Embryonic and lag phase of αSyn aggregates resolved on gold.
Large-area AFM topographic (a) and phase-contrast image (b) of αSyn peptides
in the form of monomers and small oligomers adsorbed on the terraces of ultra-
flat gold (surface roughness of bare gold regions: 0.2 nm). The AFM data
shown in panels a, f, k, m were recorded after incubating the αSyn solution
for 1, 2, 3, and 4 days at 37° C under mechanical agitation, respectively, as
labeled D1-D4. (c-d) Individual cross-sectional profiles were measured across
the particles visible from the AFM topography (panel a) and indicated by the
respective colored lines in panel b. (e) and (f) AFM height and phase-contrast
image of major αSyn oligomer populations on Au (111). (g) and (h) Cross-
sectional profiles measured along the color-coded lines across the oligomeric
aggregates as marked in panel f. (i-k) High-resolution AFM height maps of
oligomeric and dendritic αSyn structures observed on Au (111) after three days
of incubation.

We can see an increase in the length of different aggregated structures formed
with longer incubation time, from monomers to oligomers and protofibrils.
Figures 6.4c-h show the extracted cross-sectional profiles from the obtained
topography images. After one day of incubation, only monomers and small
oligomers are observed on the surface. After two days, there are mostly larger
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oligomers. The particle height increases from ∼1 nm to ∼6.5 nm. After three
days of incubation, large oligomers and dendritic structures are present on the
surface. After four days of incubation (6.4k), we observe a formation of small
protofibrils, on top of the layer of αSyn oligomeric dendritic structure.

After 5 days of incubation, fibrils of length in the submicromolar range (from
260 nm to 850 nm) were observed, as shown in figure 6.5a, b, d. Measurements
on the αSyn fibrils deposited on the gold surface were conducted in three
different conditions: when αSyn was in the dry state (trial 1), in clean grade
water (trial 2), and in PBS buffer (trial 3). Trial 1 was performed when αSyn
in buffer solution was drop casted on gold and then gently rinsed with clean
water and air-dried for imaging. Trial 2 was performed in separately prepared
αSyn solution of identical concentration as trial 1 and then deposited on gold,
rinsed, and retained in clean water. Trial 3 was performed in a separate study
with identical αSyn solution concentration as trial 1 and trial 2, but in the
PBS buffer.

Figure 6.5 Quantifying the elongation phase of αSyn from AFM topography
images. (a-c) High-resolution AFM height images of mainly protofibrillar
aggregates with typical nodular morphology were observed on Au(111). (d)
Statistical analysis of the mean length of fibrils resolved on day 4 (D4) and
day 5 (D5) of αSyn solution incubation. A significant increase in fibril length
was detected between day 4 and day 5 of αSyn solution incubation for all three
trials. (e) Statistical analysis of mean fibril height calculated from the AFM
images acquired on day 4 and day 5 of αSyn solution incubation based on three
separate trials.
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Histograms (figure 6.5c, e) show the mean length and the mean height of
the observed fibrils in all three experimental trials after four and five days of
incubation. The length increases from ∼125 nm to ∼750 nm. In the fibril
height, however, only minor change was detected on day 5 compared to fibril
height measured on day 4 of αSyn solution incubation.

From day 6 to day 10 we observe evolution in the spatial organization of fibrils
from sparse to dense network (6.6). After 10 days of incubation, phase-contrast
images show the close-packed and layered arrangement of αSyn mature fibrils.

Figure 6.6 Stepwise mapping of densification in the saturation phase of α-
synuclein. High-resolution AFM topographs revealing the evolution in the
spatial organization of fibrils from a sparse to dense network on gold after αSyn
solution was incubated for 6 (a), 7(b), 8(c), 9(d), and 10(e) days. The AFM
data shown in panel a-g were recorded in a clean water environment. The
phase-contrast images (f-g) reveal the close-packed and layered arrangement of
αSyn mature fibrils on gold recorded on day 10 of the aggregation pathway
of αSyn. (h-k) Height profiles extracted along the respective color-coded lines
indicated in panels a, b, c, and d showing the differences in fibril height with
respect to the underlying gold surface.

Despite rinsing the buffer solution with clean water and imaging in a water
medium, a residual buffer salt layer is present in certain regions of the gold
surface (bottom inset image in figure 6.6c) on which the fibrillar network is
adsorbed. The height profiles of fibrils after 6, 7, 8, and 9 days of incubation
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(6.6h-k) are calculated by measuring the difference in height between the maxi-
mum peak position and underlying gold rather than calculating the difference
in height between the buffer salt layer and fibril maximum height. The height
profiles are in the range from ∼6.5 to ∼11.5 nm, however, the fibrils of ∼7 nm
height are the most common.

6.3.2 Molecular dynamics simulations to decipher monomer,
oligomers of αSyn at the gold water interface

Molecular dynamics simulations were performed by Prof. Damien Thompson
and Dr. Shayon Bhattacharya from the University of Limerick, Ireland. Fig-
ure 6.7a-d shows simulated αSyn structures adsorbed on gold: monomer, dimer,
trimer, hexamer.

Figure 6.7 Heights, structural deviation, size, and shape of αSyn assemblies
on Au(111)-water interface from molecular dynamics (MD) simulations. (a–d)
Representative structures of monomer, dimer, trimer, and hexamer showing
their average maximum height on Au(111) surface during 200 ns dynamics. (e)
Monomer and oligomers maximum heights as a function of simulation time
and (f) their density of distribution on the surface of Au(111).

On the gold surface, the monomer from an initial protofibrillar conformation
collapses within the first 20 ns, as shown in figure 6.7e, the height profile as
a function of time. αSyn dimer also collapses, but to a lesser extent than
monomer. The height of the trimer and hexamer does not change upon contact
with a surface. From the MD simulations, the obtained height distribution is
shown in figure 6.7f. The peak values are ∼3.5 nm, ∼4.0 nm, ∼7.0 nm, ∼10.0
nm for monomer, dimer, trimer, and hexamer, respectively. The cross-sections,
shown in figure 6.4 and histograms in figure 6.5 suggest the aggregate height
of 6-7 nm to be the most frequently appearing. The aggregate of such height
resembles a trimer, predicted by the simulations.
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Figure 6.8 shows the height values, extracted from AFM measurements on
the αSyn samples in a dry state, in clean water, and in buffer over a span of 10
days. Protofibrillar aggregates were first detected on the third day during all the

Figure 6.8 The increase in height values of the full spectrum of particles
from monomers to fibrils versus αSyn solution incubation time over a span
of 10 days. The red, green, and blue plots correspond to particle heights
measured separately in three different trials in a dry state, clean water, and
in buffer medium, respectively, with mean and error bars obtained from 150
measurements recorded each day of each trial.

trials (marked by the black dashed box in figure 6.8). Onset of mature fibrillar
aggregates was observed only on the fifth day of αSyn solution incubation
during trial 1 and 2 (indicated by the blue dashed box in panel b) and was
detected on the sixth day during trial 3 (indicated by the red dashed box in
panel b), which was conducted in buffer solution environment.

6.3.3 Raman spectroscopy based chemical analysis of αSyn
aggregates

Raman spectroscopy is a powerful tool for identifying the αSyn aggregation
state128,129,135. Analysis of Amide I and Amide III bands provides information
on changes in aSyn secondary structure upon its aggregation128,129 Amide II
band is composed of C-N stretching and N-H bending, is considered a weak
vibration, and cannot be observed without resonant excitation136,137.

Figure 6.9 shows Raman spectra of αSyn in different aggregations states,
from the embryonic phase to lag phase, elongation phase, and saturation phase.
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We first normalize the obtained spectra to Phe band (1003 cm−1). This band
is not sensitive to the conformational changes and therefore is not affected
by the aggregation of aSyn128. The intensity of the Amide I band, with a

Figure 6.9 Averaged spectral signature of aggregates adsorbed on gold recorded
during the embryonic phase (green plot), lag phase (red plot), elongation phase
(blue plot) and saturation phase (black plot) occurring along the aggregation
pathway of α-Syn, normalized to Phe band at 1003 cm−1.

peak maximum at 1670 cm−1, increases with aggregation from embryonic to
elongation phase, indicating an increase in β-sheet content.

To visualize better the peak positions, we scaled all the spectra from 0 to 1, as
shown in figure 6.10. In the Amide III region (resulting from C−N stretch and
N −H bend) (figure 6.10b) we observe a shift to the left of a peak maximum
that corresponds to the β-sheet content, in the region from 1220 cm−1 to 1248
cm−1 138. Peak maximum in the embryonic phase is at 1244 cm−1, in the
lag phase 1241 cm−1, and in the elongation phase 1239 cm−1. The shift of
this peak was also observed by Flynn et. al.128 upon aggregation of α-Syn.
Interestingly, we also observe a shift of a peak from 1285 cm−1 to 1282 cm−1

from lag to elongation phase, which indicates a decrease of α-helical content.
Along with the increase of β-sheet content, this shift indicates aggregation129.

Bands at 1405 cm−1 and 1450 cm−1 (figure 6.10c) appear due to the side-
chain vibrations, such as CO−

2 (1405 cm−1, symmetric stretch) and CH2, CH3
deformations (1450 cm−1)128,139. These bands are present in the observed
spectra throughout the aggregation process. For the lag and elongation phases,
we observe a low-intensity peak around 1550 cm−1, which is in the expected
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Figure 6.10 Evolution in the chemical structure of αSyn aggregate resolved
using Raman spectroscopy. (a) Averaged spectral signature of aggregates
adsorbed on gold recorded during the embryonic phase (green plot), lag phase
(red plot), elongation phase (blue plot), and saturation phase (black plot),
occurring along the aggregation pathway of αSyn. (b) Amide III spectral region
(1200-1300 cm−1) indicated by the green shaded region in panel a. (c) Close
up to the central region (1350-1550 cm−1), including Amide II spectral region
indicated by the blue shaded area in panel a. (d) Amide I spectral region (1600-
1700 cm−1) indicated by the orange shaded region in panel a. (e) Individual
spectroscopic traces (shown in red plot) and the averaged spectral plot (shown
in blue plot) acquired during the elongation phase of αSyn aggregation.

region of the amide II band.
In the Amide I region (mostly due to C = O stretching), shown in figure 6.10d,

we observe an increase in the intensity of the peak at 1670 cm−1, compared
to the intensities of the peaks in the amide III region, with aggregation from
embryonic to elongation phase. This peak corresponds to β-sheet content138.
For the spectra in figure 6.10a referred to as a saturation phase (black line),
a peak with a maximum at 1670 cm−1 is less prominent. In this phase, we
observe a strong peak with a maximum at 1604 cm−1, which was not present in
the previous aggregation states. This peak could be attributed to Phenylalanine
(Phe)118,139, but it is usually weak129. Therefore, a more likely assignment of
1004 cm−1 peak is a shift of Amide I band upon aggregation, and although it
was not observed in the previous phases, it could be coming from the complexity
of the αSyn film structure on the surface. Such difference in the spectra, in
comparison to the previous phases, indicates that major changes occur in the
structure of αSyn aggregates from oligomers to mature fibrils. Indeed, the
corresponding to this spectra AFM image (figure 6.6e), shows densely packed
fibrillar structures, that were not observed during the previous nine days of
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the experiment. In addition, we prepare samples for Raman measurements
by drop-casting the αSyn solution and letting it dry. Therefore, it is likely
that αSyn aggregates in different aggregation stages are present on the same
sample, since, in the solution, not all the protein aggregates will be in the same
phase, contributing to the variations in the obtained Raman spectra. This is
also illustrated in figure 6.10e, which shows Raman spectra acquired during
the elongation phase (in red) in the different areas on the sample, and the
averaged spectra (in blue). We observe minor changes in the spectra within the
same sample that can be due to the presence of aggregates that are in different
phases on one sample. Obtained spectra provide structural insights into the
chemical structure of aSyn aggregates, complementary to the AFM data.

6.3.4 Impact of Cu2+ on the aggregation of αSyn
Copper is involved in many physiological processes and is essential for human
health7. Therefore alterations in copper homeostasis can lead to various
diseases, including neurodegenerative disorders such as PD. The interaction
of copper ions with αSyn has been shown to trigger its aggregation5,121, as
binding of Cu2+ leads to protein misfolding, which facilitates the aggregation
process121.

Several copper binding sites, consisting of amino acids in N- and C-terminal
of αSyn, are known: amino acids Met1, Asp2, and Met5 and Met1, Asp2, in
the N-terminal (high affinity binding site), His50 (N-terminal), and Asp119,
Asp21, Asn122, and Glu123 in C-terminal (low affinity). Copper ions can bind
to αSyn monomer as well as to fibrils, however, the amino acids involved are
different.

Figure 6.11 shows simulations of αSyn trimer with Cu2+ ion, bound to each
αSyn in two ways: via amino acids Met1, Asp2, and a water molecule (2N2O)
and Met1, Asp2, and His50 (3N1O).

In αSyn monomeric form, His50 can be involved in binding. However Cu2+

does not bind to His50 in fibrils140, as the end of N-terminal with Met1 and
Asp2 amino acids is not coming close enough to His50. In addition, copper
that has already bound to His50 in αSyn monomer can abolish this binding
site upon αSyn aggregation. As we can see from the simulations, in order to
bind Cu2+ ion in 3N10 configuration, a significant conformational change of
αSyn is required. Therefore, the end of the N-terminal with a binding site
consisting of Met1 and Asp2 is much more flexible and favorable when αSyn
fibrils are formed.

To investigate how the aggregation pathway of αSyn is affected by Cu2+ ions,
we incubated the protein with Cu2+ of 1 µM concentration. In our experiments,
αSyn was exposed to Cu2+ starting from its monomeric state, when it can
bind to multiple sites. Later, however, throughout the aggregation process,
as fibrils start to form, different binding mechanisms take place. The αSyn
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Figure 6.11 Cu2+ coordination in αSyn trimer in Greek-key fold via amino
acids Met1, Asp2 (a) and via Met1, Asp2 and His50 (c). (b), (d) Close-up to
the Cu2+ binding sites.

solution was deposited on the Au surface every day from day 1 to day 10 to
monitor the aggregation process.

Figure 6.12 shows an AFM image of the αSyn aggregates after one day of
aggregation. The majority of structures observed are annular oligomers, which
are considered to be the most cytotoxic due to membrane permeabilization141.
Previously the formation of annular oligomers was observed only as an effect
of Ca2+ ions142.

To investigate the chemical structure of the aggregates, we also conducted
Raman spectroscopy measurements on the samples incubated with Cu2+ over
a span of 10 days. The obtained Raman spectra are shown in figure 6.13. From
the spectra, we can see that starting from the first day, the spectral signature
is similar to the previously observed spectra of αSyn in the elongation phase
(6.10a), suggesting an advanced stage of aggregation after such a short time.

We also observe different Amide I band intensities, an increase of which would
indicate the advancement of aggregation. However, an increase of intensity
with an increase of incubation time is not observed in all the samples. It can
happen due to the αSyn aggregates being in different aggregation stages that
are present on the same sample, as we have discussed in the previous section.
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Figure 6.12 AFM image of annular shaped oligomeric αSyn aggregates resolved
at the gold water interface after incubating the αSyn solution with copper for
1 day. In addition to the annular oligomers, spherical particles with varying
sizes and dendritic structure are also visible from the AFM topograph.

Figure 6.13 Evolution in αSyn aggregate chemical structure resolved by
Raman spectroscopy over 10-day experiment. Protein solution was incubated
for 10 days, and samples were prepared from day 1 to day 10 to monitor the
aggregation process. (a) Spectra obtained throughout the 10 day experiment.
(b) Close-up to the Amide I region.

88



6

6.4 Conclusions

6.4 Conclusions

Early diagnosis and treatment of PD remain a challenge. Understanding the
cause of this disease is essential for early detection, which is key for delaying
and disabling disease progression.

The hallmark of the disease, protein αSyn, is an intrinsically disordered
protein that tends to form aggregates in the brain, therefore these processes are
extensively studied. It has been found that some metal ions, such as copper,
zinc, calcium, iron, manganese facilitate the aggregation process. Therefore,
understanding the reasons for αSyn aggregation and how it is affected by metal
ions could be a promising path in search of pre-clinical biomarkers for early
treatment of PD.

We combined AFM, Raman spectroscopy, and MD simulations to resolve
the aggregation pathway of αSyn at the molecular level. Our measurements
were conducted with the purest form of protein in buffer conditions, which can
help to understand the aggregation processes happening in the brain in the
future by correlating the results with clinical data from patients.
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7 Conclusions & Outlook

Metal ions play an important role in vital biochemical processes in the human
body, interacting with peptides and proteins. It is known that too low as well
as too high concentrations of metal ions can cause various health problems,
damaging kidneys, bones, and/or the liver. The imbalance of metal ions is also
linked to the development of neurodegenerative diseases, such as Alzheimer’s
and Parkinson’s. Therefore, monitoring the concentration of metal ions and
understanding their complexation mechanisms with peptides and proteins opens
up possibilities for early diagnosis and for developments of a cure.

In this work, we first systematically investigated the application of peptides
GGH and OT for specific detection of Cu2+ and Zn2+ ions, integrated as
receptors in potentiometric sensors.

Direct functionalization, achieved by conjugation of GGH peptide with
lipoic acid prior assembly and by utilizing double sulfur bond present in the
structure of OT is definitely an advantage to use in sensors. It makes them
more convenient in use, simplifying the functionalization procedure as well as
saving time for preparation.

The challenges that arise when working with such sensors are due to the
complex nature of a solid-liquid interface. Interpreting the measured signal,
besides conditions such as kind and pH of electrolyte solution, the concentration
range of a target analyte, all the reactions which take place at the surface
must be taken into account. Target species interact with an electrode material,
resulting in an additional change in the potential at the surface, therefore
interfering with the specific signal.

Addressing the issue of the non-specific contributions to the detected signal
is necessary, and we took steps towards preventing the interaction of metal
ions with the surface by passivating it with a dense layer of thiol molecules and
we suggest that surface passivation with a carefully selected molecule could
solve this issue.

Our results highlight that great care must be taken when using potentiometric
sensors in combination with peptides for affinity sensing, as the electrolyte’s
properties need to be known. Having multiple surfaces for multiplexed sensing
can address this problem, by measuring other parameters in the analyte solution
to complete the picture and achieve accurate results.

In the final project, we combine AFM, Raman spectroscopy, and MD simu-
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lations to characterize the aggregation pathway of αSyn, a protein that plays a
key role in the pathogenesis of Parkinson’s disease. AFM allows visualizing
αSyn aggregates, resolving them at the molecular level. Raman spectroscopy
provides information on their chemical structure, and MD simulations help to
understand better how exactly αSyn forms aggregates. The combination of
these methods allows distinguishing between different aggregation phases.

Systematically obtained data on pure αSyn are of great importance. Clinical
samples, such as CSF or blood obtained from patients, are more complex.
Results on pure αSyn aggregation can be then correlated with the clinical data,
facilitating the understanding of the diagnosis.

Ultimately, the sensing device for identification of the αSyn aggregates and
distinguishing between their stages would be the goal. Taking the best from the
field of potentiometric sensors (CMOS compatible fabrication process, small
size, flexibility in the design, multiplexed sensing) and the extreme relevance of
research on PD for the society due to rapid increase in its incidence over past
decades, will be definitely an advantage as a supporting diagnostics method.
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Appendix A. Fabrication protocols

Fabrication protocol for extended gate-like gold electrode
device

Substrate cleaning:
- Place substrate in Piranha solution (H2SO4:H2O2, 2:1, 100 ml and 50 ml)
for 2 hours or overnight
- Ultrasonic bath in Aceton (5 mins); Isopropanol (5 mins); DI water (5 mins)

Resist spinning
- Dehydration bake 200°C, 5 mins
- Hexamethyldisilazane (HMDS) treatment: place substrate for 5 mins in the
prepared Petri dish with previously added few drops of HMDS for ∼20 mins
to create HMDS atmosphere
- Resist AZ5214E, 5000 rpm/5 s/30 s; ∼70% substrate coverage
- Soft bake 100°C, 60 s

Photolithogtraphy
- UV exposure (30 mJ/cm2 at 405 nm)
- Post exposure bake: 120°C, 45 s
- Flood exposure: 250 mJ/cm2

Development
- Developer MIF726, 17 s, water rinse

Gold deposition
- Deposit 5 nm Ti (adhesion layer), 50 nm Au
- Lift-off in dimethyl sulfoxide (DMSO), 80°C, 1-2 hours
- Ultrasonic bath: Aceton 5 mins, Isopropanol 5 mins, water 5 mins

PDMS
- 5 gram of PDMS (Polydimethylsiloxane) mixture per sample (SYLGARD 184
Silicone Elastomer kit, 10:1 component ratio)
- Degas for 20 mins
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- Bake at least 2 h at 60°C
- Cut out PDMS from mold, punch holes

Glass-PDMS bonding
- Clean PDMS with scotch tape
- Clean glass samples and PDMS in Isopropanol, 10 mins; dry with N2
- Put glass samples and PDMS in UVO plasma cleaner for 10 mins, with sides
that will be bonded facing upwards
- Align PDMS on glass, making sure that gold electrodes are not covered with
PDMS and that no air bubbles appeared between the glass sample and PDMS
- Bake on a hot plate at 80°C for 10 mins

Reference electrode
- Prepare KCL-agarose solution: 50 ml DI water, 1% agarose (0.5 g), 1M KCl
(3.7 g)
- Stir and heat the solution to 80°C
- Cover gold electrode in reference well with Ag/AgCl paste
- Heat samples to 140°C, then cool down to 60°C
- Add 50 µL of KCl-agarose solution to the reference well, push through the
microchannels; wait 10 mins to let it jellify
- Add more KCl-agarose solution to the reference well; wait 10 mins
- Add KCl solution (1 M) to all wells for storage, 50 µl per well

Fabrication of SU-8 mold for microfluidic channels

Substrate cleaning:
- Place beaker with substrate (4 inch Si wafer) in Aceton in ultrasonic bath (5
mins); Isopropanol (5 mins); DI water (5 mins)

Resist spinning
- Dehydration bake: 200°C, 5 mins
- Pour 2 ml of SU-8 3050 resist (drop will be ∼2 cm in diameter) for 50 µm
thick layer
- Soft bake: 35°C, 15 min; 65°C, 5 min; 95°C 45 min

Photolithogtraphy
- UV exposure (200 mJ/cm2×1.5) with 360 nm filter (to eliminate UV radiation
below 360 nm); split in 10 cycles
- Post exposure bake: 65°C, 1 min; 95°C, 4 min
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Development
- Developer: MicroChem SU-8 developer, 7 min
- Rinse with IPA and dry; if white residues are observed, dip in developer for
longer (∼10 s); repeat the procedure until no white residues remain
- Hard bake: 200°C, at least 5 min; better to keep for 1-2 h.
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Appendix B. Molecular assembly on the surface

In addition to the data on molecular assembly characterization by Mervinetsky
et al.80, we also performed AFM and XPS measurements to verify the presence
of peptides on the gold surface.

Verification of surface functionalization with AFM

To investigate how the morphology of the receptor layer on the surface changes
after exposure to metal salts, we performed AFM measurements. The surface
roughness is expected to decrease after the assembly80. We characterized
surface morphology before and after the deposition of the GGH and OT
peptide solutions and after the exposure of the surfaces to the Cu(NO3)2and
Zn(NO3)2 salt solutions. After assembly (for a minimum of 12 hours), the
substrates were rinsed with Milli-Q water and dried with N2.

AFM measurements were performed on a gold-coated surface (50 nm),
thermally evaporated on a glass substrate with titanium as an adhesion layer
(5 nm). AFM scans 500 by 500 nm show clean Au surface (figure B.1a) and Au
surface, functionalized with LpaGGH ligand (figure B.1b). To compare the
surfaces, we used the root mean square (RMS) roughness parameter. Surface
roughness is 1.05 nm for a clean gold surface and 0.67 nm for the surface,
functionalized with LpaGGH ligand, respectively. After functionalization with
ligand, surface roughness decreased, indicating the surface coverage.

Verification of surface functionalization with XPS

X-ray photoelectron spectroscopy (XPS) analysis was conducted at Empa
(figure B.2) with Roland Hauert. The LpaGGH peptide was deposited on a
gold surface in the same way as for AFM measurements. Gold electrodes,
functionalized with GGH peptide, show a peak at 162 eV, which corresponds
to the Au-S bond. The same result was obtained in80.
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Figure B.1 Surface topography measurements: (a) clean Au surface, RMS =
1.05 nm; (b) Au surface, functionalized with LpaGGH ligand, RMS = 0.67 nm.
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Figure B.2 XPS measurements on Au and Au-GGH surfaces.
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