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Abstract

Biochemical sensors have a wide range of applications in medical diagnosis, drug discovery

and even food quality monitoring. It is crucial to be able to detect very small concentrations

of molecules in a sample with a high selectivity. Here, a cantilever-based sensor to mea-

sure changes in the surface stress due to binding or adsorption of molecules is used. This

gold-coated cantilever acts as a working electrode and is electrically connected through a

potentiostat to a counter and reference electrode in solution. This electrochemical set-up

allows the performance of potential-driven measurements. The binding of oligonucleotides

to the surface is measured through changes in the surface stress signal.

Next, an electrochemical technique to functionalize an array of cantilevers reliably with

different probes in-situ is presented. This is achieved by controlling the applied potential

of the individual electrodes and distinguishing between three key potentials. The first po-

tential promotes the chemisorption of an alkanethiol to the gold surface. The second keeps

the electrode in a reductive desorption state and inhibits alkanethiol adsorption. Lastly, a

holding potential keeps an already formed modification in a stable state to prevent cross-

contamination. To demonstrate this concept, two different electrochemically-addressable

ferrocenyl alkanethiols are chemisorbed onto independent but adjacent gold electrodes un-

der potential control.

Finally, to understand the sensitivity of these cantilever systems, the correlation between

surface stress change and charge density is investigated. A linear correlation is found and

by applying fast potential pulses of up to 0.1ms, the evolution of this correlation is probed.

Higher sensitivities are measured for shorter applied pulses. These short pulses probe only

the first few layer of the double layer. Additionally, a local increase in ion concentration is

observed which also leads to higher sensitivities. This technique could enable the label-free

detection of charges along a molecule in proximity of the electrode.
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Résumé

Les capteurs biochimiques ont un large éventail d’applications dans le domaine du diag-

nostic médical, du développement de médicament et même du contrôle de qualité des ali-

ments. Il est important d’être capable de détecter de très petites concentrations de molécules

dans un échantillon avec une grande sélectivité. Dans cette thèse, un cantilever de micro-

scope à force atomique est utilisé comme capteur biochimique en mesurant un changement

de sa tension de surface dû à la liaison ou l’adsorption de molécules. Ce cantilever recou-

vert d’une mince couche d’or agit comme une électrode de travail en étant connectée à une

électrode de référence et une électrode auxiliaire par l’entremise d’un potentiostat. Ce mon-

tage électrochimique permet d’effectuer des mesures sous l’effet d’un potentiel. La liaison

d’oligonucléotides à la surface est mesurée par un changement dans le signal de tension de

surface.

Ensuite, une technique électrochimique pour changer la fonctionnalité d’un ensemble

de cantilevers avec différentes sondes in-situ est présentée. Cela est réalisé en contrôlant

le potentiel appliqué à chacune des électrodes et en distinguant trois valeurs de potentiel

clés. Le premier potentiel promeut la chimisorption d’alcanethiol sur la surface d’or. Le

deuxième maintient l’électrode dans une réaction d’oxydoréduction de désorption qui de sur-

crôıt empêche l’adsorption additionnelle d’alcanethiol. Finalement, un potentiel de maintien

garde un cantilever déjà modifié dans un état stable en le protégeant de la contamination

croisée. Pour démonter la viabilité de cette idée, deux ferrocenyl alcanethiols adressables

électrochimiquement sont chimisorbés sur des électrodes d’or distinctes mais adjacentes.

Finalement, pour comprendre l’origine de la sensibilité de ces capteurs biochimiques basés

sur le cantilever, la corrélation entre le changement de tension de surface et la densité de

charge est étudiée. Une corrélation linéaire est mesurée et en appliquant des impulsions

rapides de potentiel allant jusqu’à 0.1ms, l’évolution de cette corrélation est explorée. Une
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plus grande sensibilité est mesurée pour des impulsions de plus courte durée. Ces courtes

impulsions ne sondent seulement que quelque unes des premières couches de la double-couche

électrique. De plus, une augmentation locale de la concentration d’ion est observée. Cela con-

tribue également à augmenter la sensibilité. Cette technique pourrait permettre la détection

de charge le long d’une molécule à proximité de l’électrode sans nécessiter d’étiquette.
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Introduction

Developing new generations of sensors for a diverse spectrum of samples is a demanding

research area. Several sensors have been in use for more than a decade, especially in the

field of biology, like the lateral flow pregnancy test and sensors to measure the glucose level

in diabetics [2, 3]. However, the demand for a new generation of biosensors that can analyze

samples fast, without the need of pre-treatment and can deliver testing for multiple analytes

at once is high [4–6]. It is crucial to deliver fast and reliable results while reducing processing

time and costs. Biosensors need to detect very small concentrations of molecules in a small

volume of sample, therefore a high selectivity is crucial to detect only the specific target

[7]. Developing those sensors requires not only a decreasing sensor size to be able to reach

ever smaller detection limits, but also to make these sensors more selective to limit analyte

’cross-talking’ [8, 9].

In recent years, several nano and micromechanical structures have been described as

possible biosensor platforms [10–14]. These include nanomechanical cantilevers [15–19], res-

onators [20, 21], and optomechanical structures [22, 23]. The most common detection prin-

ciples in these mechanical sensors due to biological binding effects are changes in surface

stress [24–28] and mass [29–32].

3
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In this thesis, the focus is on cantilever-based sensors typically made of silicon. The

most common use of cantilevers is in Atomic Force Microscopy (AFM), where they are used

to transduce a force to a measurable deflection [33]. Here, a tip less cantilever is used as

a sensor. Three main operational sensing modes are used: dynamic, bimetallic and static

mode (figure 1.1) [17, 19, 34, 35]. In the dynamic mode, the cantilever is driven at the res-

onance frequency f0 and a change in the frequency due to mass (e.g. binding of molecules)

is measured. In the bimetallic mode, one side of the cantilever is coated with a metal (e.g.

gold). The system acts as a bimetall and is sensitive to temperature change. Exothermic

reactions happening on the surface result in an increase of the temperature and therefore a

deflection of the cantilever. This can for example be used for the detection of explosives [36].

In the last mode, the static mode, a metal-coated cantilever is sensitive to changes in the

surface stress upon binding of molecules. This results in a measurable change in deflection.

A variation of this static mode is used in this thesis.

Most experiments using the static mode require the use of a reference cantilever to elim-

inate any parasitic effect such as temperature changes, concentration changes, unwanted

binding of molecules, etc. In these measurements, at least two cantilevers are needed, one

acting as a chemically inactive reference and the other one as the sensor. Once the measure-

ment is performed, the signal coming from the reference cantilever is subtracted from the

sensing cantilever, thus rejecting all common noise. Cantilever biosensors have been used

for the detection of a vast variety of biological targets such as DNA [1, 37, 37–45], antigens

[46], proteins [47, 48], bacteria [49–51] and viruses [52].

In this thesis, a potential-driven surface stress measurement is used. A three-electrode
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Figure 1.1: Different modes of operation for cantilever-based sensing techniques. The dynamic mode

measures a frequency change upon a change of mass. For the bimetallic mode, a metal (e.g. gold) is

coated on one side of the cantilever. Changes in temperature due to exothermic reactions can then

be measured by the deflection of the cantilever. In the static mode, changes in the surface stress are

measured due to adsorption of ions.

electrochemical system, with the cantilever connected as the working electrode, is used to

apply potentials to the surface of the cantilever. By applying a potential to the electrode,

specific ions will be directed to the surface and cause a measurable change in the surface

stress. This will not only eliminate the need of a reference cantilever as absolute surface

stress changes upon a potential step are measured. It will also actively drive analytes and

ions to the surface, thus overcoming diffusion limits and reducing measurement times. This

leads to a drastic increase in surface stress signal [1, 25, 42] over conventional surface stress

measurements. In addition, the electrochemical liquid cell setup can clean the sensor in situ

so that well-defined conditions are applicable for all experiments. Cleaning is done by cycling

the potential applied to the gold electrode between -0.8V and 1.4V, vs. Ag/AgCl (sat. KCl)

until a reproducible cyclic voltamogram is achieved. This technique will reduce and oxidize
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the gold surface and therefore remove any contaminants residing on the surface.

In general, a clean gold electrode shows a redistribution of the electronic charge on

the surface because the bond charge is missing a neighbor and therefore it is expected to

redistribute into the space between the atoms, see figure 1.2. This bond-charge model was

introduced by Ibach [53, 54]. An increase in the attractive interaction between the neighbor

atoms at the surface will lead to a tensile surface stress. For cantilever-based systems, by

notation, a tensile stress results in an upward bending of the metal-coated cantilever and

shows positive surface stress. Compressive surface stress has a negative sign and will result

in a downward bending of the cantilever.

Figure 1.2: Redistribution of the charge density of a clean metal surface due to the missing neighbor

at the surface. In (a), the charge distribution for a surface is shown and in (b), the charge distribution

into the space of the atoms is demonstrated (adapted from [55]

By applying a potential, e.g. a positive step to the gold-coated cantilever surface in a

solution of sodium chloride (NaCl), the negatively charged chloride ions are directed onto

the surface. The chloride ions will modify the electronic charge distribution of the gold sur-

face and this results in a large compressive surface stress [25]. The surface stress amplitude

generated by the adsorption of ions is proportional to the available gold area. The more
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ions adsorb onto the surface, the larger the measured surface stress change [1]. Having an

alkanethiol (e.g. a C6 chain with a thiol (S-H) linker) attached to the gold surface will lead

to additional contributions to the surface stress due to the electronic repulsion of the Au+S−

dipole.

Even though cantilever-based sensors were first described over 20 years ago, there is no

viable commercial product on the market yet. However, a lot of fascinating science has come

out of cantilever-based sensors, as mentioned above. Several reasons can be found for this.

The lack of a detailed understanding of the origin of signals being, in my point-of-view, the

most critical one. Especially in medical diagnostics, the false positive rate needs to be as low

as possible. If the origin of the sensors signal is not fully understood, such false positive rates

can not be ruled out. Most scientific work as been focused on proof of concept rather than

large scale integration. Moreover, application-relevant issues such as shelf life and robust

protocols distinguishing targets from false responses have received very little attention. This

thesis aims to address some of these fundamental issues.

1.1 Outline of Thesis

In the following an outline of this thesis is presented. Note that chapter 3 - 5 are based on

published and to be submitted manuscripts.

In chapter 2, the experimental methods used throughout this thesis will be described.

The surface stress measurement setup as well as the electrochemical setup are explained and

what information we can get from these methods. A theoretical introduction into the origin

of surface stress as well as the electrochemical methods are shown. Additionally, character-
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istic surface stress changes of modified gold surfaces are presented.

Chapter 3 is based on a peer-reviewed published manuscript [1]. The paper characterizes

our cantilever gold surface for biosensing applications. A potential step between ±0.2V is

applied to the gold-coated cantilever surface in solution. This potential step will induce

a surface stress change of the cantilever due to chloride ions adsorbing onto the surface.

Additionally, the oligonucleotide that is modified onto the surface will contribute to the sur-

face stress change by the repulsive forces between the negatively charged backbone of the

oligonucleotide. At negative potentials, the oligonucleotide repels from the surface and lies

down during positive potentials [56, 57]. This dynamic behavior will lead to a characteristic

surface stress change pattern [42]. Since surface stress is proportional to the available gold

area it is crucial to have a reliable and clean surface preparation. In this chapter three

main challenges are analyzed: 1. How to achieve high surface stress signals by ensuring

a reliable cleanliness of the electrode surface. X-ray photoelectron spectroscopy measure-

ments were performed to test the effectiveness of different cleaning protocols and verify the

cleanliness of our electrochemical cleaning protocol. 2. Improving the signal-to-noise ratio of

oligonucleotide sensing by applying a multi-step functionalization protocol to achieve optimal

probe density and 3. Characterization of long-term measurements to discuss sensor shelf life.

Chapter 4 demonstrates a technique to selectively modify two gold-electrodes in proxim-

ity with different ferrocene moieties with submonolayer coverage. The chapter is based on a

manuscript to be submitted to Biosensors and Bioelectronics in April 2016. One of the inter-

esting issues of any type of sensor is to be able to analyze different probes simultaneously and

efficiently. The current protocol to modify a biosensors with different probes include micro-

contact printing [58, 59], dip-pen nanolithography [60] and modified ink-jet printing[61, 62].

These techniques are all done externally, require additional machines and are not compat-
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ible with an integrated, automatized system. A technique to selectively modify electrodes

in-situ with two ferrocene moieties, Fc-C11-SH and Fc-CO-C11-SH is presented by control-

ling the surface potential. Three key potential are distinguished that enhance adsorption

Eads, stabilize a modified layer Ehold and block adsorption Edes. The main advantage of this

functionalization technique is the integrated nature of it. For the first time, the selective

modification in the submonolayer regime is achieved using potential-assisted modification.

Submonolayer coverages are needed to increase surface stress signals for surface stress based

sensors [42, 63, 64].

Chapter 5 is based on a manuscript to be submitted to Langmuir. A more detailed

analysis of the temporal surface stress evolution for potential-driven adsorption of ions is

discussed. This manuscript investigates the relevant time scales for ion adsorption by ap-

plying short (as low as 0.1ms) potential pulses to the gold-coated cantilever electrode in

solution. By varying the potential pulse width characteristic time scales for the double layer

formation and ion diffusion can be probed. This is demonstrated for weak (perchlorate ClO4)

and strong (chloride Cl−) adsorbing ions. Surface stress changes are simultaneously recorded

with the current response using a three-electrode system. A characteristic surface stress -

charge density coefficient ξ is determined for a polycrystalline gold-coated cantilever elec-

trode for the two solutions. Enhancement in sensitivity is found for short potential pulses

indicating that the cantilever sensor is more sensitive to changes happening in a thin double

layer.

Lastly, a conclusion that summarizes the key aspects of this thesis and an outlook shows

the potential of the project through different proposed ideas.
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2

Methods and Theoretical

Background

2.1 Experimental Setup

The experimental apparatus (aside from electrical control) is shown in figure 2.1. Two main

parts are found in the setup: 1. Electrochemical cell featuring a three-electrode setup and

a fluid cell and 2. A beam deflection measurement system featuring a laser that is aligned

onto a gold-coated cantilever surface and a position sensitive photodiode that measures the

change in deflection.

To control voltage potentials applied during electrochemical measurements, a potentiostat

is connected to the three-electrode system. The position sensitive photodiode is connected

to a voltage-to-current amplifier and fed into a National Instruments data acquisition card.

11
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Figure 2.1: Experimental setup showing the two essential parts: electrochemistry and beam de-

flection. A standard three-electrode system is used to perform electrochemical measurements. A

counter, working and reference electrode (CE, WE, RE) are immersed in the liquid cell. To measure

the deflection of a cantilever, a laser is directed onto the cantilever and the reflected beam can be

monitored with a position sensitive photodiode.

2.1.1 Electrochemical Fluid Cell

A custom-made Teflon fluid cell is used for all electrochemical measurements. Teflon (Polyte-

trafluoroethylene) is chosen as a material because of its compatibility towards electrochemical

solutions. The cell can hold a volume of up to 4 ml and has openings at the top to attach

a counter electrode, a reference electrode and a custom-made cantilever Teflon holder. In

order to have optical access to the cantilever, a round opening can be found in the front and

back. This opening is sealed with an O-ring and a glass window and is screwed together (see

figure 2.1).



2.1. EXPERIMENTAL SETUP 13

2.1.2 Beam Deflection System

The experimental apparatus includes a two-laser beam deflection setup. Two cantilevers can

be placed inside the fluid cell and are each positioned at an angle of 15 ◦ (see figure 2.2). Two

identical lasers are aligned to the tip of the cantilever and deflected onto a position sensitive

photodiode (1L10, On-Track Photonics, Inc., USA). For all measurements described here, a

tip-less cantilever (CSC-38 Mikromash, USA) with three levers is used. To reliably align the

laser, it is aligned onto the second longest cantilever arm (on the right) and moved off the

lever until the reflection vanishes. Next, the laser is moved along positive x-directions onto

the longest lever.

Figure 2.2: Schematics of the beam deflection setup for a two-cantilever system. The optical beam

deflection, as well as the liquid cell from the top is shown.

The laser spot size is focused to a spot size of approximately 25 µm. As explained

above, the alignment of the laser onto the cantilever is done withe help of the second longest
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cantilever. This allows for a reproducible alignment of the laser onto the cantilever for

each experiment, as shown in figure 2.3. The cantilever holder is mounted on a micro

manipulator plate. A series of surface stress amplitude measurements in 0.1 M NaCl for an

applied potential step between ±0.2 V (vs. Ag/AgCl (sat. KCl)), is recorded. The position

of the laser beam is moved along the longest cantilever. The optimal positions are indicated

by the green dots. These are the positions that are achieved with the above described

technique and result in surface stress amplitudes in the order of 370 mN/m. The blue laser

position is slightly above the optimal position and a decrease in amplitude to 355 mN/m is

measured. The red positions are at the very edge of the cantilever (0 µm) giving a surface

stress amplitude of 340 mN/m. If the laser beam is further away from the tip (here 90 µm),

the surface stress amplitude decreases to 290 mN/m.

Figure 2.3: Position dependence of the beam spot on the cantilever to the measured surface stress

amplitude for a ±0.2 V (vs. Ag/AgCl (sat. KCl)) potential step. Red dots indicate positions that

are not optimal and green dots show optimal laser beam positions.
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2.1.3 Electrochemical Setup

To perform electrochemical measurements, a three-electrode configuration is utilized. A

working electrode (WE), a counter electrode (CE) and a reference electrode (RE) is needed.

In the experiments shown in this thesis, a gold-evaporated surface is connected as a working

electrode. The counter electrode is made of a Platinum wire and a silver / silver Chloride

(Ag/AgCl) (sat. KCl) reference electrode is used for the reference. These three electrodes

are connected via a potentiostat (1030A, CH Instruments, USA) to apply a defined potential

to the WE with respect to the RE and to measure the current between the WE and the CE,

as shown in figure 2.4.

Figure 2.4: Circuit diagram of a potentiostat with a three-electrode setting. The input voltage is

applied to the counter electrode (CE). The signal between the CE to the working electrode (WE),

is directed to a current-to-voltage converter. No current is flowing through the reference electrode

(RE).

The reference electrode has a fixed internal potential, therefore we note that the potential
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at the WE is with respect to the RE. Current does not flow through the RE at any point

and only the electric charges on the working electrode are observed. If a negative potential

is applied, the energy of the electrons is raised and a current can flow from the electrode

through the solution to the CE (reduction current). For positive potentials the flow is from

the solution to the WE (oxidation current).

All following electrochemical data is shown with respect to the Ag/AgCl (sat. KCl)

reference electrode. This electrode exhibits the following internal reaction:

AgCl(s) + e− ⇀↽ Ag(s) + Cl− (2.1)

The standard electrode potential for this reference electrode in a sat. KCl solution is

E0 = 0.197 V. Potential conversions into other reference electrodes used in the literature,

like the standard hydrogen electrode (SHE) and the standard calomel electrode (SCE) are

shown in figure 2.5. To convert Ag/AgCl (sat. KCl) reference measurements into SHE

measurements, one has to subtract the potentials values by -0.197 V. For conversion into

SCE, potential values have to be added by +0.047 V [65].

Figure 2.5: Conversion of a the standard potential of a Ag/AgCl (sat. KCl) reference electrode

into other commonly used electrodes, i.e. standard hydrogen electrode (SHE) and standard calomel

electrode (SCE).
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2.2 Electrochemistry

2.2.1 Double Layer

If a metal electrode is in contact with an electrolyte, a solid-liquid interface is established.

At this interface, a double layer builds up over time. In the 19 th century, Helmholtz [66]

was the first one to think about this metal/electrode surface. He proposed a model of two

layers carrying opposite charge separated by a distance of molecular order (see figure 2.6 A)

[65]. The model can be described as a parallel-plate capacitor with a charge density q and

a voltage drop V :

q =
εε0
d
V (2.2)

where d is the distance between the two plates, ε is the dielectric constant of the medium

and ε0 the vacuum permittivity. From here, one can define the differential capacitance Cd

of the model.

Cd =
∂q

∂V
=
εε0
d

(2.3)

This model was later modified to include a diffusive layer of charge with the largest

charge density near the electrode and decreasing charge density over distance away from the

electrode, see figure 2.6 B and is referred to as the Gouy-Chapman model [65]. The double

layer capacitance should rise for the diffusive double layer. If the electrode is highly charged,

a more compact diffusive layer is created and Cd is increased. Assuming a 1:1 electrolyte,

φ = 0 far away from the electrode and (dφ/dx) = 0 the Poisson-Boltzmann distribution

describes the Gouy-Chapman model:
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d2φ

dx2
=

2kBT

εε0
Σρoi

[
exp

(
−eφ
kBT

− 1

)]
(2.4)

where φ is the electric potential, kB the Boltzmann constant and T the temperature. An

analytical solution to equation (2.4) is the Gouy-Chapman solution:

φ =
2kBT

e
ln

[
1 + γe−κx

1− γe−κx

]
(2.5)

with

γ = tanh

(
eφ0

4kBT

)
(2.6)

and

κ =

√
2e2ρ0
εε0kBT

(2.7)

For the Gouy-Chapman model the potential profiles decays over distance away from

the surface. If the metal potential φ0 is large, a compact diffuse layer is generated and the

potential drop is sharp. However, if φ0 is smaller, a gradual decrease in potential is observed.

As for the Gouy-Chapman model, a differential capacitance Cd can be defined by:

Cd =
dσM

dφ0

=

√
2e2εε0ρ0

kBT
cosh

(
eφ0

2kBT

)
(2.8)

where σM is the total charge density of the metal.

From κ, one can define the Debye length λd which defines how far the electrostatic effects

for a charge reaches into the solution, as:

λD =
1

κ
(2.9)
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Figure 2.6: Evolution of the concept of the double layer formation. A positively charged electrode

is in contact with an electrolyte. The potential vs. distance profile is shown for each model. In A

the Helmholtz model is shown. In B, the diffuse layer is introduced to the Gouy-Chapman model. In

C both concepts are combined resulting int the Gouy-Chapman-Stern model. In here, the Stern and

diffuse layer together built the electrical double layer (EDL). Outside of the EDL, the bulk layer is

present.

As can be seen from equation (2.8) Cd can increase without limits with increasing φ0.

This is due to the ions being treated as point charges that can approach the surface infinitely

close. To solve this problem, Stern [67] proposed a plane so that the center of the ion is at

one ionic radius distance away from the electrode, called the Inner Helmholtz Plane (IHP).
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A second plane, the Outer Helmholtz Plane (OHP) contains the IHP as well as a layer of

solvent close to the electrode. These two planes are described by the Stern layer, see figure

2.6. As for the potential profile, within the Stern layer, a linear decrease is observed and for

x >OHP, the same potential decay as for the Gouy-Chapman model is observed.

The potential profile in the additional diffusive layer (outside OHP), is given by:

tanh(zeφ/4kBT )

tanh(zeφ2/4kBT )
= e−κ(x−x2) (2.10)

with φ2 the potential at x2 (the position of the OHP). The overall Gouy-Chapman-Stern

potential is then a combination of the Helmholtz and the Gouy-Chapman potential defined

as:

φ0 = φ2 −
(
dφ

dx

)
x=x2

x2 (2.11)

Finally, the differential capacitance for this model can be described by 2.12. For simplic-

ity, the inverse of the capacitance is shown. The capacitance is a series of two capacitance.

The first coming from the Helmholtz layer which is the capacitance at the OHP (first term)

and the second one comes from the diffusive layer, outside of OHP (second term).

1

Cd
=
x2
εε0

+
1

(2εεâz2e2ρ0/kBT )1/2cosh(zeφ0/2kBT )
(2.12)

In chapter 5, the relationship between double layer and surface stress is studied in more

detail. A method to modify the thickness of the Debye length is presented.

2.2.2 Potential-Controlled Measurements

In many of our experiments, we apply a step potential to our cantilever system through the

potentiostat and measure the resulting current response. There are many electrochemical
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techniques, but here we will focus on two: Cyclic Voltammetry (CV) and Chronoamperom-

etry (CA). In a CV, the potential is sweeped linearly between two potential values and the

resulting current vs. voltage profile is recorded. In general, a CV shows current peaks at

specific voltages that correspond to reduction and oxidation reactions happening on the elec-

trode. In addition, in our system, a CV is used to electrochemically clean the gold-coated

electrode, see section 2.2.3. In CA, the potential is stepped between two values and the

current vs. time is measured [65].

For Chronoamperometry measurements, the resulting current can be described by two

equations. The first contribution of the current response comes from the double layer charg-

ing and can be expressed by:

ich =
∆E

Rs

exp
(
− t

RsCd

)
(2.13)

where ∆E is the potential step value, Rs the serial resistance and Cd the double layer

capacitance, as described in section 2.2.1. The charging of the double layer has a time

constant τ = RsCd which is defined as the time where the initial current value defined

as E/Rs decreased to 37 %. The current resulting from the double layer charging decays

exponentially. This charging current can be explained by an RC circuit.

If faradaic processes are present in solution, e.g. a redox molecule, a second current term

is added. This faradaic current is expressed by the Cottrell equation:

if =
nFAρ0j

√
Dj√

πt
(2.14)

where n is the number of electrons being transferred in the redox reaction, F is the

Faraday constant, A the area of the electrode, ρ0j the initial concentration of ion species j

and Dj the diffusion constant of ion j. This current decays with t−1/2.
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2.2.3 Electrochemical Cleaning

The electrochemical system attached to the fluid cell has two distinct purposes: First, it is

used to clean and electrochemically characterize the surface of the gold coated cantilever.

Second, it is used to apply a controlled, time-dependent potential to the cantilever to induce

repetitive surface stress changes.

Figure 2.7: Cyclic voltammogram in 50 mM KClO4 between -0.8 and 1.6 V, vs. Ag/AgCl (sat.

KCl) to electrochemically clean a gold surface. The characteristic gold reduction peak at 0.4 V as

well as the oxidation peaks at 1.4 V increase over time, indicating a cleaning of the surface.

The first one serves as an intrinsic cleaning step of our gold surface. Prior to all experi-

ments, this cleaning is performed. For this, a cyclic voltammogram (CV) between -0.8 and

1.4 V (vs. Ag/AgCl (sat. KCl)) in 50 mM KClO4 at a scan rate of 20 mV/sec is recorded

until a repetitive voltammogram is obtained. The KClO4 solution is degassed for 30 min

before using to remove any oxygen. The gold surface is oxidized at anodic potentials at

above 1.0 V and the formed gold oxide is removed during the reduction scan and lifts off any
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contaminants. In figure 2.7 a contaminated gold surface is cleaned and the resulting CV cy-

cles over time are shown. A strong increase of the gold reduction peak is observed at around

0.4 V and an increase of the oxidation peaks are observed between 1.2-1.6 V indicating a

removal of contaminants.

2.3 Potential-induced Surface Stress

A metal-coated cantilever electrode in contact with a solution will experience surface stress

changes. This is due to the fact that the surface atoms of the electrode are missing a neighbor

and their charge needs to redistribute between the atoms (see figure 1.2). Our system allows

us to apply a potential to the cantilever to drive ions to the surface. This will induce a

change in surface stress as the ions recover the redistribution of charge on the surface. For

the duration of the applied potential, a double layer will build up until all charges in the

bulk are in equilibrium, as described in section 2.2.1. For most of the experiments discussed

here, a square-wave potential between a negative and a positive bias is applied to the gold

electrode surface. If the gold electrode is in a solution of e.g. sodium chloride (NaCl),

adsorption of chloride ions occurs at cathodic potentials and desorption occurs at anodic

potentials.

This driven adsorption and desorption of ions causes a change in the surface charge

density on the surface and therefore a change in the deflection of the cantilever. As described

in section 2.1.2, this deflection can be recorded by a position sensitive diode and converted

into a surface stress signal.

In figure 2.8, a schematic of a typical surface stress measurement is shown. A square-wave

potential is applied to the surface of the gold electrode and the resulting converted surface

stress signal is recorded over time. The shape of the surface stress response gives rise to

many information. For a clean gold-electrode in contact with an electrolyte, the resulting
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surface stress curve should resemble a square-wave pattern similar to the input signal. This

is because ions will diffuse towards the surface and build up a double layer. The time frame

for this process depends on the applied potential and the concentration of the solution and

is in the order of sec or even minutes for surface stress. Chapter 5 will show an in-depth

analysis of the time response of the surface stress. However, as will be shown in section 2.4,

this surface stress pattern changes if molecules are attached to the surface. The amplitude

of the surface stress change depends on how many ions can interact with the surface and is

therefore largest for clean surfaces [1]. Contaminations will lower the electrochemical surface

area of the electrode and result in a decrease of surface stress.

Figure 2.8: Schematics of a typical surface stress measurement. A square-wave potential is applied

to the surface of the cantilever causing a change in the surface stress. This deflection is recorded using

a position sensitive diode and the voltage output is converted into a surface stress signal.

2.3.1 Surface Stress of a Cantilever

To understand the surface stress changes of a metal electrode that is in contact with an

electrolyte some basic concepts are explained in this section. The first important relationship

is shown by the Shuttleworth equation which relates the surface stress σ with the surface

free energy γ by:
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σij = γδij +
∂γ

∂εij
(2.15)

where δ is the Kronecker delta and ∂εij is the surface strain described by ∂ε = dA
A

with

A = A0exp(ε) [68]. The surface free energy γ is defined by the reversible work per unit area

(dw/dA) and is a measure of the energy that is required to move an atom from the bulk

to the electrode surface. The last term in equation (5.4) is 0 for liquid electrodes as they

can not maintain a strain. Canceling the last term results in the well-known electrocapillary

equation.

The surface stress σ is the quantity of interest here. By definition, a compressive sur-

face stress causes the stressed surface to expand, whereas a tensile stress causes the stressed

surface to contract. Tensile stress is described by a positive and compressive stress by a

negative surface stress value. Due to the fact, that in this thesis potential steps are applied,

absolute surface stress changes are reported.

The classic Lippmann equation which describes the change of interfacial tension γ of a

liquid electrode upon a change in the electric field E and relates this to the charge q:

dγ

dE
= −q (2.16)

The Lippmann equation is only derived for liquid-liquid interfaces. With the advent of

the use of solid electrodes in contact with electrolyte, there has been much work on finding

relations of the surface stress of solid electrodes.

A more generalized Lipman equation (or Couchman(-Davidson)) [69] equation can be

derived as:

dγ

dE
= −q + (σij − γδij)

dε

dE
(2.17)
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The last term is zero for liquid electrodes. For solid electrodes however it was not well

understood how much the last term contributes to the stress [70]. Couchman and Davidson

argued that this term can be neglected for solid electrodes, so that the same equation can

be used for solid and liquid electrodes [69, 71]. Therefore, we can conclude that the surface

energy γ can be determined by the change in charge q upon a change in potential E, see

equation 2.16 [72]. In chapter 5, this relationship for non-equilibrium potential conditions

will be further discussed.

2.3.2 Conversion of Deflection to Surface Stress

With standard beam deflection methods, we can monitor the deflection of the cantilever

due to changes in the surface stress. The change in the cantilever bending ∆z can then be

converted into surface stress ∆σ using Stoney’s [73] formula described by:

∆σ =
Et2

3(1− ν)l2
∆z (2.18)

with E the elastic modulus of the cantilever, t the cantilever thickness, ν the Poisson

ratio, l the cantilever length, w the cantilever with and t the cantilever thickness. The spring

constant of the cantilever can be calculated using Hooke’s law:

k =
F

δ
=
Ewt3

4l3
(2.19)

Solving equation (2.19) for E and putting it into equation (2.18) gives us the conversion

of beam deflection into surface stress for our cantilever system:

∆σ =
4kl

3wt(1− ν)
∆z (2.20)

With this conversion the recorded voltage change from the linear photodiode is converted

into our surface stress signal. Note that here only surface stress changes are recorded.
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2.4 Modified Gold Surfaces

Gold is a perfect material for biological sensors as biomolecules can easily be attached to the

surface via a thiol bond. Gold-thiol linkers are widely used to attach any kind of molecules

in a plug-and-play configuration.

Figure 2.9: Surface stress response of a clean gold electrode (blue) and a C6SH-modified gold

electrode. From 0-300 sec, a negative bias of -200 mV (vs. Ag/AgCl (sat. KCl)) and from 300-600 sec

+200 mV is applied to the gold-coated cantilever.

There is a clear correlation between available gold area and induced surface stress ampli-

tude change [1]. A cleaner electrode surface will lead to a larger change in the surface stress

upon applying a potential. Ions will be specifically directed towards to electrode and cause

a change in the surface stress. The larger the available gold sites to interact with, the larger
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the surface stress change. If part of the surface is blocked by a surface modification like

alkanethiols (or other contaminants), the surface stress decreases. Assuming a full coverage

of alkanethiols on the gold surface, no ions can interact with the surface anymore and the

surface stress change vanishes. This principle is shown in figure 2.9. A potential step from

-200 mV (0-300 sec) to +200 mV (300-600 sec) is applied to a gold-coated cantilever in

Tris-HCl 10 mM NaCl 50 mM. In this case, the chloride ions will interact with the surface

and cause a change in the surface stress. For an electrochemically cleaned gold cantilever,

the surface stress amplitude is large, here ∆σ=360 mN/m (blue trace). After incubating

the electrode in an alkanethiol solution (C6SH) for 5 min, a decrease of the surface stress

amplitude to ∆σ=50 mN/m (red trace) is observed.

There are three main factors that contribute to a change in surface stress if biomolecules

are attached to the surface via a thiol bond: 1. Lennard-Jones interactions between adsorbed

molecules, 2. electrostatic interactions between Au-thiol bonds that are adjacent and 3.

redistribution of the surface atoms upon binding of molecules will change the electronic

structure and leads to a change in surface stress [25, 44]. It has been shown by Godin et.al.

[25] that the first factor (Lennard-Jones interactions) only contribute to a small compressive

surface stress change in the order of 0.001 - 0.01 N/m. Coulombic interactions that are

derived from neighboring Au-thiol contributes to about 0.01 - 0.1 N/m of the stress change.

The biggest impact comes from specific adsorption to the electrode surface and leads to

surface stress changes as big as 1 - 10 N/m. This specific adsorption will change the charge

density of the gold electrode surface.

In this thesis, two main modification markers were attached to the gold electrode via a

thiol bond: Oligonucleotides and Ferrocene Alkanethiols. In the subsequent chapters, these

two modifications are further analyzed.
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2.4.1 Oligonucleotide on Gold

Oligonucleotides are short strands of DNA. Deoxyribonucleic acid (DNA) is a molecule that

carries our genetic information decoded in four different base-pairs, i.e. adenine (A), thymine

(T), cytosine (C) and guanine (G). Each base-pair binds specifically to another base-pair

through hydrogen bonds. A binds to T via two hydrogen bonds and G binds to C via three

hydrogen bonds.

Figure 2.10: DNA molecule showing the four different base pairs and the glucose / phosphate

backbone (taken from: [74])

Here, we will examine a 25-mer oligonucleotides, i.e. an oligonucletoide with 25 base-

pairs. These are attached to the gold electrode surface via a thiol bond. DNA is negatively

charged due to the phosphate groups in the backbone of the structure, see figure 2.10. This

negative charge plays an important rule when measuring the surface stress changes upon

applying potentials to the gold electrode. If a positive bias is applied, the negatively charged

DNA will be attracted to the surface and the DNA will lie down. On the other hand,
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for a negative bias, the oligonucleotide is repelled from the surface and stands up. This

method was intensively discussed by Rant et.al. [63, 75–77] and Barton et.al. [57, 78–

80]. Characteristic surface stress patterns can be observed for single-stranded and double-

stranded oligonucleotides.

2.4.2 Ferrocene Alkanethiol on Gold

The redox-reaction peaks of ferrocene alkanethiols are further apart, the longer the alka-

nethiol chain length. For a direct redox-reaction, the oxidation and reduction potentials are

separated by definition by 59.2/n mV (n = 1 for a 1-electron transfer reaction) reaction.

However, the longer the chain length the larger the peak separation. The increased distance

of the ferrocene group and the electrode reflects the decrease in electronic coupling between

them [81]. The ferrocene redox reaction is shown in equation (2.21) and reflects a 1-electron

transfer reaction.

Fe2+ ↔ Fe3+ + e− (2.21)

Two different ferrocene molecules are being used in this work. For both molecules, a

ferrocene group is attached to a C11-alkanethiol with the difference that a carbonyl group is

added to one of these molecules as shown in figure 2.11. As the alkyl chains have the same

length, the peak separation is the same for both moieties. However, due to the carbonyl

group, the position of the redox potential is shifted anodically by 250 mV [81–85]. Figure

2.12 shows the corresponding cyclic voltammogram for a Fc-modified (blue) and a Fc-CO-

modified (red) gold electrode. The Fc-C11-SH exhibits an oxidation peak at Ep = 0.34 V

(vs. Ag/AgCl), whereas the Fc-CO-C11-SH exhibits the redox peak at Ep = 0.59 V (vs.

Ag/AgCl).
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Figure 2.11: Two different ferrocene alkanethiol markers: 11-(Ferrocenyl)undecanethiol (Fc-C11-

SH) and 11-Ferrocenyl-carbonyl-undecanethiol (Fc-CO-C11-SH). The sulfur is shown in yellow, and

the iron center of the ferrocene is shown in red.

Figure 2.12: Cyclic voltammetry for a gold electrode modified with Fc-CO-C11-SH (blue) or Fc-

C11-SH (red).
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3

Characterization of a Gold-coated

Cantilever

The following section is based on the following published manuscript:

Haag, A.-L., Nagai, Y., Lennox, R.B. and Grutter, P. Characterization of a gold coated

cantilever surface for biosensing applications. EPJ Tech. Instrum. 2, 1-12 (2015).

3.1 Abstract

Cantilever based sensors are a promising tool for a very diverse spectrum of biological sensors.

They have been used for the detection of proteins, DNA, antigens, bacteria viruses and many

other biologically relevant targets. Although cantilever sensing has been described for over 20

years, there are still no viable commercial cantilever-based sensing products on the market.

Several reasons can be found for this - a lack of detailed understanding of the origin of

signals being an important one. As a consequence application-relevant issues such as shelf

life and robust protocols distinguishing targets from false responses have received very little

attention.

33
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Here, we will discuss a cantilever sensing platform combined with an electrochemical

system. The detected surface stress signal is modulated by applying a square wave potential

to a gold coated cantilever. The square wave potential induces adsorption and desorption

onto the gold electrode surface as well as possible structural changes of the target and

probe molecules on the cantilever surface resulting in a measurable surface stress change.

What sets this approach apart from regular cantilever sensing is that the quantification and

identification of observed signals due to target-probe interactions are not only a function of

stress value (i.e. amplitude), but also of the temporal evolution of the stress response as a

function of the rate and magnitude of the applied potential change, and the limits of the

potential change.

This paper will discuss three issues that play an important role in future successful

applications of cantilever-based sensing. First, we will discuss what is required to achieve a

large surface stress signal to improve sensitivity. Second, a mechanism to achieve an optimal

probe density is described that improves the signal-to-noise ratio and response times of the

sensor. Lastly, lifetime and long term measurements are discussed.

3.2 Background

Nanomechanical structures can be used for label-free and low-cost biosensors that offer high

sensitivities. In recent years, several nano and micromechanical structures have been de-

scribed as possible biosensor platforms, such as nanomechanical cantilevers [15–18], res-

onators [20, 21], and optomechanical structures [22]. The most common detection principles

due to biological binding effects are changes in surface stress [24, 25] and mass [32, 86].

Here we focus on a cantilever sensing platform that detects changes in surface stress. In

our platform, a cantilever is coated with a gold layer that serves two purposes. First, this gold

layer is used as a support structure of probe molecules bound to the surface typically using



3.2. BACKGROUND 35

thiol linkers; this in principle gives the sensor specificity [87]. What is often not considered is

the second role of this gold layer, as it can act as a very sensitive transducer that is located

within nanometers of the probe molecules that sense the biological binding events [25, 88]. In

our system, the surface potential of the gold coated cantilever is controlled and changed over

time to induce changes of the surface coverage of the adsorbing ion. Changing the presence

of any ionic or charged species near the surface leads to a large change of surface stress.

This is based on the well established fact that surface stress is directly proportional to the

surface charge density [89]. Surface concentration changes of charged species can be induced

by applying an electrochemical potential which generates conformational changes of probe

molecules. Our approach to increasing the dynamic range of the stress signal is to drive the

adsorption and desorption of ions to the cantilever surface, thus inducing a large measurable

and characteristic surface stress change [42]. This movement of ions can be modulated as a

function of time, allowing signal averaging techniques to be used. If clean gold surfaces are

used, the resultant reproducible time dependent stress signals include information on the

target-probe system, such as ion diffusion times and polymer dynamics. This information

can be used for biochemical sensors or in fundamental studies (e.g. for the investigation of

the folding dynamics of proteins). Reliable signal and thus target identification can be based

on recognition of the complex time dependent stress patterns in addition to the information

given by signal amplitudes.

In our experiments, we change the presence of ions near the surface by combining a

conventional cantilever stress sensing system with a standard three-electrode electrochemi-

cal system. All experiments are performed in buffer solution with the cantilever acting as

a working electrode (WE), a platinum wire as the counter electrode (CE) and a Ag/AgCl

(sat. KCl) electrode as the reference electrode (RE). The electrodes are connected through

a potentiostat allowing a voltage to be applied between the working (cantilever) and the
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reference electrode thus measuring the current flowing between the working and the counter

electrode (voltammetry) [65]. Upon application of a square wave potential to the gold coated

cantilever between +/- 200 mV, chloride ions that are present in solution will ad-/desorb on

the surface which leads to a change in surface charge density [70] and therefore to a change

in surface stress [89]. In our system the stress-induced bending of the cantilever is measured

by optical beam deflection methods and translated into a quantitative surface stress signal

by using Stoney’s formula [73] and appropriate calibrations [90, 91].

The electrochemical aspect of our sensor system serves two distinct purposes. First, it

is used to clean and electrochemically characterize the surface of the gold coated cantilever.

Secondly, it is used to apply a controlled, time dependent potential to the cantilever to

induce repetitive surface stress changes. This first point is very important, as surface stress

and surface stress changes are driven by surface charge density, which is a function of the

cleanliness of a system [25]. Recalling that a clean metallic surface typically takes about 1

microsecond to be contaminated in air by absorbable organic molecules - hence the need for

ultra high vacuum conditions (UHV) to investigate surface phenomena. Electrochemistry

allows a systematic cleaning and characterization of surfaces in solution. Note that compared

to the concentration of rest gas (’contaminations’) in UHV, solutions are very seldom as pure

- clean solution to background contaminations would need to be at a level of 1 part in 1013

to achieve similar lifetimes of clean surfaces in solution as in UHV.

An important insight is that the surface stress change on the cantilever is proportional to

the available and accessible gold surface area. This can be used to measure and optimize the

concentration of probes on a cantilever that leads to a decrease in the available gold surface

area due to the target molecules covering part of the gold surface (see figure 3.1) [25]. On

a clean gold coated surface, a large number of ions can interact with the surface resulting

in a large surface stress change signal. If part of the surface is covered by molecules, in this
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case thiolated single-stranded oligonucleotide, fewer ions can access the surface leading to a

smaller surface stress change. Covering the surface complete densely with a monolayer of

molecules will hinder the ions to reach the surface and no large change in surface stress is

observed. Residual (much smaller) stress changes can be due to steric hindrance and other

effects. Our group has previously shown surface stress changes for aptamer functionalized

gold surfaces. The aptamer undergoes a conformation change into a more compact state

upon binding to its cognate ligand therefore increasing the available gold area, i.e. increased

surface stress, compared to its relaxed state [42].

Figure 3.1: Potential induced adsorption/desorption of chloride ions on different functionalized gold

surfaces. Schematics describe the relationship between surface stress change and available surface area.

A, a bare and clean gold surface is shown. Chloride ions can freely interact with the whole surface

and large surface stress changes are measured. Upon binding of some single-stranded oligonucleotide

to the surface B, fewer ions can react with the surface leading to a smaller surface stress change.

Once the layer is densely packed on the surface C, the surface stress change vanishes as no ions can

reach the surface anymore.

In this paper we will discuss three issues that most nanomechanical based sensors are

facing and present protocols to improve these issues. This will be the foundation for possible

applications of biosensors applicable to real-life samples containing not only the analyte of

interest, but many background ’contaminants’. These three challenges are: 1. How can

large surface stress signals be achieved? Any contaminants on the surface will reduce the
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available surface area and therefore lead to smaller surface stress change. We will present

an electrochemical cleaning protocol that results in a clean gold surface, leading to a large

and quantitatively reproducible surface stress signal when surface charge densities change.

2. How can the signal-to-noise ratio be improved? An optimal probe density is required for

good signal-to-noise ratios of the surface stress change. This is achieved by using a multi-

step functionalization protocol recently described by Nagai et al. [42]. 3. How can sensors

with long term stability and realistic shelf life be manufactured? For device applications one

needs to know how the sensors performs during long term measurements in the analyte of

interest. We will present long term measurements of our cantilever platform in solution and

discuss our observations.

3.3 Methods

3.3.1 Oligonucleotide Preparation

All experiments were performed using a 25-mer thiolated single stranded oligonucleotide with

a sequence of 5’-HS-SC6- TCGGATCTCACAGAATGGGATGGGC-3’ (by IDT Technology,

USA). The stock oligonucleotide solution was prepared by diluting to a concentration of

100 µM by in 40 µl of TE buffer (Tris-HCl 10 mM, 5 mM EDTA, pH=7.4). Prior to each

experiment, the oligonucleotide is desalted by incubating in 25 mM TCEP (Fisher Scientific,

USA) for 1 hr followed by a subsequent purification step using a NAP-5 column (GE Health-

care, UK). The desalting step breaks of the disulfide bond of the oligonucleotide making it

reactive to the gold surface. The final oligonucleotide concentration for all experiment was

10 µM.
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3.3.2 Cantilever Preparation

Silicon cantilevers (CSC38/tipless/no Al-coating, Mikromash) are solvent cleaned with ace-

tone, isopropanol and methanol, the cantilevers before thermal evaporation. A 2 nm thick

titanium adhesion layer is evaporated onto the cantilever with a rate of 0.9 Å/s followed by

100 nm of gold at a rate of 1 Å/s at a pressure of ¡ 3x10−6 mBar and stored under ambient

condition before use. To define the gold area that is exposed to the electrochemical setup, a

thin layer of apiezon wax (Apiezon wax W, APWK, USA) that is dissolved in trichloroethy-

lene (TCE) (Fisher Scientific, USA) is applied to the base of the cantilever leaving an area

of 1.0 mm2 exposed.

3.3.3 Electrochemical Cleaning

Argon is injected into potassium perchlorate (50 mM KClO4) to remove any oxygen in

solution. Subsequently, prior to each experiment the cantilever is electrochemically cleaned

in 50 mM KClO4 (Fisher Scientific, USA) by cycling the potential between -0.8 to 1.4 V at

20 mV/sec until a repeatable gold cyclic voltammogram peak is observed (CHI 1000, CH

Instruments, USA). The cantilever is set up as the working electrode, a platinum wire (1 mm

thick, Alfa Aesar, USA) is used as the counter electrode and a standard Ag/AgCl (sat. KCl)

reference electrode (BASi, USA).
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3.4 Results and Discussion

3.4.1 Electrochemical cleaning

We have tested different cleaning procedures by quantifying surface cleanliness electrochem-

ically in situ and using surface science techniques ex situ. Based on results published by

Fischer et al [92], we tested the following cleaning protocols: 1. Electrochemical sweep of

the gold coated cantilever in 50 mM potassium hydroxide (KOH) from -0.2 to 1.2 V (vs.

Ag/AgCl (sat. KCl)), 2. Electrochemical sweep in 50 mM potassium perchlorate (KClO4)

from -0.8 to 1.4 V (vs. Ag/AgCl (sat. KCl)) and 3. Piranha solution (Three parts concen-

trated sulfuric acid (H2SO4) and one part hydrogen peroxide (H2O2); note that great caution

is necessary when using piranha solution) treatment of the cantilever for 5 min. We find

that the KClO4 and KOH− mediated processes result in the cleanest surface as monitored

using ex situ X-ray photoelectron spectroscopy (XPS) and in situ cyclic voltammetry. The

atomic percent surface composition measured from XPS results of the survey scan for the

piranha cleaning method results in 40.2 % gold, 33.6 % carbon and 26.1 % oxygen. A huge

improvement of these value, i.e. higher gold percentage can be seen for the KOH sweep as

well as the KClO4 sweep. For KOH the composition is 65.3 % gold, 30.0 % carbon and

4.74 % oxygen, which is very comparable to the values for the KClO4 sweep with 61.7 %

gold, 33.8 % carbon and 4.5 % oxygen. The KClO4 sweep is chosen to be the primary clean-

ing step for all further experiments, as this is a standard media for electrochemical cleaning

of gold. Additionally, perchlorate has a very small affinity for gold and will not adsorb onto

the gold surface.

In detail, with this method the cantilever is electrochemically cleaned in 50 mM KClO4

by sweeping the applied potential in solution from -0.8 to 1.4 V (vs. Ag/AgCl (sat. KCl)).
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Sweeping the potential from -0.8 to 1.4 V oxidizes the gold surface, whereas the reverse

step, going from 1.4 to -0.8 V reduces the resulting gold oxide. This cleaning step serves

to intrinsically remove contaminants from the surface. The cyclic voltammogram (current

vs. potential, CV) scan is performed at 20 mV/sec and is continuously repeated until a

reproducible CV of gold is achieved, indicating the removal of any contaminates. In figure

3.2 A, a CV from a bare clean gold evaporated cantilever is shown. Multiple peaks that

overlap are observed between 0.9 to 1.2 V, which correspond to the oxidation of gold. A

significant sharp reduction peak is observed at 0.35 V. Figure 3.2 B shows a cleaning process

in action. The CV spectrum has two additional peaks at 0.35 V and 0.15 V consistent with

chloride on the gold surface. Over the course of six full potential cycles, the chloride redox

peaks vanish, leaving a clean bare gold surface.

Figure 3.2: Cyclic voltammogram in 50 mM KClO4 (vs. Ag/AgCl (sat. KCl)). A, the standard gold

spectra is shown at 20 mV/sec indicating a clean gold surface. B, a chloride contaminated surface

is electrochemically cleaned. After six full potential sweeps, the chloride peaks vanish and a clear

distinct gold reduction peak is observed.
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Figure 3.3: Uncleaned and cleaned gold coated samples to test effectiveness of electrochemical

cleaning protocol with XPS. X-Ray Photoelectron Spectroscopy (XPS) data are shown for the Au4f,

C1s and O1s peaks for uncleaned (A) and cleaned (B) gold samples. The percent surface composition

for the uncleaned gold surface is 43.7 % gold, 41.2 % carbon and 9.4 % oxygen based on the survey scan.

The gold peak can be increased to 61.7 % by electrochemically cleaning the surface. Additionally,

carbon and oxygen are decreased to 33.8 % and 4.5 % respectively.

To further verify the effectiveness of the chosen cleaning protocol, X-ray photoelectron

spectroscopy (K-Alpha X-Ray Photoelectron Spectrometer system, Thermo Scientific, USA)

was performed on evaporated gold surface on a silicon substrate. In figure 3.3, the individual

high-resolution spectra of Au4f, C1s and O1s are shown for two different samples: (A) gold

sample that has not been cleaned, and (B) an electrochemically cleaned gold sample. Both

samples are made from a piece of a silicon wafer with a thermally evaporated 2 nm titanium

adhesion layer followed by thermal deposition of 100 nm gold. The samples were stored under
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ambient condition for 1 week. Prior to the experiment, one sample is rinsed with MilliQ water

and blow-dried using a nitrogen stream (uncleaned), the other sample is electrochemically

cleaned using 50 mM KClO4 and dried with nitrogen (cleaned).

The atomic percent surface composition of the uncleaned sample is measured to be 43.7 %

gold, 41.2 % carbon and 9.4 % oxygen based on the survey scan. In figure 3.3 B, the

electrochemically cleaned sample is shown. The time between the cleaning and measuring

the sample with XPS was about 30 min. The overall composition of the surface was 61.7 %

gold, 33.8 % carbon and 4.5 % oxygen. Compared to the dirty sample, a relative increase

of about 40 % was observed for the gold peak and a relative decrease of 20 % and 50 % for

the carbon and oxygen peak contamination was observed. Higher measured levels of gold

on the surface means there is less contamination surface, demonstrating the effectiveness of

the electrochemical cleaning protocol. The remaining oxygen and carbon peaks result from

exposing the sample to air for 30 min prior to measuring the surface composition and cannot

be avoided. This was verified by sputter cleaning a gold sample in UHV until a clean Auger

spectrum was acquired, then exposing it to air for 20 minutes. The surface composition

measured by the survey scan resulted in 66.1 % gold, 31.8 % carbon and 2.2 % oxygen.

An important feature of the intrinsic electrochemical cleaning protocol is the ability to

revert the sensor surface to its base state in situ by removing the oligonucleotide functional-

ization layer. A cantilever that is functionalized with 10 uM 25-mer thiolated oligonucleotide

was measured with XPS and the %at composition for gold, nitrogen and phosphorus is

11.1 %, 11.64 % and 5.97 %. A clear phosphorus peak in the XPS spectra indicates success-

ful oligonucleotide functionalization, see figure 3.4 A. Subsequently, a sample functionalized

under the same conditions is electrochemically cleaned with 50 mM KClO4 to remove the

oligonucleotide. XPS of the oligonucleotide functionalized and electrochemically cleaned

sample is shown in figure 3.4 B. The %at composition for gold, nitrogen and phosphorus is

measured as 45.86 %, 9.73 % and 0 % (not measurable). The clear removal of the phos-
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phorous peak indicated the removal of the oligonucleotide functionalization layer from the

surface. Subsequently, a more thorough electrochemical cleaning can be done.

Figure 3.4: XPS measurements of the electrochemical removal of an oligonucleotide functionalization

layer on the gold sample. X-Ray Photoelectron Spectroscopy (XPS) data are shown for the Au4f, N1s

and P2p peaks for oligonucleotide functionalized (A) and electrochemical cleaned (B) gold samples.

A clear increase in the gold peak as well as a clear removal of the phosphate peak of the cleaned

sample can be seen.

3.4.2 Surface Stress Measurements

A large signal-to-noise ratio can be achieved by precisely controlling the probe density on the

surface. If the surface is completely covered with the molecule of interest, ions cannot inter-

act with the surface, and only very small surface stress changes are measured. Additionally,

a complete coverage of the surface by probe molecules is detrimental to a fast response time
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of the sensor, as many target molecules will not be able to interact with the probe molecules.

Therefore, it is crucial to achieve an optimal probe density to maximize the signal-to-noise

ratio of the measurements. Our group has developed a multistep oligonucleotide functional-

ization protocol that enables for systematic control of the functionalization density and thus

leads to high quality sensor functionalization with good reproducibility’s. After the electro-

chemical cantilever cleaning described above, a surface stress pattern is recorded for 30 min

during application of a square wave potential between +/- 200 mV with a 10 min period.

Afterwards, the cantilever is incubated in a 10 uM thiolated single stranded oligonucleotide

solution for 5 min and another surface stress pattern is recorded. This step is repeated until

the desired coverage is achieved. This can be controlled by first monitoring the decrease in

surface stress amplitude due to the increased probe coverage and therefore a decreased avail-

ability in gold area and then evaluating the surface stress pattern change due to comparative

adsorption of chloride ions in solution and the negatively charged oligonucleotide phosphate

backbone [93]. The effective density of the oligonucleotide layer can be determined by using

12-ferrocenyl-1-dodecanethiol (Fc(CH2)12SH) to label unfunctionalized areas of the gold sur-

face. The net area associated with unfunctionalized gold is determined from the integrated

area of the electrochemically active ferrocene label. This process was previously shown by

Nagai et al [42], details are described below.

From an applications point of view achieving a reproducible sensor response is highly

desirable. In our system this translates into the necessity of achieving a reproducible probe

surface coverage. The surface probe density can be characterized by measuring the chloride-

induced stress changes of the cantilever (all experiments are performed in Tris-HCl 10 mM

NaCl 50 mM pH 7.4 buffer (TN buffer)). To drive adsorption and desorption of chloride ions

to the cantilever gold surface, a square-wave potential is switched between -200 and +200 mV,

with a 10 min period. As a result of the square wave potential, the cantilever will undergo
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characteristic bending due to the induced surface stress change. In figure 3.5, the surface

stress change patterns for a gold surface that is clean (blue), partially functionalized with

single stranded thiolated oligonucleotide (red) and 6-mercapto-1-hexanol (MCH) (green)

versus time are shown. These three cases demonstrate the relationship between surface

stress change and available gold surface area very well. The surface stress change for clean

gold results in a large signal with an amplitude of σ = 350 mN/m. Furthermore, it shows a

response pattern that is in phase and similar in shape to the applied square wave potential.

This is because chloride ions are essentially immediately driven to/from the surface; surface

charge density (leading to a change in surface stress) thus follows the profile of the applied

potential.

Upon functionalization of the cantilever gold surface with 25-mer thiolated single stranded

oligonucleotide with a packing density of roughly 9 % as described in [42], the surface stress

amplitude decreases and the response pattern starts to deviate from that of the applied

square potential. The trace shows an upward slope trend for regions where +200 mV is ap-

plied and a downward slope for regions where -200 mV is applied. The amplitude decreases

from 350 mN/m to 80 mN/m compared to the clean gold surface. This supports the fact

that if less gold surface is available for the chloride ions to adsorb to, the smaller the surface

stress change will be. The oligonucleotide covers a part of the surface and makes it less

accessible for chloride ions to adsorb/desorb at the applied potentials. The change in shape

of the response curve is due to changes in the structure of single-stranded oligonucleotide

when potential is applied and results from interactions between the charged oligonucleotide

phosphate backbone and the gold surface and hydration shell dynamics. Quantitative mod-

eling of these various phenomena and their interplay is presently being investigated. What is

clear at this stage is that the detailed shape of the stress response curve allows determination

of the probe surface coverage.
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Figure 3.5: Surface stress change on a clean compared to functionalized gold coated cantilevers.

Surface stress change pattern of the cantilever as a response to an applied square wave potential at

+/-200 mV with a 10 min period. The blue trace shows the response of a clean gold evaporated

surface measuring a large surface stress change of σ=350 mN/m. Upon functionalization with single-

stranded oligonucleotide (red trace), the surface stress change decreases to σ=80 mN/m. Covering

the surface with 6-mercapto-1-hexanol (MCH) (green trace) leads to a low surface stress change of

σ=40 mN/m.

To further demonstrate this principle, another sample was functionalized with MCH, a

short thiolated C6 linker for 5 min. MCH binds strongly to the gold surface resulting in

a densely packed layer. Ion adsorption is blocked and the capacitance of the electrode is

reduced [94]. The surface stress change pattern shows an even stronger deviation from the

shape of the applied potential and a further decrease in stress amplitude to values such as

40 mN/m. Note that the pattern change provides a potentially more robust signal to detect
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hybridization than the amplitude, which can vary depending on the number and type of

defects in the self-assembled monolayer [83].

In summary, we point out two key observations. This first is that the amplitude of

the surface stress change at the switching potential decreases, the more the gold surface is

blocked by any molecules, allowing fewer chloride ions to ad-/desorb onto the surface. The

absolute value of the amplitude is a function of the initial gold cleanliness. Contaminants

in the solution that competitively bind to the clean gold surface (e.g. bromide in a chloride

solution) and potential-induced conformational changes in the probe molecules also affect

the signal amplitude. Reproducible large absolute signal values can be achieved by suitable

gold cleaning protocols as described above. Note that the average absolute surface stress

value is 280 mN with a reproducibility of 40 % .

The second key point is that the surface stress pattern is characteristic of the nature of

the surface bound molecules (either of the probe functionalization layer or the probe-target

complex). The former can be used to (re-)generate well defined probe functionalization

layers in situ. The latter allows for the determination of the presence of target molecules

as recently demonstrated by Nagai et al. [42], who reported on the pattern shape change

due to oligonucleotide hybridization and aptamer-protein interactions of optimized sensing

layers. The change in the pattern can be attributed to the negatively charged phosphate

backbone of the DNA and mechanical property changes upon hybridization. A negative

applied potential will repel the DNA from the surface leaving the DNA in a standing up

position [80]. Over time, a double layer will build up that screens the DNA charge which

results in a relaxation of the DNA into its neutral state. This is reflected in the slope change

in the surface stress change pattern observed at -200 mV. At positive potentials, the DNA is

attracted to the gold surface and is lying down. The relaxation of this position is visible in
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the slope change of the surface stress change pattern. In passing, we note that by varying the

temporal period of the applied potential, conformation dynamics can be studied, potentially

allowing label free fundamental experimental insights into important topics such as protein

folding.

3.4.3 Long-term Measurements

An important question is how long the sensor response remains stable. Because cantilever

based sensors are very sensitive, their response is expected to drift and change as a function

of time, concentration of contaminants, etc. We have performed long-term stability record-

ings in the TN buffer used for our oligonucleotide and aptamer protein measurements. The

cantilever was electrochemically cleaned in 50 mM KClO4, rinsed with MilliQ water and

placed in buffer. No oligonucleotide functionalization was performed. A square wave poten-

tial between +/- 200 mV with a period of 10 min is applied to the cantilever for 14 hrs (84

cycles). The surface stress change of the cantilever was recorded over time, as shown in fig-

ure 3.6. Overall, the surface stress amplitude decreases from 150 mN/m to 100 mN/m after

4 hrs, to 60 mN/m after 10 hrs, and finally less than 50 mN/m after 14 hrs. Additionally, a

pattern change is observed. The slope of the pattern at +200 mV changes from a positive to

a negative trend after 8 hrs. A similar change is observed for the slope at -200 mV changing

from a negative to a positive trend after 11 hrs. A zoom into three different regions of the

curve after 1, 9.5 and 13 hrs is shown in the figure 3.6. The overall decrease in amplitude

is attributed to chemisorbed ions on the surface leading to a decrease in the available gold

area. A CV was recorded in 50 mM KClO4 before and after the long-term measurement.

The charge increases by 85 %, indicating an increase in the capacitance, assuming that the

active area has remained constant. The experiment starts by applying a potential of -200 mV

and ends 14 hours later at +200 mV after 84 cycles. Generally, one observes that the sensor
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remains stable for 10 hrs in TN buffer before competitive chemisorption takes place leading

to an unreliable measurement. This is likely a function of the purity of the buffer components

and water used to prepare the buffer solution. With the intrinsic electrochemical cleaning

setup, the cantilever can be restored to its original state, i.e. a clean gold surface in situ.

Figure 3.6: Longterm surface stress measurement of gold coated cantilever in buffer. Longterm

surface stress of a gold coated cantilever in TN buffer recorded for 14 hrs. A square wave potential

between +/-200 mV with a period of 10 min was applied to the cantilever. A zoom of three sections

are shown and labeled as 1, 2 and 3. At (1) a large surface stress change is measured. After around

9.5 hours (2), the pattern starts to change resulting in a negative slope for +200 mV and a positive

slope for -200 mV, clearly visible after 13 hrs (3). Furthermore, the overall surface stress change

amplitude decreases indicating that that ions chemisorb onto the surface over time covering part of

the gold surface.

3.5 Conclusion

We have addressed and discussed three issues that are fundamental to successful cantilever

biosensor integration and relevant for many other sensor platforms and applications. First, in

sensors where the signal relies on surface charge changes such as in chemFETS or cantilever
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based sensors, a clean chemical functionalization layer support surface is crucial in order to

obtain large signals. Here we report an electrochemical cleaning method of the gold surface

often used to support the thiolated probe molecules by sweeping a potential that is applied

to the sensor surface between -0.8 and 1.4 V in 50 mM KClO4 until a reproducible cyclic

voltammogram is obtained. XPS data verifies the effectiveness of this cleaning method. The

advantage of this method is that the sensor can be cleaned intrinsically without the use of

any harsh chemicals that might harm the sensor integration environment. This cleaning

step will remove the functionalization layer of the sensor restoring it to its original state.

Second, we demonstrate how to achieve a high signal-to-noise ratio by carefully controlling

the probe coverage of the sensor. A multistep functionalization protocol is described relying

on characteristic changes in the stress response as a function of probe density to in situ

electrochemical stimulation. This systematically provides a higher quality layer and a better

control of the surface coverage, leading to higher signal-to-noise ratios and to a reproducible,

predictable sensor response. Surface stress change measurements on a clean gold surface,

oligonucleotide and MCH modified gold cantilever surfaces are described. In all experiments

described here, a square wave potential between ±200 mV is applied to the cantilever in

TN buffer. These experiments confirm that the surface stress change is proportional to the

available gold area. Additionally, the surface stress change pattern gives detailed information

about conformational changes on the surface upon applying a potential. Lastly, long term

stability measurements are shown in buffer indicating the sensor lifetime to be about 10 hrs.

The origin of this limitation is currently being investigated. After 10 hrs, a electrochemical

cleaning step is necessary to recover the surface to its initial high sensitivity state.
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4

Selective in situ Modification

This section is based on the following manuscript to be submitted to

Biosensors and Bioelectronics in April 2016:

Haag, A.-L., Lennox, R.B and Grutter, P. Selective in situ potential-assisted SAM

formation on multi electrode arrays. Biosensors and Bioelectronics (2016).

4.1 Abstract

The selective modification of individual components in a biosensor array is challenging.

To address this challenge, we present a generalizable approach to selectively modify and

characterize individual gold surfaces in an array, in an in situ manner. This is achieved

by controlling the applied potential of the individual sensors in an array, each acting as a

working electrode in solution. The extent of adsorption and desorption of the derivatiz-

ing molecules is thus controlled. To demonstrate this concept, two different self-assembled

monoloayer (SAM)-forming electrochemically-addressable ω-ferrocenyl alkanethiols (C11) are

chemisorbed onto independent but adjacent gold electrodes. At applied potentials (vs.

Ag/AgCl) cathodic relative to the adsorption potential of the alkylthiol, the ferrocene alka-

53
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nethiol does not adsorb onto the surface and the electrode remains underivatized. However,

applying modest positive potentials relative to the adsorption potential leads to extensive

coverage within 10 min. The resulting SAM remains in a stable state while under these mod-

est anodic potentials. In this state, the existing SAM does not significantly desorb nor do

new ferrocenylalkythiols adsorb. Using three characteristic potentials allows for controlled

submonolayer probe coverage of the individual componenents of gold electrode arrays in situ.

These three potentials are characteristically different for different adsorbates. Characteri-

zation of the ferrocene-modified electrodes via cyclic voltammetry demonstrates that each

ferrocene marker is exclusively adsorbed to the electrode it was directed to.

4.2 Introduction

Multiplexed biosensing arrays are of great interest as they allow for the rapid and selec-

tive detection of many analytes in a complex mixture. Controlling the functionalization of

the individual components of the array is however complex, and when achieved is generally

performed in a serial fashion using additional apparatus [95]. Techniques used to modify

one sensor in the presence of many others include microcontact printing [58, 59], dip-pen

nanolithography [60] and modified ink-jet printing [61, 62]. Here we present a technique to

functionalize the individual components in an array of gold electrodes with different func-

tionalities by using selective potential-assisted electrochemical deposition and inhibition of

deposition. Two different electroactive ferrocene markers (Fc-C11 and Fc- CO-C11) attached

at the ω-position to a C11-alkyl thiol are used to demonstrate this concept.

The adsorption of alkanethiols on single crystal and polycrystalline gold have been

shown to be potential-dependent [96–100]. A modest positive potential (e.g. >200 mV

vs. Ag/AgCl) can increase the rate of adsorption of alkanethiols on polycrystalline gold so
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that excellent coverage can be achieved within minutes [96, 101, 102]. Applying a potential

during SAM formation results in a well-defined SAM in terms of coverage. On the other

hand cathodic potentials (<-200 mV vs. Ag/AgCl) inhibit the rate of chemisorption of

alkythiols on polycrystalline gold and indeed at potentials <-600 mV to <-1100 mV (de-

pending on chain length [103] and crystallographic orientation [104]), chemisorbed alkythiols

are reductively desorbed [100, 105–107]. The relevant reactions are described in equation 4.1

RS − Au+ e− −→ Au(0) +RS− (4.1)

for the case of reductive desorption and

RSH + Au −→ RSAu+H+ + e− (4.2)

for the case of oxidative adsorption.

The electrochemical removal (stripping) of functional monolayers followed by full cover-

age selective adsorption of a second molecule has been demonstrated [82, 108]. Collman et

al. [82] functionalized two adjacent gold electrodes with the same adsorbate. Subsequent

reductive desorption at one electrode removed the chemisorbed thiol. Exposure to a second

adsorbate results in derivatizion of only the SAM-stripped electrode, as the other electrode

remains unchanged under the experimental conditions. This approach works on the principle

of selective reductive desorption of a SAM to allow for introduction of a second adsorbate.

This process requires complete monolayer functionalization at each step, as otherwise cross-

functionalization and binary SAMs will result.

In some cases, a partially coated sensor surface is desired [1, 42, 63]. Peterson et al. [64]

have shown that surface-tethered single stranded DNA, when in a low surface density regime,
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is desired as probe hybridization proceeds with relatively fast kinetics. In comparison, high

probe surface leads to a decrease in both hybridization efficiency and relatively slower kinet-

ics. Many other studies show that sub-monolayer coverage of tethered DNA probes leads to

optimal hybridization efficiencies for DNA binding on gold [94, 109], on gold nanowires [110],

or for protein binding [111]. Nagai et al. [42], using microcantilever sensors, demonstrated

that maximal surface stress changes between single stranded oligonucleotides and hybridized

probes are achieved at a probe density of ca. θ = 0.3 in the absence of other adsorbates.

There is, to our knowledge, no potential-assisted method described in the literature which

results in the selective in situ modification of multiple electrodes with submonolayer coverage.

Here we present a method to produce submonolayer adsorbate coverage on two different

but spatially proximal gold electrodes in situ with different electroactive ferrocene alka-

nethiols. This is achieved by controlling the applied potential of the gold samples during

modification using three distinct potentials: Eads (adsorption), Edes (desorption) and Ehold

(holding). The potential at Eads promotes the chemisorption of an alkanethiol on the gold

surface. The potential Edes maintains the electrode in the reductive desorption state and

inhibits alkanethiol adsorption from occuring. Lastly, Ehold is an intermediate potential that

is not reductive enough to desorb an already formed monolayer but is not sufficiently anodic

to promote the adsorption of new alkanethiols via an electrochemically-promoted exchange

reaction.

It is important to note that Ma et.al. [96] and Paik et.al. [101] have demonstrated that

reproducible SAM formation can occur over time scales of a few minutes by using potential-

assisted deposition. This technique enables the multiple electrode experiments described

here. In the absence of potential-assisted deposition, desorption and holding rates at open

cirucit are both very slow and irreproducible. The long incubation times necessary for SAM



4.3. EXPERIMENTAL SECTION 57

formation without potential assistance will also lead to considerable exchange reactions at

the first-formed SAM. The functionalization technique described here yields submonolayer

coverage on a gold surface, in situ modification, and is scalable in that any number of

electrode sensor surfaces can be functionalized with different molecules with the use of a

multipotentiostat.

4.3 Experimental Section

4.3.1 Materials

11-(ferrocenyl)undecanethiol (Sigma Aldrich, USA) was dissolved in absolute ethanol to a

concentration of 1 mM. 11-(ferrocenyl)-carbonyl undecanethiol was synthesized as per litera-

ture methods (see supporting information). Alkanethiol SAM formation involves the use of a

1:1 soltion of 11- (ferrocenyl)undecanethiol (Fc-C11-SH) and 11-(ferrocenyl)-carbonyl unde-

canethiol (Fc-CO-C11-SH) in 100 mM LiClO4 (absolute ethanol). Electrochemical clean-

ing was performed in a 50 mM KClO4 solution. All other cyclic voltammograms were

recorded in 100 mM NaClO4. The following reagents were purchased and used without

further purification: potassium perchlorate (>99 %, Sigma Aldrich, USA), lithium perchlo-

rate (>95 %, Sigma Aldrich, USA), sodium perchlorate (>98 %, Sigma Aldrich, USA) and

absolute ethanol (>99.8 %, Sigma Aldrich, USA).

4.3.2 Gold Surface Preparation

Silicon wafers were diced into small (0.5 x 1 cm) pieces and solvent-cleaned with acetone,

isopropanol and methanol before sequential thermal evaporation of Ti and Au was performed.

A 2 nm Ti adhesion layer was evaporated at a constant rate of 0.9 Å/s followed by a 100 nm

thick Au layer at a constant rate of 1 Å/s (pressure < 1x10−6 mBar, room temperature).
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Samples were stored under ambient conditions until needed. To define the electrochemical

active area of the exposed gold in solution, a thin layer of Eccobond 286 (Emerson & Cuming,

USA) is applied to the base of the gold surface leaving an exposed macroscopic area of

∼1.0 mm2 .

4.3.3 Electrochemical Cleaning

All samples were electrochemically cleaned prior to each experiment. Samples were cycled

between -0.8 and 1.4 V (vs. Ag/AgCl (sat. KCl) ) in 50 mM KClO4 at a scan rate of

20 mV/sec until a repetitive voltammogram was obtained. The gold electrode served as

the working electrode, a platinum wire (1 mm diameter, Alfa Aesar, USA) as the counter

electrode, a standard Ag/AgCl (sat. KCl) reference electrode (BASi, USA) as the reference.

Electrochemical measurements were performed using a CHI 1030A (CH Instruments, USA)

potentiostat. For all experiments two gold electrodes are recorded simultaneously by using

each electrode as a separate working electrode sharing one counter and one reference electrode

(Bipotentiostat).

4.3.4 Measurement of Ferrocene Coverage

The area of the gold electrode was determined from the gold oxide reductive stripping peak

in the cyclic voltamogram performed from -0.8 to 1.4 V. The quantity of surface oxide formed

during the anodic excursion is determined by integrating the gold oxide reduction peak in

the cathodic scan, Qred. Assuming a standard charge value of 400 µC/cm2 for polycrystalline

gold [112], the microscopic surface area can be calculated by:

A =
Qred

Qst

(4.3)

The geometric surface area is determined for each gold electrode via optical methods.
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The ratio of the electrochemical surface area to the geometric area yields roughness factor

values of 1.1 to 1.6 for the electrodes used in this study.

Ferrocenylalkythiol coverage was determined by integrating the ferrocene-associated oxi-

dation peak in the CV obtained in 100 mM NaClO4. The surface coverage of the electroactive

ferrocene group is given by:

Γ =
Q

nFA
(4.4)

with Q = charge obtained by integrating the current peak, n is the number of electrons

transferred (n = 1 for the ferrocene couple), F the Faraday constant, and A is the electro-

chemical surface area of the gold electrode. To determine the fractional surface coverage of

the ferrocene-modified alkanethiol on the gold electrode, the theoretical maximal coverage

of 4.5 x 10−10 mol/cm2 (equivalent to 2.7 x 1014 molecules/cm2) is divided by the calcu-

lated coverage [113]. The theoretical maximal coverage is calculated by assuming a spherical

ferrrocne with diameter of 6.6 Å, hexagonally close-packed [114].

4.3.5 SAM Formation

The gold surfaces were selectively modified with the two different ferrocene derivatives by

varying the applied potential as described in detailed below. Modification was performed in

either 1 mM Fc-CO-C11-SH or Fc-C11-SH (1:1) with 100 mM NaClO4 solutions for 10 min at

a constant applied potential. After electrodeposition, the surfaces were rinsed with ethanol

and Milli-Q water before a CV was recorded in 100 mM NaClO4 from 0.2 to 0.8 V (vs.

Ag/AgCl (sat. KCl)).
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4.4 Results and Discussion

4.4.1 Determination of Required Applied Potentials

The first step toward a successful potential-assisted modification is to determine the ferro-

cenylalkythiol coverage as a function of the applied potential. Prior to each experiment,

the evaporated gold electrodes are electrochemically cleaned before exposing them to the

ferrocene derivitive [1]. To measure the extent of potential-dependent adsorption, the gold

electrode was exposed to a 2 ml of 1 mM Fc-C11-SH / 100 mM LiClO4 solution while ap-

plying cathodic potentials (vs. Ag/AgCl (sat. KCl)) from -1.4 to -0.9 V for 10 min at

each potential. After each incubation step, the sample was rinsed with ethanol and Milli-Q

water before a CV was recorded in 100 mM NaClO4 at 20 mV/sec. The resulting ferrocene

oxidation peak was integrated to calculate the ferrocene surface coverage (equation 4.4).

Results are plotted as a function of applied potential in figure 4.1 A. No apparent ferrocene

derivative signal is observed for potentials <-0.9 V. Potentials of <-0.9 V (red area) thus

serve to maintain a gold electrode free of chemisorbed ferrocenylalkanethiol. Application of

a potential of 0.3 V (vs. Ag/AgCl (sat. KCl)) to a clean gold electrode results in Fc-C11-SH

of > 50 % after 10 min incubation.

The second step involves determining the potential range over which the ferroceny-

lalkylthiol SAMs are stable in regards to both desorption and thiol-for-thiol exchange. To

measure the desorption potential of the ferrocene alkanethiol, the modified surface was ex-

posed to the ferrocenyl solution (1 mM) while changing the potential from -0.3 to -0.8 V.

The corresponding ferrocene coverage is shown in figure 4.1 B. To compare the coverage of

different experiments, the full layer is set to 100 % and the decrease of coverage with respect

to the full layer is expressed as a percent of total coverage. Starting at -0.3V, the ferrocene
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surface coverage decreases indicating that gold-thiol bond is destabilized and the ferroceny-

lalkylhiol desorbs from the surface. The holding potential, described as the potential where

an existing SAM (0 < θ < 1) is hold to be stable towards additional alkythiol adsorption

or desorption for the time necessary to modify another electrode and is determined to be

>-0.6 V.

Figure 4.1: Ferrocene coverage depending on the applied potential to the gold electrode. The

electrode was immersed in 1 mM Fc-C11-SH, 100 mM NaClO4 for 10 min while applying various

potentials. After each incubation at a specific potential, the electrode was rinsed and a CV was

recorded in 100 mM NaClO4 at 20 mV/sec, vs. Ag/AgCl (sat. KCl). The oxidation peak is

integrated to calculate the ferrocene surface coverage, using equation 4.4. A shows the adsorption

of Fc-C11-SH onto a clean surface with increasing applied potentials. In B, a fully-functionalized

electrode is systematically desorpt by applying a step-wise decreasing potential.

This potential-dependent ferrocene coverage establishes the three operational potentials

of interest to this study: Eads, Edesorb and Ehold. Eads (>0.3 V) is the potential at which

adsorption of the C11-alkanethiol occurs. Edesorb is the potential at which alkanethiol adsorp-

tion onto a clean gold electrode is not measurable (<-0.9 V). Ehold (-0.6 V) is in the potential
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range at which a pre-formed C11 alkylthiol SAM is hold to prevent further thiol desorption,

adsorption and exchange. These potential ranges provide limits with which to selectively

functionalize two different alkylthiol ferrocene markers onto different gold electrodes which

are present in solution.

4.4.2 Potential-driven Modification Protocol

These three potential regimes allow one to control the functionalization of two proximal

electrodes with two different species. Two different ferrocene derivatives, Fc-CO-C11-SH and

Fc-C11-SH demonstrate the effectiveness of the selective functionalization protocol based on

desorption and adsorption. The two probes have the same alkyl chain length (C11) and the

same chain terminus (thiol), yet one has an added carbonyl group to the ferrocene moiety.

This carbonyl shifts the corresponding redox potential anodically by 250 mV with respect

to the Fc-C11-SH [81, 83–85]. The Fc-C11-SH exhibits an oxidation peak at Ep = 0.34 V

(vs. Ag/AgCl), whereas the Fc-CO-C11-SH exhibits the redox peak at Ep = 0.59 V (vs.

Ag/AgCl). If a mixed SAM is formed on one electrode, two distinct peaks are observed. In

a two working electrode configuration, each gold electrode is subjected to an electrochemical

cleaning process in 50 mM NaClO4 (vs. Ag/AgCl (sat. KCl)) by cycling the applied

potential between -0.8 and 1.4 V until a reproducible cyclic voltammogram with distinct

gold oxidation and reduction peaks is observed. The electrochemically active surface area is

determined by integration of the anodic peak current.

These two different ferrocenes are used to experimentally demonstrate the two-step pro-

tocol of selective functionalization of the electrode shown in Figure 4.2. In the first step, both

gold electrodes are simultaneously exposed to the same probe by immersion into a liquid cell

filled with a total of 2 ml 1 mM Fc-CO-C11-SH, 100 mM LiClO4 for 10 min. During the

functionalization process, electrode 1 is held at 0.3 V (Eads), whereas electrode 2 is held at
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Figure 4.2: Scheme showing the two-step selective in situ surface modification on two gold electrodes.

A) Both electrodes are immersed in 1 mM Fc-CO-C11-SH, 100 mM NaClO4 for 10 min. Different

potentials are applied to two electrodes, so that the alkanethiol is only deposited onto electrode 1.

B) The solution is changed to the second adsorbate, 1 mM Fc-C11-SH, 100 mM NaClO4 and the

two electrodes are immersed for 10 min while the applied potentials targets the probe to the second

electrode exclusively.

-1.4 V (Edesorb). After incubation, the electrodes are rinsed with ethanol and Milli-Q water

and placed in a fresh liquid cell filled with 2 ml 100 mM NaClO4. Cyclic voltammogram

verifies the extent of derivatization. Both electrodes are rinsed with ethanol at the com-
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pletion of the functionalization process. In a second step, both electrodes are placed in the

same solution containing the second adsorbate (2 ml, 1 mM Fc-C11-SH, 100 mM LiClO4)

for 10 min at specific potentials. During the functionalization, electrode 1 is held at -0.6 V

(Ehold) and electrode 2 is held at +0.3 V (Eads) to modify it with the second ferrocene probe.

The resulting cyclic voltammogram recorded simultaneously on each gold electrode after

the second modification step is shown in Figure 4.3. Electrode 1 (blue) is modified with

Fc-CO-C11-SH and Electrode 2 (red) is modified with Fc-C11-SH. Oxidation peaks at Ep =

0.59 V (Fc-CO-C11-SH) and Ep = 0.34 V (Fc-C11-SH) provide for the determination of the

respective ferrocene coverage. For the Fc-CO-C11-SH treated electrode 1, the overall surface

coverage is 43.4 ± 0.4 %, corresponding to an alkanethiol density of 1.951 x 10−10 ± 0.016

x 10−10 mol/cm2. On the other hand, electrode 2 treated with Fc-C11-SH has a coverage of

32.7 ± 0.3 % (density: 1.474 x 10−10 ± 0.015 x 10−10 mol/cm2).

4.4.3 Cross-coverage

Measurable quantities of Fc-C11 are observed on the Fc-CO-C11-derivatized electrode. These

peaks result from a competitive deposition of an undesired alkylferrocene in the presence of

a derivative. Integration of the oxidation peak allows one to quantify cross-coverage. For

electrode 1 (modified with Fc-CO-C11-SH) the coverage by Fc-C11-SH is only 1.1 ± 0.2 %

(density: 4.727 x 10−12 ± 0.748 x 10−12 mol/cm2) and electrode 2 (modified with Fc-C11-SH)

shows a cross-coverage of 2.4 ± 0.2 % (density: 1.071 x 10−11 ± 0.066 x 10−11 mol/cm2) with

Fc-CO-C11-SH. The coverage and cross-coverage values for three independent experiments

are summarized in Figure 4.4. In column C, the previously analysed experiment is shown.

A and B are carried out using the same protocol. The distribution in the coverage is sug-

gested to come from the polycrystalline nature of the gold electrodes and the relatively short
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Figure 4.3: Cyclic voltammogram recorded simultaneously for both electrodes in 100 mM NaClO4

(vs. Ag/AgCl (sat. KCl) at 20 mV/sec. The peak centered at Ep = 0.34 V corresponds to the Fc-C11

peak and the peak at Ep = 0.59 V corresponds to the Fc-CO-C11.

incubation time (10 min) of each step. The histogram shows that electrode 1 undergoes

high Fc-CO-C11-SH coverage whereas electrode 2 shows high Fc-C11-SH modification. The

cross-coverage at each electrode is less than 4 % in all experiments.

Differentiation has to be made between the two cross-coverage values, as they have dif-

ferent origin. In case C, the cross-coverage value of 2.4 % of Fc-CO on electrode 2 results

from the deposition on a clean electrode held at -1.4 V during the first step. The second

contamination value is lesser (with a value of 1.1 % of Fc-C11-SH on electrode 1) and re-

sults from the second modification step while the partially modified surface is being held at

Ehold = −0.6 V . Adsorption on a clean non-functionalized electrode can cause complications
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Figure 4.4: Cross-coverage for three different modification regimes (A-C). Electrode 1 is modified

with Fc-CO-C11-SH (+0.3 V) while a negative potential is applied to electrode 2. In the second step,

electrode 2 is modified with Fc-C11-SH (+0.3 V) while electrode 1 is held in the protective state

(-0.6 V). The final surface coverage is plotted. A cross-coverage value of less than 4 % is achieved for

all experiments.

if more surfaces are being modified, as each modification step will increase the degree of

undesired adsorption. Due to the in situ electrochemical system, electrochemical cleaning

can be performed on a set of non-functionalized arrays after every n-th modification. This

step will ensure that minimal contamination on new blocked surfaces occurs. On the other

hand, undesired adsorption during the holding potential of an electrode is believed to not

increase significantly during further modification steps, as the adsorption kinetics are slower

at higher coverage.
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4.5 Conclusion

The work presented here describes an in situ method to selectively functionalize gold elec-

trodes with different probes at submonolayer coverages. Application of specific potentials

to the gold electrodes during SAM formation demonstrates that the extent of deposition of

electrochemically active molecules can be controlled. All modification processes are done

under potential-control to have a reproducible SAM formation that occurs within 10 min.

SAM formation tiems scales are in the order of hours if modificatio is performed under

open circuit conditions. In our study, two different gold electrodes were functionalized, each

with an electrochemically distinct alkylferrocene adsorbate: Fc-CO-C11-SH and Fc-C11-SH.

Potential-assisted SAM formation is achieved by distinguishing between three potentials:

Eads (+0.3 V) held at slightly cathodic potentials enhances the alkanethiol adsorption rate

so that excellent coverage can be achieved within 10 min [96, 97]. Edes (-1.4 V) inhibits

adsorption by maintaining the electrode in a reductive (alkylthiol) desorption state. Lastly,

Ehold (-0.6 V) holds the state of a modified ferrocene alkanethiol electrode by hindering the

adsorption of new alkanethiols vie electrochemically-promoted exchange reactions. The key

potential here is Ehold which enables the functionalizion SAMs with submonolayer coverage.

Cyclic voltammogram measurements in 100 mM NaClO4 show two distinct electrochemical

peaks indicating the successful selective modification on the two gold electrodes. From these

measurements, cross-coverage values of 4 % of the full coverage are determined.

Previous reports have only shown potential-assisted functionalization relying on a full

SAM coverage. For a wide range of sensors however, a full coverage is not desired but

a submonolayer coverage. The method presented here can selectively modify electrodes

at submonolayer coverage by implementing a holding potential that keeps a functionalized



68 CHAPTER 4. SELECTIVE IN SITU MODIFICATION

electrode in its current state and prevents further adsorption or desorption within the time

frames of the experiments. The technique can be applied in situ and is scalable so that a

full array of gold electrode sensors can be modified and can thus be used for a wide variety

of metal-based sensors.
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Sensitivity Measurements

This section is based on the following manuscript to be submitted to Lagnmuir :

Haag, A.-L., Schumacher, Z and Grutter, P. Sensitivity measurements of

cantilever-based surface stress sensors Langmuir (2016).

5.1 Abstract

In this section a more detailed analysis of the surface stress evolution for potential-driven

adsorption of ions is discussed. A gold-evaporated cantilever, as previously described is used

to simultaneously measure the change in the surface stress as well as the current during an

applied potential. In this electrochemical configuration, the cantilever acts as the working

electrode, a platinum wire as the counter electrode and the Ag/AgCl (sat. KCl) electrode

as the reference electrode. To study the time-dependent signal and the sensitivity of the

system, the frequency of the potential step applied to the cantilever is varied from 1 sec to

0.1 ms. This allows the analysis of the early evolution of the signal. First, a comparison

between a strong adsorbing (Chloride Cl−) and a weak adsorbing ion (Perchlorate ClO−
4 ) in

solution is presented. Next, the linear relationship between surface stress and charge density

69
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is measured for these fast potential steps. This slope of this fit is defined as the sensitivity

of the system and increases for shorter pulses. Finally, the behavior of the surface stress and

current for consecutive potential segments is studied.

5.1.1 Surface Stress Change and Charge Density

To understand how surface stress is related to charge density, some basic concepts are dis-

cussed. As briefly explained in section 2.3.1, the Lippmann equation relates the surface free

energy γ with the charge density q by:

∂γ

∂E
= −q (5.1)

Assuming that the differential capacitance stays constant, equation 5.1 can be integrated

to yield:

γ = −
∫
qdE (5.2)

Using the relationship between charge density and capacitance (dσ = CdE), one can see

from equation 5.2, that the surface free energy is proportional to C2 and q2. A parabolic

dependence is therefore observed for a plot of the surface free energy vs. potential. For solid-

liquid interfaces however, the surface free energy can not be determined experimentally. A

change in the surface stress can be measured over a change of applied potential. For solid-

liquid interfaces, the generalized Lippmann equation was developed:

∂γ

∂E
= −q + (σij − γδij)

(
∂εij
∂E

)
(5.3)

with σ the surface stress, δ the Kronecker delta and ε the interfacial strain. For surfaces

with a 3-fold or higher symmetry, the surface stress is isotropic and σ can be assumed to be

scalar.
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For liquid-liquid interfaces, the surface stress σ is equal to the surface free energy γ, so

that equation 5.3 is reduced to the general Lippmann equation (see equ. 5.1).

A measured surface stress change is related to the surface free energy by the Shuttleworth

equation:

σij = γδij +

(
∂γ

∂εij

)
(5.4)

with ε being the interfacial strain. For liquid-liquid interfaces, the last term on the right-

hand side vanishes, as the atoms are free to flow to the surface upon a change in the surface

strain. Therefore, the stress is equal to the surface free energy.

It has been shown that the surface stress change is linearly related to the surface charge

density for Au(111) for different ion species. An increase in charge is therefore directly pro-

portional to an increase in the surface stress change [71, 88, 89]. A characteristic coefficient ξ

which relates surface stress to charge is reported for all linear dependencies. This coefficient

is defined by the slope of the surface stress vs. charge plot, as:

ξ =
dσ

dq
(5.5)

Haiss et. al. [89] used a flame-annelealed gold-coated glass cantilever and Ibach et. al.

[71] used a macroscopic Au(111) single crystal cantilever for their experiments to measure

this parameter. The potential-induced deflection of the cantilever is measured by an STM

tip in both studies. Tabard-Cossa et. al. have shown the stress-charge relationship on a

polycrystalline Au(111) microcantilever [88]. All measurements observed a negative surface

stress - charge coefficient with reported ξ-values between -0.67 V and -2.0 V for chloride

adsorption [88, 89, 115–121]. Several factors play a role in the variation of these values.

These include but are not limited to cleanliness of the surface and surface treatment [88],
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different crystal orientation (single-crystal vs. polycrystalline) [116], investigated potential

window [119], ion concentration [122] and measurement method. As pointed out in a recent

study, the surface roughness of the metal electrode can change the coefficient value from

-0.7 V (for rough surfaces) to -1.15 V (for smooth surfaces) [121].

5.2 Fast-Potential Pulses

In chapter 3, a 5 min potential pulse is applied to the cantilever and the resulting stress

over time is measured. The duration of the pulse is chosen so that all processes are in

equilibrium and large surface stress signals are achieved. To measure time-resolved surface

stress and current signals, the length of this potential pulse is decreased. The scheme in

figure 5.1 shows the characteristic parameters of this approach. A potential pulse between

+/- 0.1 V to 0.5 V with a defined pulse width (ranging from 0.1 ms to 1 sec) is applied to

the gold-coated cantilever for 5 segments (A). The potential values are chosen so that no

redoxreaction of the solution or the gold occurs. The shortest pulse width (0.1 ms) is limited

by the potentiostat setting used for these experiments (CHI 1030A, CH Instrument, USA).

The cantilever is exposed to either 1 mM sodium chloride (NaCl) or 1 mM sodium perchlorate

(NaClO4) solution. Chloride and perchlorate ions will induce a change in the surface stress

of the cantilever which can be monitored using the beam deflection method (figure 5.1B).

A characteristic surface stress change amplitude is measured. With the three-electrode

configuration, the current vs. time response can be simultaneously measured (figure 5.1C).

The recorded current can be integrated over time (and divided by the electrochemical area

of the cantilever) to yield the charge density profile. The electrochemical area is determined

by integrating the gold reduction peak of a CV recorded in 50 mM KClO4 and dividing this

by the standard gold charge.
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Figure 5.1: Schematics for fast potential switch measurement, showing the input voltage A, the

surface stress response B and the current recording C

.
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By varying the pulse width t1, the change between equilibrium and transient conditions

is monitored for two different ions. The potential-dependent conditions are further studied

by varying the applied potential pulse strength between 0.1 V and 0.5 V. The surface stress

increases with increased applied surface potential, as more ions are directed to the surface

inducing a larger surface stress signal.

5.2.1 Surface Stress and Current Response

In this section, a more detailed analysis of the surface stress change and current response is

shown. Understanding the evolution of surface stress and charge density signal for different

ions allows quantitative insights into the dynamics of charge and ionic transfer in solution, a

topic of great importance not only in sensing, but more importantly in energy and biological

applications.

In figure 5.1B, a typical surface stress response is shown. A compressive change in

surface stress is observed for an applied potential greater than the potential of zero charge,

E > PZC. A fast change in surface stress followed by a slower change is observed until

equilibrium is reached. The first rise is correlated with the well-known double layer charging

of the interface as observed in the current data. The slower change correlates with the

diffusion of ions towards the surface until the electrode surface is screened and equilibrium

conditions are established.

The characteristic surface stress change amplitude An for each segment is defined as the

distance between the last value of the first segment and the last value of the second segment,

as shown in figure 5.1B. This amplitude is larger for increasing potential values as well as for

increasing concentrations, see appendix 8.2. In the following experiments, the pulse width is

decreased so that the surface stress response does not reach equilibrium conditions anymore

and therefore a smaller amplitude is measured.
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A positive current response is measured for positive applied potentials and vice versa, see

figure 5.1C. A sharp current spike is first observed followed by a slower current decay until

equilibrium conditions are reached. The sharp spike comes from the instantaneous change in

potential and the subsequent instant drive of ions to the surface and has a time constant in

the order of 10µs for an applied potential of 100 mV in a 1 mM solution [123]. More ions will

then diffuse towards the electrode to form a complete double-layer. The potential here is low

enough to inhibit electrochemical reactions (i.e. redox reactions), therefore the current will

fall back to zero after the double layer is established and equilibrium conditions are met. The

presence of faradaic processes (e.g. reduction/oxidation of gold) would lead to a constant

current flow and the recorded current will not go back to zero. By decreasing the time

of the applied potential pulse, larger Iend current values are recorded, because equilibrium

conditions are not yet established.

If a potential step is applied to a system in solution, the current response is described

by the Cottrell equation, as shown in section 2.2.2. However, the Cottrell equation only

describes the faradaic current which is observed after the initial double layer contribution.

For the first few seconds of the response, the current is dominated by the charging current

from the double layer formation and is expressed by:

ich =
∆E

Rs

exp
(
− t

RsCd

)
(5.6)

with ∆E the potential step, Rs the serial resistance and Cd the double layer capacitance.

The double layer capacitance Cd for the Gouy-Chapman-Stern model is dependent on several

parameter including the ion concentration ρ0 and the electric potential φ, as shown in section

2.2.1. Both of these parameters are time-dependent and change over the course of the

applied potential step. Therefore, this problem can only be solved numerically and has only
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recently been solved for saline solutions [123] and pure water [124]. For small gaps defined

by A >> d2, the equation by Morrow-Sato [125] can be simplified so that the current, I,

that is flowing due to an applied potential in a sodium chloride solution is defined by:

I =
A

d

(
e
∫ d

0

[
ρNa+WNa+ − ρCl−WCl− +DNa+

∂ρNa+

∂x
−DCl−

∂ρCl−

∂x

]
dx+ εrε0

∂E

∂t

)
(5.7)

which is depended on the ion number density for sodium ions and chloride ions (ρNa+

and ρCl−), the ion drift velocities (WNa+ and WCl−) and the Diffusion coefficients (DNa+ and

DCl−). The ion drift velocity is the flow velocity that the ion has due to the applied potential

field. This equation will result in the true total current flowing due to an applied voltage step.

In our experimental set-up the simplified Morrow-Sato shown in equation 5.7 is not valid,

as small gaps are not present. The size of the electrode is much smaller than the distance

between electrodes (in the order of cm). Therefore, it is not trivial to quantitatively describe

the current response in this section without numerically solving the equation. In this chapter

an experimental description of the current response due to short applied potentials is shown

for chloride and perchlorate ions and correlated with surface stress measurements.

5.3 Materials and Methods

Measurements are performed on a gold-coated cantilever (CSC38, Mikromash, USA). The

cantilever are solvent cleaned (acetone, ethanol, isopropanol) before being thermally evapo-

rated with an adhesion layer of 2 nm Titanium followed by 100 nm of gold under ultra-high

vacuum conditions. Evaporation rates for Titanium are set to 0.9 Å/s and 1 Å/s for gold.

Prior to each experiment, the cantilevers are electrochemically cleaned by cycling the poten-

tial from -0.8 V to 1.4 V vs. Ag/AgCl (sat. KCl) in 50 mM KClO4 until a repetitive signal
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is observed. All electrochemical measurements are performed in a three-electrode configura-

tion, with a platinum wire as the counter electrode (1 mm diameter, Alfa Aesar, USA), the

cantilever as the working electrode and a Ag/AgCl (sat. KCl) reference electrode (BASi,

USA) as the reference. The gold reduction peak is used to determine the electrochemical

surface area for each cantilever. The area can be identified by integrating the reduction peak

to yield the charge. By knowing the standard charge for polycrystalline gold, the effective

electrochemical area is calculated.

After the electrochemical cleaning step, cantilevers are immersed into a 1 mM solution of

either sodium chloride (NaCl) or sodium perchlorate (NaClO4). All solution are purchased

from Sigma-Aldrich (USA) and are prepared using Mili-Q water. Five potential pulses (seg-

ments) between ± V (ranging from 0.1 V to 0.5 V) are applied to the cantilever. The

potential pulses are varied from 0.1 ms to 1 sec.

Surface stress changes are measured by standard beam-deflection methods. A laser is

aligned to the cantilever so that a change in bending due to an applied potential can be

measured with a photo-sensitive diode (PSD). By using Stoney’s formula [73], the mea-

sured change in voltage of the photodiode can be converted into a surface stress change.

Simultaneously, the current versus is measured using the potentiostat.

5.4 Results and Discussion

5.4.1 Weak versus Strong Adsorbing Ions

Current and surface stress measurements were done on a gold-coated cantilever in two dif-

ferent solutions: 1 mM NaClO4 and 1 mM NaCl. The latter one contains strongly adsorbing



78 CHAPTER 5. SENSITIVITY MEASUREMENTS

chloride ions and the first one more weakly adsorbing perchlorate ions. Chloride, like other

halides is a quasi spherical anion with its negative charge well distributed. It can therefore

easily share its negative charge with an empty d-orbital from the gold surface to form a

dipole. Perchlorate ions however, have their negative charge not well distributed, because

only one of the four oxygens is negatively charged. Interactions with gold are therefore less

efficient. Additionally, chloride ions have an ionic radius (including the hydration shell) of

167 pm, whereas perchlorate ions are roughly twice as large at 309 pm [126]. This means

less perchlorate ions can interact with the surface per unit area.

Figure 5.2: Current response for 1 mM NaClO4 and NaCl for a potential pulse at +/- 0.2 V

vs. Ag/AgCl (sat. KCl). The current is plotted vs the segment meaning that each pulse width is

stretched. The pulse width is varied from 0.5 s (light blue) to 0.001 s (pink). The x-axis is normalized

to the segment length.

For all measurements, 5 potential pulse between +/- 0.2 V (vs. Ag/AgCl (sat. KCl))

are applied to the cantilever in a three-electrode configuration. The pulse width is then

decreased from 0.5 s to 0.001 s. All current values are converted into current density by
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dividing the current with the electrochemical surface area of the electrode. In figure 5.2, the

current response for all pulse widths are shown. For better clarity, all segments are stretched

in the x-direction so that the length of the pulse is the same. As can be clearly seen, the

maximum peak current value is smaller for NaClO4 than for NaCl, 14 A/m2 and 70 A/m2.

For longer pulse width, the current decays to values close to zero (light blue traces). However,

for potential pulses shorter than 0.05 s current values higher than zero are measured. This

is because the potential is switched before the current reaches equilibrium. This behavior is

observed for both solutions.

Figure 5.3: Surface stress response for 1 mM NaClO4 and NaCl for a potential pulse at +/- 0.2V

(vs. Ag/AgCl (sat. KCl) with a width of 0.5 s (light blue) to 0.001 s (pink). The x-axis is normalized

to the segment length.

The corresponding surface stress response for both solutions is shown in figure 5.3. Re-

sults for NaClO4 show a maximum surface stress change amplitude of 35 mN/m for the

longest pulse (0.5 s, light blue). This surface stress amplitude reduces to less than 7 mN/m

for the shortest measured pulse (0.001 s, pink). For NaCl, the surface stress change is larger
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and decreases from 120 mN/m to 18 mN/m. A roughly 3.5-times increase in surface stress is

observed for the more strongly adsorbing chloride ions. To achieve large surface stress signal

in potential-driven measurements as chloride-containing solution is the preferred choice [1].

To emphasize the correlation between the measured current density and surface stress

change, the current value Iend for all segments at positive bias as well as the the surface stress

change amplitude are plotted for all pulse widths, see figure 5.4. The positive bias response

is of greater interest, as it is responsible for the direction of chloride or perchlorate ions to

the surface. Therefore, to compare weak vs. strong adsorbing anions, only the positive bias

is plotted and discussed here.

Figure 5.4: Current and surface stress change amplitude versus pulse width for all segments. The

equilibrium current at the end of each positive potential step is plotted.

For longer potential pulses (>0.2 sec), the current decays almost back to zero by the end

of the pulse as demonstrated in figure 5.2. A drastic increase of this current is observed

for shorter pulses. This increase is observed for NaCl and NaClO4, however overall current

values are less for perchlorate ions as they interact more weakly with the surface. For the
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surface stress change, a continuous decrease for shorter potential pulses is observed. It seems

that the current response reaches an equilibrium for longer pulses (near zero), whereas the

stress is still changing. This is the case for both ions tested and due to the fact that the

current does not completely decay back to zero, but rather still shows an equilibrium value

of around 100 nA for all longer potential pulses. This current comes from the chloride and

perchlorate bulk diffusion. The surface stress is not only sensitive to the changes near the

surface but rather extends to changes in the bulk.

Figure 5.5: Surface stress amplitude and charge density for potentials at +0.2V (vs. Ag/AgCl (sat.

KCl)) for 1mM NaClO4 and 1mM NaCl. The data points for all potential pulses is plotted and a line

is fitted.

To further investigate this, the current is integrated over time and divided by the elec-

trochemical area of the cantilever so that the charge density can be plotted. The charge

density is calculated for all positive potential bias. In figure 5.5, the surface stress amplitude

is plotted against the charge density to measure correlation. A strong linear dependence is

found with a slope of 0.81 V for NaClO4 and 1.06 V for NaCl. Note that values here are
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positive, due to the fact that absolute surface stress changes are measured. By analyzing the

raw surface stress response, a negative compressive change is observed, leading to negative

coefficient values. Although the current reaches an equilibrium value, the charge increases

continuously as the pulse length is longer and more charge reaches the surface of the elec-

trode. The charge density response resembles the surface stress change amplitude very well.

On first sight it seems that the surface stress is more sensitive to the ions for longer pulses,

whereas the current does not give us any more information for longer pulses.

So far, the current and surface stress response for weak (perchlorate) and strong adsorbing

ions (chloride) as well as the linear relationship between charge density and surface stress

was discussed. A more detailed discussion about this linearity follows in the next section.

5.4.2 Surface Stress Change - Charge Density Coefficient

A closer look at the slope of the surface stress change - charge density coefficient leads to

further insight into the dynamics of the system. As discussed above, this coefficient ξ is

described by the slope of the plot and is a measure of how much the surface stress changes

upon a change in charge density.

In the following, potential pulses from 0.1 V to 0.5 V are applied to the gold-coated

cantilever electrode. The potential width is decreased from 1 sec to 0.1 sec, 0.01 sec and

0.001 sec and the resulting surface stress and charge density is simultaneously recorded. The

cantilever surface stress change versus charge density plots for decreasing potential pulses in

1 mM NaCl are shown in figure 5.6. The mean and standard deviation for five independently

performed experiments on different cantilevers is plotted and a linear fit in the form of m∗x

is fit to the data. It is assumed, that at zero charge density, no surface stress is observed,

therefore no y-offset is applied.
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Figure 5.6: Surface stress change - charge coefficient for decreasing potential pulses (1, 0.1 sec,

0.01 sec and 0.001 sec) at potentials between 0.1 V and 0.5 V (vs. Ag/AgCl (sat. KCl)) in 1 mM

NaCl. The potential-dependent surface stress and charge density mean and standard deviation for

five different cantilevers is plotted.

An increase in the coefficient is seen for shorter pulses, from 0.44 V ± 0.02 V for 1 sec

to 0.74 V ± 0.02 V for 0.001 sec. This increase in coefficient for larger for shorter pulses
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results from an increase in slope, as shown in figure 5.7. A larger slope means that a small

change in charge results in a higher change of surface stress signal, indicating that the sensor

is more sensitive to changes in charge for shorter pulses.

Figure 5.7: Coefficient ξ values for decreasing different potential pulses. A clear coefficient decrease

is observed for longer pulses.

One explanation for this effect could be that for shorter pulses the initial double layer

charging is measured, which happens on a faster time scale. For these pulses at 0.001 sec,

only the first few contribute to the cantilever measurement, showing that the sensitivity is

higher for the first layers than for the bulk diffusion. As observed in figure 5.2, the current

decays more rapidly first followed by a slower response until the system reaches equilibrium.

Therefore, for longer pulses, the additional diffusion of ions towards the surface is measured.

In summary, the surface stress - charge coefficient ξ changes for faster potential pulses and

is most sensitive to the initial charge than for the ion diffusion from the bulk.
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5.4.3 Surface Stress Change and Current Deviation

For now, we have only looked at the mean of all five potential segments. However, taking

a closer look at the evolution of the signal within the same potential and pulse setting, an

interesting behavior can be observed.

In the following figures, the time evolution of the current response for all segments is

investigated in detail. In figure 5.8, the current response at +0.2 V for a variety of potentials

pulses is shown. To better visualize the difference of the data only the first 6 ms of the

response is shown. The current trace is identical for all pulses during the first segment.

However, looking at the last segment, a clear deviation of the current trace is observed.

Figure 5.8: Current vs. time response for varying pulse width for first and third segment. The

response at -0.2 V is shifted vertically for better presentation.

We assume that for shorter potential pulses non-equilibrium conditions are measured

indicating that the double layer can not build up properly, therefore a shorter Debye length
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is probed. For the first pulse, a chloride layer builds up at the electrode surface at positive

bias. This layer will partially be removed at negative bias, before it is being established

again during the second segment. Charge from the Chloride ions that are not removed

completely, will be taken over to the next segment resulting in higher current values for

subsequent segments. The local chloride concentration is increased for each segment for

shorter potential pulses. In the next section, the specific response of the surface stress -

charge coefficient to these local changes is discussed.

5.4.4 Surface Stress Change versus Charge Density Correlation

As briefly shown in figure 5.6, a linear relationship between the surface stress amplitude

and the charge density is observed. This linear relationship behaves differently within the

five consecutive segments measured. The stress vs. charge density plot for two different

potential pulses, 0.01 sec (5.9 A) and 0.001 s (5.9 B) for a cantilever response in 1 mM

NaCl at potentials between ±0.1 V and ±0.5 V (vs. Ag/AgCl (sat. KCl)) is shown. The

coefficient is plotted for each of the five segment by fitting a linear curve through the points,

assuming that at zero charge, there will be zero surface stress response. For shorter pulses,

the deviation of the coefficient within the same potential step is more pronounced than for

longer pulses. The errors are from the fitting of the experimental data.

The coefficient is in units of Nm/C (or Volts) which can also be used to define the

sensitivity of the cantilever response, as it is a measure of how much surface stress change

is measured for a given change in charge. As shown by the fitting, the coefficient values

(sensitivity) increases with segment number, from 0.46 V ± 0.06 V for the first segment to

0.96 V ± 0.17 V for the fifth segment for potential pulses of 0.001 sec. This increase can be

explained by the carrying over of extra charge into higher segments. The current response

does not reach equilibrium conditions, therefore, the double layer is not completely build up
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by the time the potential switches. Therefore, extra chloride ions will be transferred into the

next segment. This increases the local concentration of chloride ions and less chloride from

the bulk is needed for the new double layer build-up.

Figure 5.9: Surface stress change - charge coefficient for each of the five positive potential segments.

In A, the response for a potential pulse of 0.01 sec is plotted and in B for 0.001 sec.

We assume that the first segment therefore probes are thicker doubler layer than the

last segment. The double layer thickness is defined as κ−1, with κ being the Debye-length

described as:

κ =

√
2e2ρ0
εε0kBT

(5.8)

with ρ0 the ion concentration, ε the dielectric constant of the medium and ε0 the vacuum

permittivity. The Debye length quantitatively describes the thickness of the diffuse layer

and therefore how into the solution a surface potential reaches. The Debye length in a 1 mM

sodium chloride concentration is 96 Å. If the local concentration ρ0 is increased for each
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segment, the Double layer thickness will be decreased. This is in line with the results shown

in figure 5.6, where higher sensitivities are reached for shorter pulse as this probes a thinner

layer.

Segment-specific Behavior

To take a deeper look at this behavior, the results for three different potential pulses (0.1, 0.01

and 0.001 sec) for a potential range between ±0.1 V and ±0.5 V (vs. Ag/AgCl (sat.KCl)).

In figure 5.10, the surface stress versus charge density plot for 1 mM NaCl (red) and 1 mM

NaClO4 (blue) are shown. The direction of the data within the segments is highlighted by

an arrow. The signal changes most prominently between the first and the second segment

and seem to reach a steady-state value after some segments.

Overall, the same linear relationship between the surface stress amplitude and the charge

density with respect to the applied potential is observed. However, for shorter potential

pulses (<0.1 sec) or for weak adsorbing ions (perchlorate), a different relationship between

stress and charge density is observed for the five consecutive segments. This behavior can be

qualitatively explained by the fact that for shorter pulses the surface is not yet in equilibrium

by the end of the pulse. Therefore, for the next pulse, the different starting state leads to

the observed different dynamics.

It is seen that for the 0.1 s pulses (figure 5.10 A) the correlation between stress and

charge density is linear within all segments for NaCl (red). This is expected, as more charge

will accumulate on the surface with each segment, and this results in a larger surface stress

change. However, decreasing the potential pulse to 0.01 s and 0.001 s (figure 5.10 B and C)

changes this relationship. Within one potential setting (e.g. 0.5 V at 0.001 sec), the charge

density decreases with the segment number whereas the surface stress change increases. Here,

the charge decreases due to the increased local chloride concentration, as the system does
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not obey equilibrium conditions. Because the double layer does not build up completely,

chloride ions from previous segments, are being carried over into the next segment.

Figure 5.10: Surface stress change amplitude of the cantilever vs. the charge density measured from

the current response for 1 mM NaCl (red) and 1 mM NaClO4 (blue) for pulses of 0.1 s, 0.01 s and

0.001 s.



90 CHAPTER 5. SENSITIVITY MEASUREMENTS

These chloride ions add to the initial concentration, leading to higher concentration values

for increasing segments. We assume that the increase in concentration changes the starting

conditions of the pulse and therefore less ions are needed to build up the new double layer.

This leads to a decrease of charge density as observed in figure 5.10 B and C. On the other,

the increase of concentration near the surface leads to an increase in surface stress change.

This correlation is shown in the appendix 8.2. Therefore, for shorter potentials (<0.1 sec),

the charge is inversely dependent on the surface stress (q ∝ 1σ). This effect is dependent on

the diffusion coefficient of the anion being probed. If the potential pulse is slow enough so

that bulk diffusion can occur, a proportional dependence between surface stress and charge

is observed. This is the case for the chloride ions in figure 5.10 A (red dots). However, the

inversely proportional effect is observed for perchlorate ions for the pulses shown here, as

the diffusion time for these ions is longer. A directly proportional dependence between the

surface stress and charge density for perchlorate ions is observed for longer pulses (data not

shown).

5.5 Conclusion

In summary, the time-dependent evolution of the surface stress and current signal of a

gold-coated cantilever in a 1 mM NaCl and NaClO4 solution is described. Potential values

between ± 0.1V and ± 0.5 V (vs. Ag/AgCl (sat. KCl)) with decreasing potential width

form 0.1 sec to 0.1 ms are applied to the gold-coated cantilever electrode. Larger surface

stress and current values are recorded for the stronger adsorbing chloride anion than for the

weaker adsorbing perchlorate. By comparing the charge density with the surface stress, a

linear relationship is found. This is in agreement with previous shown studies [88, 89, 115].

Decreasing the potential pulse up to 0.001 sec results in an increase of the surface stress-

charge coefficient. The coefficient is a measure of the sensitivity of the sensor, therefore we
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conclude that for shorter pulses, a higher sensitivity is observed. A thinner layer from the

electrode surface is being measured for shorter pulses. The charge from the first layers result

in a higher change of surface stress than the charge coming from the bulk diffusion being

measured for longer pulses.

By analyzing the response within the five consecutively applied segments, a variation

in surface stress-charge coefficient is observed. For 0.001 sec, the coefficient for the first

segment is smaller than for the consecutive segments (0.46 ± 0.06 Nm/C for the first and

0.96 ± 0.17 Nm/C for the last segment). The coefficient reaches a steady state after more

than five segments in the case of 0.001 sec and after three segments in the case of 0.001 sec.

The local ion concentration increases due to the non-equilibrium conditions leading to a de-

crease in Debye length and therefore an increase in sensitivity. This is in agreement with the

previously found increased sensitivity when a thinner layer is probed (faster potential pulses).

Lastly, it is shown that for fast pulses, the charge density appears to be inversely pro-

portional to the surface stress change, q ∝ 1σ. As observed, the charge density decreases for

increasing segments. This is assumed to be due to the extra chloride ions being transferred

into the next segment. The extra ions increase the local concentration near the electrode

and the charging current needs to be smaller, as less charge is needed to screen the electrode

surface. This leads to a decrease in charge density with increasing segments. On the other

hand, this increase in concentration leads to an increase in surface stress change as more

ions contribute to the overall change in surface stress. Larger absolute surface stress values

are measured due to the increased concentration.
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6

Conclusion

Understanding the origin and the evolution of surface stress signals are of great interest for

biochemical sensors and for fundamental studies of adsorption on a metal surface. We have

used a gold-coated cantilever to measure surface stress changes upon binding of molecules

or adsorption of ions. In this thesis, a cantilever acting as a working electrode is electri-

cally connected to a reference and a counter electrode in solution. The electrochemical setup

serves multiple purposes. It is used to clean the electrode surface electrochemically as well as

to apply potential pulses to the cantilever to drive ions to the surface and measure changes

in the surface stress of the gold layer. The bond charges at the surface of a clean metal

electrode is missing a neighboring atom and therefore the electronic charge is redistributed

and flows between the gold atoms at the surface. This redistribution of charges results in a a

tensile stress of the metal [53, 54]. Applying a positive potential to a gold-coated cantilever

in a sodium chloride solution will lead to the accumulation of negatively charge chloride ions

near the surface. These ions will modify the electronic charge distribution of the gold surface

and generate large compressive surface stress changes. This potential-induced surface stress

93
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is proportional to the available gold area and leads to larger surface stress values compared

to measurement operated at the open-circuit potential, as ions are specifically directed to

the surface. The bending of the cantilever is measured by standard beam deflection methods

and a position sensitive photodiode (PSD).

In particular, in chapter 3 the fundamentals for increasing the signal-to-noise ratio by

cleaning and a method to detect oligonucleotide binding on a cantilever by measuring the

surface stress pattern is shown. Furthermore, it is demonstrated how important the clean-

liness of the electrode surface is and a successful electrochemical in-situ cleaning protocol

is presented. By sweeping the potential applied to the cantilever between -0.8 and 1.4 V

in 50 mM KClO4 (vs. Ag/AgCl (sat. KCl)) until a reproducible cyclic voltammogram

is obtained, clean and well-defined surfaces are achieved that systematically lead to large

surface stress changes. X-Ray Photoelectron Spectroscopy (XPS) measurements verify the

effectiveness of the cleaning method. The advantage of this protocol is that the sensor can

be cleaned in situ and is compatible with standard materials used in biosensors application

(e.g. Polydimethylsiloxane (PDMS)). Most other methods use harsh chemicals that require

the cantilever to be cleaned externally and are thus not compatible with sensor integration in

a compact system. A large signal-to-noise ratio for SAM-modification on a cantilever can be

achieved by carefully monitoring the probe coverage of the sensor. It is shown that optimal

surface stress changes are obtained for submonolayer coverage [42, 127]. These experiments

confirm that the surface stress change is proportional to the available gold area. If the sur-

face is completely occupied e.g. a full layer of oligonucleotide probes or other contaminants,

the surface stress signal vanishes, as no gold on the surface is available for the ions to inter-

act with. Finally, long-term stability measurements were performed in a buffer solution of

Tris-HCl 10 mM NaCl 50 mM and it is shown that after 10 hrs a deviation in the surface

stress signal is observed and further cleaning steps are necessary.
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In chapter 4, an in situ method to selectively functionalize gold electrodes with different

probes at submonolayer coverage was presented. A scalable method to modify multiple ad-

jacent electrodes with different probes is of great interest for metal-based sensors. For many

surface stress-based sensors, submonolayer coverages are desired to optimize response time

and signal-to-noise ratio [1, 42, 63, 64]. Our presented technique shows for the firt time a

selective in situ method that achieves submonolayer coverages. The method presented does

not require external apparatus to functionalize the sensor array. The modification process

is done under potential-control of the gold electrode, to achieve excellent coverage within

minutes [96, 101, 102]. Two different gold electrodes were functionalized, each with an elec-

trochemically distinct alkylferrocene adsorbate: Fc-CO-C11-SH and Fc-C11-SH. Three key

potentials are distinguished: Eads (+0.3 V) held at slightly cathodic potentials enhances

the alkanethiol adsorption rate. Edes (-1.4 V) inhibits adsorption by maintaining the elec-

trode in a reductive (alkylthiol) desorption state. Lastly, Ehold (-0.6 V) holds the state of

a modified ferrocene alkanethiol electrode by hindering the adsorption of new alkanethi-

ols vie electrochemically-promoted exchange reactions. Cyclic voltammograms measured in

100 mM NaClO4 are recorded to show the successful selective modification. Two distinct

electrochemical peaks corresponding to either the Fc-CO-C11-SH or the Fc-C11-SH are mea-

sured on each electrode. Cross-coverage values are measured to be less than 4 % of the full

coverage.

In the last chapter of this thesis, the linear relationship between surface stress and charge

density was further studied. As shown in previous sections, by applying a potential step to a

metal electrode in solution, ions will adsorb onto the surface and cause a compressive surface

stress change. This surface stress will reach an equilibrium once a complete double layer is

built up and all charges are screened. For now only equilibrium surface stress conditions are
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measured to make sure that all surface reactions took place and large surface stress signals

are achieved, see chapter 3. However, by applying short pulses of as low as 0.1ms, this

equilibrium conditions is not achieved anymore and the temporal evolution of the current

and surface stress measurement can be studied. Here, the gold-coated cantilever is exposed

to a solution of 1 mM NaClO4 or 1 mM NaCl and a series of short potential pulses are

applied. By comparing the surface stress change with the charge density, we have found

that the cantilever sensor is more sensitive for shorter pulses. A shorter pulse means that

the double layer does not fully built up and therefore a thinner double layer is generated.

The slope of the surface stress against charge density plot is defined by the coefficient ξ and

has units of Nm/C or V. The larger the slope the more sensitive the cantilever, as a smaller

change in charge density results in a larger change in surface stress change. Additionally, by

consecutively switching the potential applied to the gold-coated cantilever electrode on fast

time scales, non-equilibrium conditions are generated. The potential is switched before the

double layer fully screens the surface and extra ions are retained into the following potential

segments. This results in a larger local ion concentration near the electrode surface and

a decrease in double layer thickness as less charge is needed for screening. We found that

higher sensitivities and a larger absolute surface stress due to the increased concentration

is measured. This opens up a new field of label-free sensing for location-specific charges as

emphasized in the outlook section.
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Outlook and Proposed Experiments

This thesis provides insights into the fundamentals of understanding surface stress sens-

ing of cantilever-based systems. What started as an application-driven project resulted into

a more fundamental study of the generation and evolution of surface stress signals. The

cantilever-based setup helps us to understand the fundamentals to design better biosensors.

In the following some ideas to where this project can lead to and how other projects can

benefit from the results of this thesis are discussed.

Measuring Conformational Changes

With the surface stress patterns introduced in chapter 3 we can look at the dynamics of

biomolecules attached to the gold-coated cantilever under potential control. As already

shown, characteristic patterns can be seen for single stranded (ssDNA) and double stranded

DNA (dsDNA) [1, 42]. Because of the negatively charged backbone of the DNA, it reacts

to changes of the surface potential. At negative potential, it repels from the surface and for

positive potential it is lying down. With this technique, differentiation can be made between

97
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ssDNA and dsDNA, as ssDNA is more flexible and can therefore react faster to changes of

the surface potential, whereas the more rigid dsDNA reacts slower. With this understanding

conformational changes of molecules due to binding effects can be distinguished. For this

aptamers which are single-stranded DNA or RNA molecules are of great interest, as they

can bind to preselected targets including protein and peptides with a high affinity and speci-

ficity [128, 129]. They undergo conformational changes upon binding which can change the

stiffness of the molecule. As explained above, the stiffness of a molecule results in different

surface stress patterns. In addition, a more compact structure will have a larger footprint

on the sensor, letting less ions interact with the surface and leading to smaller surface stress

signals. Hence, conformational changes due to binding can be measured with surface stress.

Selective Modification Protocol

The selective in situ modification protocol presented in chapter 4 shows a technique to

modify two different ferrocene moieties on two gold-coated electrodes. We have success-

fully shown for the first time an in situ method to achieve submonolayer coverage for the

selective modification of two different ferrocene alkanethiols. This principle can be further

extended to different thiolated molecules, e.g thiolated oligonucleotides. The required po-

tentials should be in the same region as described in chapter 4, as a thiol is used for the

attachment on gold. However, the additional charge on the oligonucleotide could result in

additional effects. A complete potential and coverage analysis needs to be done, in order

to understand these specific contributions. In addition, this protocol can be expanded to

different functional groups, e.g. cyclic disulfide to better understand the Au-thiol bond, as

this is not yet completely understood [130, 131]. Last but not least, an array of electrode can

be modified with this technique. It would be interesting to measure the cross-coverage value

as a function of modification steps and at what point additional electrochemical cleaning is

necessary. With this one can understand how scalable this technique is for real-life biosensors.
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Sensitivity for Different Ions

Based on chapter 5, the determination of the cantilever sensitivity to a larger variety of ions

can be studied. For now, the surface stress - charge coefficient ξ is measured in 1 mM NaCl

and 1 mM NaClO4. This measurement can be extended to different ions and concentrations

for a specified potential window. Lipkowski et. al. [70] showed that the Gibbs excess which

defines the surface concentration changes by varying the potential for different ions, see figure

7.1. A larger Gibbs excess value results in more adsorption on a surface and therefore a larger

change in surface stress, as the charge is proportional to the surface stress. By fine-tuning this

potential, adsorption of one ion can be favored whereas the adsorption of other ions can be

inhibited. In addition, the individual surface stress contribution of contaminants at different

potentials can be studied. This could help to understand the specific contribution of different

ions for real-life biosensors that use a serum as their analyte. The serum contains not only

the ion of interest but many more. Additionally, the adsorption strength on polycrystalline

gold can be further studied and different metal coatings can be tested.

Figure 7.1: Gibbs excess for different ions at varying potentials (adapted from [70])
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Lithium Iron Phosphate Battery

The charging and discharging principles of lithium iron phosphate (LiFePO4) batteries are

not yet completely understood. Understanding these principles, could lead to more efficient

battery materials. In particular, the transport mechanics inside these materials could be

studied with our cantilever-based surface stress sensors. By making a cantilever out of the

LiFePO4 material, the changes in surface stress due to an applied voltage can be studied.

As shown in figure 7.2, the lithium iron phosphate has ion channels along its b-direction.

Lithium ions can diffuse through these channels. If the cantilever is oriented so that these

ion channels point towards the electrode surface, Lithium ions can be directed into these

channels upon applying a negative potential. The dependence of the surface stress on the

orientation of the ion channels to the surface could be studied.

Figure 7.2: Structure of lithium iron phosphate (LiFePO4) with the Lithium ion channels in the

b-direction (adapted from [132]).
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Numerically Solving Current Response

As shown in chapter 5, by applying fast potential pulses to an ionic solution, non-equilibrium

conditions can be created. The double layer charging is not in equilibrium for short pulses.

This results in changes of the local concentration as well as changes in the current response.

Therefore, quantitatively describing this system is not trivial, as all parameters are time-

dependent. However, by numerically solving the particular current response for these fast

switching potentials, one can extract the changes in ion concentration for each segment, as

well as the resulting change in double layer thickness. Furthermore, ion diffusion coefficients

can be calculated. This will help to better design future experiments.

Spatially Resolving Biomolecules

By applying fast potential pulses to the cantilever system one can locally increase the ion

concentration near the surface, as shown in chapter 5. This leads to an increase in sensitivity

of the surface stress sensor and a decrease in the Debye length. The Debye length is inversely

proportional to the concentration: the higher the concentration, the shorter the Debye length.

By attaching an antigen or another small biomolecule to the surface of the cantilever, one

could slowly probe the response along the axis of the molecule, by reducing the Debye length,

as shown in figure 7.3.

It has been demonstrated that charges along an antigen can be probed by changing

the concentration of the probing solution [133]. However, in this study the solution has

to be changed, whereas we can change the concentration by applying fast potential pulses.

As mentioned above, with the help of numerical solutions to this problem, one can fully

understand by how much the concentration changes and therefore the Debye length.
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Figure 7.3: Schematics for the tuning of the Debye length due to an applied potential switch. Here

a molecule (green) with charges at specific locations along the molecule (blue) is shown. The faster

the potential switch, the shorter the probed Debye length.

In general, the Debye length is described by equation 5.8. A change in concentration from

1 mM to 2 mM will result in a 2.82 nm decrease in Debye length (from 9.62 nm to 6.80 nm).

Consecutively applied potentials measure the contribution of the charge and surface stress

change along the molecule. These charges could reside along the molecule, e.g. potassium

ions that bind to oligonucleotides [134]. In this measurement, the duration of the first applied

pulse defines the initial Debye length and the continuing short potential pulses reduce the

probing length. The advantage of this method is that experiments can be performed very

fast (within minutes) and are label-free. The biomolecules does not need to be labeled with

e.g. a fluorescence molecule. Therefore, these measurements can be performed in situ.



8

Appendix

8.1 A-1: Timing Error in Potentiostat

For all electrochemical experiments, an 8-channel Bipotentiostat (CHI 1030A) from CH

Instruments (Austin, TX, USA) is used. When using two (or more) channels simultaneously

and applying a pulse width of 1 ms or lower, would result in a timing error. To test this

error, a 1 ms pulse width chronoamperometry step potential between -0.2 V and +0.2 V is

applied to a test-configuration. This configuration consists of two 320 ohm resistors with

two working (WE), one counter (CE) and one reference electrode (RE) connected as shown

in figure 8.1.

Figure 8.1: Resistor configuration for two working electrodes.

Current vs. time traces given by the poteniostat software as well as the raw current signal

103
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taken from the rear back panel of the potential is recorded with an oscilloscope. Three cases

were tested: A. 2 electrodes connected with sequential current measurement (black trace);

B. 2 connected electrodes with simultaneously current measurement (blue trace) and C. 1

electrode connected (red trace).
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Figure 8.2: Current output from potentiostat software. A 1 ms pulse from -0.2 and 0.2 V is applied

to three different configurations.

The current vs. time output from the potentiostat software is plotted in figure 8.2. All

three traces have a pulse length of 1 ms. The inset shows a closer look into the first 0.1 ms

of the pulse. While the black and red curve are the same, the blue curve has a different
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slope and maximum current. The black curve corresponds to case B, where two electrodes

are connected and the current is recorded simultaneously.

Figure 8.3: Wrong Voltage output from 9-pin connector of potentiostat. A 1 ms pulse from -0.2 and

0.2 V is applied to three different configurations.

The raw voltage signal that is applied to the resistor can be monitored by connecting

a potentiostat to the 9-pin rear connector of the potentiostat. The data for case A-C is

shown in figure 8.3. Here, we can clearly see that for case B (blue trace), the applied pulse

width is around 1.8 times as long as it should be. There was actually a problem in the

software, namely if a pulse width of 1 ms or less is applied to two electrodes simultaneously,

the software would actually applied a longer pulse and plot the resulting current trace as it

would be 1 ms. Therefore, we see a different slope in the software output.
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After discussing this error with a technician of CHI Instruments, their were able to

replicate this error on their system as well. This meant that this error was probably imple-

mented in all of their systems. Fortunately, once the error was reported a quick resolution

was delivered. After a quick software update, this error was fixed. A 1 ms pulse applied

to two electrodes simultaneously is shown in figure 8.4. The output was monitored with an

oscilloscope as well.

Figure 8.4: Correct Voltage output from 9-pin connector of potentiostat after software update. A

1 ms pulse from -0.2 and 0.2 V is applied to two working electrodes simultaneously.



8.2. A-2: CONCENTRATION-DEPENDENT SURFACE STRESS 107

8.2 A-2: Concentration-Dependent Surface Stress

The correlation of surface stress change of the cantilever as a function of ion concentration

is briefly shown here. In figure 8.5 we increased the chloride concentration in our buffer

solution Tris HCl 10 mM NaCl (10, 50, 200, 1000 mM). The surface stress response of the

cantilever is measured and the applied potential is switched between +200 and -200 mV (vs.

Ag/AgCl). The surface stress change amplitude at the switching potential is plotted for each

concentration. A Langmuir adsorption curve is fitted to our data. This curve is in line with

our findings in chapter 5, that the higher the ion concentration, the larger the surface stress

change.

Figure 8.5: Surface stress amplitude for increasing chloride concentration in Tris HCl 10 mM NaCl

(10, 50, 200, 1000 mM)
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8.3 A-3: Potential-Dependent Surface Stress

The pulse width dependence of the current and surface stress for two different ions has been

shown in the previous sections. Next, the potential dependence of the current and stress

response is measured. As expected with larger applied potential values, the current as well

as the surface stress response increases. For both response and for both ions (perchlorate

and chloride), a linear response is observed for potentials between ±0.1 to ± 0.5V.

Figure 8.6: Charge density dependence on the applied potential for 1 mM NaClO4 and 1 mM NaCl.

The charge density response is higher for NaCl than for NaClO4 for longer pulses for

all tested potentials (figure 8.6). This makes sense, as the charge is proportional to the

current (Q =
∫
Idt) and the current is proportional to the voltage (I = V

R
), therefore the

charge is proportional to the applied potential. For shorter potential pulses, the difference

between these two ions is not statistically significant anymore. A similar trend is observed for
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the surface stress change at increasing applied potentials. However, the difference between

NaClO4 and NaCl is more pronounced (figure 8.7). At 0.1 sec (circles), the mean for NaCl

shows a two-times increase in surface stress compared to NaClO4 for all potentials. This

effect is weakened for shorter pulses until the values for both ions are similar.

Figure 8.7: Surface stress change dependence on the applied potential for 1 mM NaClO4 and 1 mM

NaCl.
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