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1

1
GENERAL INTRODUCTION

This chapter presents a general introduction to the field of impedance spec-
troscopy and the limitations of the technique caused by electrostatic screening. The
advantages of exploring high frequencies signals to mitigate this problem are also
briefly discussed. The chapter ends with a brief overview of CMOS technology and of
CMOS-based electrochemical biosensors.
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2 Chapter 1. General Introduction

1.1 Impedance biosensors

Impedance-based detection is a powerful tool to study the chemical and physical
properties of solid/liquid or solid/gas interfaces. Typically the current flowing through
a conducting or semiconducting surface immersed in a liquid is monitored while being
stimulated with a DC and/or AC voltage.1 Modifications in the surface characteristics
alter the electrical properties of the interface, which can be detected in the monitored
current. The versatility of the technique makes it appropriate for studying a wide
variety of surface phenomena such as charge transfer kinetics, corrosion, gas
diffusion and biorecognition. These are of relevance for many applications including
solar cells, coatings, batteries, biomedical devices, imaging, etc.2

Due to the relative simplicity of the technique and its high sensitivity to surface
reactions, it is a logical choice to study interfacial changes caused by biological
interactions. This renders impedance spectroscopy suitable for serving as a basis for
biosensing platforms.3 A pioneering prototype based on this working principle was
reported by Newman et. al. in 1986.4 In this work, antibodies were bound to antigens
attached to two copper electrodes (25 µm × 50 µm) and the averaged ensemble
interaction was recorded as a decrease in the interface capacitance due to the change
in dielectric constant induced by the macromolecules.

Small gold 

electrode
Large gold 

counter

electrode

1 MΩ

4.000 Hz

a.c. signal

1V

Lock-in

amplifier

PC

data adquisition

and processing

In
-p

h
a

s
e

 v
o

lt
a

g
e

 (
m

V
)

O
u

t-
o

f-
p

h
a

s
e

 v
o

lt
a

g
e

 (
m

V
)

8

6

4

2

-8

-8

-10

-12

Time (h)

Time (h)
0 5 10 15

0 5 10 15

Cell motion

Cell attachment

and spreading

Cells

Tissue culture medium

(electrolyte)
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A few years later, cellular morphology and dynamics were studied by monitoring
the change in impedance induced by the attachment of cultured cells to gold
electrodes.5 The insulating properties of the cells membrane acted as a barrier
for the current flow leading to an increase in impedance (Figure 1.1).

In the past decades, impedance biosensors have emerged as an attractive option
among purely electrical methods due to their simplicity, ease of integration, low cost
and capabilities for label-free and real-time detection. The technique has therefore
evolved remarkably leading to increasing sensitivity and parallelization of sensing
devices. As an example, recent work has shown the detection of the bulk electrical
properties of DNA through dielectric spectroscopy measurements in an array of
16 × 12 electrodes of 50 µm × 75 µm and separated by 25 µm.6 DNA being a
highly charged molecule, variations in DNA concentration or molecule length have
distinctive conductivities that were measured in the impedance response.

5 mm

100 kΩ

Output

Trans-

impedance

amplifier

Input

Electrodes

50 µm

12

12

Bio-solution

H
e

ig
h

t

3

2

1

0

-1
0 25 50 75 100 125 150 175 200 225 250 275 300

µm

µm

X-axis

12

Substrate

Insulator

Electrodes
Bio-solution

(a) (b)

(c)

5 mm

Figure 1.2: (a) Photographs of the integrated chip, the sensing area and the excita-
tion/readouts circuits. (b) Schematic diagram of a sensing pixel. (c) Sensor surface profile and
cross section. Ma, H., Wallbank, R., Chaji, R. et al., An impedance-based integrated biosensor
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1.1.1 High-frequency impedance spectroscopy

In impedance spectroscopy, the influence of the chemical and physical properties
of interfaces in the response depends strongly on the frequency of an alternating
electric field used to probe them. In liquids, for instance, at DC or low frequencies,
freely diffusing ions present in the solution are attracted to any charged surface.
This creates a localized ionic structure at the interface known as an electrical
double layer (EDL) that screens the electric field.7–9 For impedance and other
electrochemical biosensors (such as those based on field-effect-transistors, including
carbon nanotubes, silicon nanowires, micro/nanoelectrodes, etc) this effect becomes
very relevant since it means that under physiological conditions the sensing of a
target analyte located even a short distance from the sensor (∼1 nm) is severely
hampered.10–14 This is evidenced by the variety of attempts reported in the literature
aimed to circumventing ionic screening. Most general approaches focus on reducing
the ionic strength, thus increasing the extent of the EDL at the cost of moving the
experimental parameters away from ideal physiological conditions,15, 16 or using
immobilization protocols to force the binding of the target analyte to the biosensor
within the EDL.17, 18

Instead of using a low-frequency bias, Woo and co-workers applied an electrical
pulse bias in order to generate a transient detection period shorter than the time
needed for charge screening to occur.19 An alternative but equivalent approach
can be pursued by simply increasing the frequency of the imposed signals. At
higher frequencies the capacitor-like behavior induced by the EDL becomes less
relevant due to the impossibility of the ions to follow the rapidly changing electric
field.20 The equilibrium EDL then cannot be fully formed, allowing the electric
field to probe deeper into the solution. The difficulty to implement this strategy
in a real experiment arises from the stray capacitance of the connecting wires
which may dominate the response.21 By shortening the extent of these wires it is
possible to decrease the parasitic capacitances. This is generally insufficient, however,
considering that, for example, a common coaxial cable presents a stray capacitance
per unit length of CP ∼ 1 pF/cm while the typical capacitance of a nanoelectrode is
of order 0.1 to 1 fF. For this reason conventional impedance spectroscopy is generally
limited to the DC - 100 kHz range.

By reducing the size of the electrodes, an increase in sensitivity to smaller
analytes can be expected22 which, combined with the absence of ionic screening, lays
the basis for improvements in biosensing capability. However, in order to achieve
high-frequency signals, a new implementation is required that allows minimizing
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stray capacitances. This can be achieved by integrating the electronics in a single
device that comprises the transducers and their readout electronics so to minimize
as much as possible the size of interconnects. One of the most suitable ways
of fabricating such a biosensing platform capable of performing high frequency
impedance measurements is based on CMOS technology, which as an additional
benefit permits to augment significantly the number of sensing sites.

1.2 CMOS technology

Numerous modern technologies, and in particular nanoelectronics, are strongly
focused on large-scale integration and miniaturization. High demand for increasing
circuit complexity, packing density, and speed while decreasing chip size and price
has driven this field towards even more sophisticated designs and fabrication
processes. Its large degree of design flexibility and system integration makes
Complementary-Metal-Oxide-Semiconductor (CMOS) technology the most important
platform used today to create low-cost, miniaturized and highly integrated nanoscale
devices.23

CMOS chips are fabricated on silicon substrates via a sequence of fabrication
steps designed to build up three dimensional regions that act as transistors and
interconnects. P-channel (PMOS) and n-channel (NMOS) transistors represent
the active field-effect transistors (MOSFETs) of the integrated circuit. In addition,
multiple layers of metallization allow combining these elements into a dense, highly
interconnected network. The technology allows combining millions of transistors to
form on-chip complex analog or digital electronic components such as AD converters,
amplifiers, processors or communication electronics. In particular, the possibility of
integrating monolithically sensors on top of a CMOS device makes this technology
attractive to build highly parallelized impedance-based platforms.24

1.2.1 CMOS-based biosensors

Ease of integration being a hallmark of CMOS processes has led to the
development of new biosensing concepts using this technology. These devices are
characterized by having massive integration of nanosized sensing objects in order to
enable parallel assays for high-throughput screening and highly sensitive detection
of macromolecules. Low power consumption, miniaturization and cost-effectiveness
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are also attractive to facilitate portability and usability.

Optical and mechanical biosensors integrated with CMOS circuitry have shown
remarkable capabilities for the detection of, for example, biological antigens in
solution, probe-target DNA hybridization and protein interactions.25–28 Transducers
based on electrochemical principles are very appealing, on the other hand, because
they avoid the need of labelling and can be more simply and cost-effectively
integrated and packaged29, 30 which makes them particularly suitable for point-
of-care applications.31, 32 The most studied class of electrical sensors is field-effect-
transistor (FET) based biosensors, where the presence of target molecules is detected
by a depletion or accumulation of charge on the gate of a transistor.33 Electrolyte-
oxide-semiconductor- and ion-selective-FETs as well as more exotic devices such as
silicon nanowires- and carbon nanotubes- based, among others, have been proposed
to detect hybridization of complementary DNA,34–36 antibodies, proteins charge and
concentration in buffer and human serum environments,37, 38 extracellular neural
recording39 and acidification.40, 41
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Along the same lines, impedance spectroscopy has also been combined with
CMOS processes to develop highly integrated biosensing platforms. To name but
one recent example, Pui et. al. have shown the detection and counting of MCF7 cells
via electrochemical impedance spectroscopy measurements at a highly integrated
microelectrode array (MEA) consisting of 96 × 96 gold electrodes of 22 × 22 µm2

with a pitch of 30 µm (Figure 1.3).42, 43

The device used in this thesis similarly benefits from standard CMOS technology
to integrate on a single chip 65.536 sensors, this number being one of the highest
reported up to now in a biosensing platform based on impedance measurements. The
chip takes advantage of CMOS processes to integrate the electrodes on-chip together
with all the electronics necessary to acquire the data, thus eliminating the need for
external wires and reducing stray capacitance. This feature allows applying and
reading out excitation signals up to 50 MHz, high enough to overcome much of the
ionic screening effects. The frequency range spanned with this device has not been
explored experimentally in detail so far using nanoelectrodes, making the principal
goal of this thesis the fundamental study of high-frequencies impedance phenomena
at nanoelectrodes.

1.3 Outline of the thesis

The work reported in this thesis explores the features and capabilities of high
frequency impedance measurements at nanoelectrodes. We study theoretically and
experimentally the interaction between different analytes and the array and we
explore how the frequency affects the response of the array. We further investigate
the possibility of detecting nanosized particles and biological entities.

Chapter 2 introduces the sensing platform. The architecture and actuation
mechanism for performing high-frequency impedance measurements are described.

Chapter 3 explains theoretically the advantages of using high-frequency signals
based on a simplified version of the Poisson-Nernst-Planck formalism. Frequency-
dependent experiments are presented to demonstrate the existence of the different
regimes that characterize the response.

Chapter 4 demonstrates that it is possible to overcome the electrical double
layer screening effect through the detection of different microsized objects under
physiological conditions. As a proof-of-concept experiment, the detection of synthetic



1

8 Chapter 1. General Introduction

microparticles and living cells is presented.

Chapter 5 explores the size sensitivity of the platform by probing the detection
of nanosized dielectric beads as well as biological analytes such as Cowpea Chlorotic
Mottle Virus (CCMV) and the corresponding RNA-empty capsids.

Chapter 6 studies the frequency dependence of the nanoelectrode’s response to
the sedimentation of microspheres. The effects of the ionic strength and electrical
properties of the analytes are experimentally investigated.

Chapter 7 concludes the thesis with a review on what has been recently reported
regarding high-frequency impedance spectroscopy at the nanoscale and gives an
outlook for the future development of the field.
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1

2
BIOSENSING PLATFORM

The CMOS platform used to perform impedance measurements in this thesis
represents one of the most advanced electronics-based methods developed to date
aimed at biosensing. The level of complexity in the design and fabrication requires
state-of-the-art technologies, rendering its development largely inaccessible in a
purely academic environment. Indeed, the sensing platform used in this thesis was
designed and developed by the company NXP Semiconductors N. V. which is focused
on developing, manufacturing and distributing integrated circuits for a wide range
of electronic devices. In view of the particular features specific to this platform, we
describe in this chapter the basics of the electronics architecture as developed by
NXP.

13
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2.1 Introduction

Platforms that offer massively parallel, label-free biosensing can, in principle,
be created by combining all-electrical detection with low-cost integrated circuits.
Examples include field effect transistor arrays, which are used for mapping neuronal
signals1–3 and sequencing DNA.4, 5 Despite these successes, however, bioelectronics
has so far failed to deliver a broadly applicable biosensing platform. As described in
Chapter 1, this is due, at least in part, to the fact that DC or low-frequency signals
cannot be used to probe beyond the EDL formed by screening salt ions.

The assay used in this thesis employs a large-scale, high-density array of
nanoelectrodes integrated with CMOS electronics on a single chip capable of applying
high-frequency signals due to the remarkably reduction of parasitic capacitance.6

The following sections describe the design architecture and working mechanism of
the platform.

2.2 CMOS nanocapacitors platform

The sensor implementation is shown in Figure 2.1a. The device consists of a
2.1 mm × 3.2 mm low-power 90-nm CMOS processed chip. It contains a 256 × 256
array of nanoelectrodes (90 nm radius polished Au islands surrounded by silicon
nitride) arranged on one of two possible grids: 0.6 µm × 0.89 µm or 0.6 µm × 0.72 µm
(gray rectangle in Figure 2.1a). Figure 2.1b shows a scanning electron microscopy
(SEM) image of merely 0.6% of the total array, each dot corresponding to a separate
electrode.

(a) (b)

1 µm

Figure 2.1: (a) Optical image of the CMOS chip showing the nanoelectrode array (dark
rectangle) and readout circuitry (yellow and green). (b) SEM image of a small subset of the
electrode array.
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Eight A/D converters, eight accumulation registers, four temperature sensors
and the remaining digital readout circuitry are fully integrated in the device. In
some devices, odd/even rows were designed mirror imaged to share contacts and
interconnect lines in order to enable a higher packing of sensing sites by decreasing
the pitch between electrodes.

The basic unit structure is schematically presented in Figure 2.2.

C

VT

D
V

t
T D

t

Figure 2.2: Unit sensing cell.

Each basic sense cell consists of an electrode connected to two individual MOS
transistors which control the bias voltage of that electrode. This is done by applying
to each switching transistor a pseudo-square step voltage of 50 MHz (the rise and
fall times being 1 ns). At time tT the top transistor is turned on by applying a gate
voltage φT = 850 mV, which allows a current to flow from the drain to the source of
that transistor. At the same time the bottom transistor is off. Inversely, at time tD ,
φD = 850 mV is applied to the bottom transistor while the top one is off. Between
these two states it is necessary to keep both top and bottom transistors off for a brief
period (1 ns) to prevent the possibility of short circuit currents should both be on
simultaneously. During this period the nanoelectrodes are floating.

During each cycle a charge packet is transferred from the VT terminal to the VD

terminal. This charge Q is integrated over multiple cycles and measured upstream
by a cascode source follower placed at one end of each column, as shown in Figure
2.3. The discharge voltage VD is fixed externally at 120 mV, but the charging
voltage VT cannot be directly controlled externally. Instead, the gate voltage at
the cascode source follower is fixed at 435 mV. Empirical observations indicate
that, at a switching frequency of 50 MHz, the gate-source voltage is of the order of
magnitude of ∼ 70 mV, which means that the voltage applied to the nanoelectrodes is
approximately 245 mV. A more detailed correction can also be applied for quantitative
studies.
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Cascode source follower

Column line

Sensor cell

C

I

V

V

G

T

Stray

D

C

V

Control signals

Figure 2.3: Unit sensing cell. Each column is connected to a cascode source follower which
allows integrating the charge measured per cycle. CStray represents the parasitic capacitance
of the wire leading to the source follower.

The control signals are applied at one single row whereas the remaining
unselected 255 rows of the array in parallel act as a pseudo-reference electrode.
Figure 2.4 shows a zoomed out circuit diagram of the rows and columns arrangement.
The sensors cells in the same column are connected to a shared line and a single
cascode source follower that integrates over multiple cycles the charge. By biasing
one row at a time and reading one single column, the nanoelectrodes are row-wise
selectable and column-wise individually readable.

We express the measured response signal as an equivalent switching capacitance
Cexp, defined as the integrated charge per charge/discharge cycle divided by the
modulation voltage step,

Cexp = Q
(VT −VD)N

−CP ,

where N is the number of cycles, CP the parasitic capacitance between the electrode
connection wire and other nearby metal wires (CP ≈ 0.43 fF), and Cexp is defined
by the nanocapacitor formed at the metal/liquid interface when the electrodes are
immersed in liquid. Unlike conventional electrochemical impedance spectroscopy,
the phase is not explicitly measured; its effect is however indirectly included in the
magnitude of Cexp.
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Figure 2.4: In order to address each electrode individually, one single row is biased at a time
and each column is discharged individually.
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Because of space limitations on the chip, there are only eight analog/digital
converters integrated on-chip, and consequently the electrodes from the row that is
being biased are read consecutively in groups of 8. Typically, 1350 charge-discharge
cycles were employed per measurement of Cexp and 9 subsequent measurements per
row were averaged on-chip. With the time required to perform these measurements
together with the time used to do the A/D conversion and transport the data to the
PC, the platform reaches a complete array scan rate of 4.76 frames/second with
attoFarad (10−18 F) resolution (standard deviation of ∼1 aF at a 50 MHz modulation
frequency).

2.3 Fabrication of Au islands

Due to its noble metal properties, gold is an attractive material to fabricate
nanoelectrodes for use in solution. However, it is typically excluded from CMOS
processes because it introduces unwanted contamination into standard CMOS
fabs.7, 8 For this reason, the Au nanoelectrodes of the platform are fabricated
subsequently to the CMOS fabrication process.

Semi-finished sensor chips, produced in a standard 90-nm node CMOS process
at a regular CMOS foundry, were delivered with polished copper nanoelectrodes
and polished copper bond pads. In a post-processing step, the wafers were cut into
coupons (about 4×4 cm2) whose surface was then cleaned and sputtered with a
thin Au layer (approximately 200 nm thick). This layer of Au was then alloyed
with the copper of the nanoelectrodes and bond pads. Afterwards the excess Au
was polished away down to the original chip surface, thereby restoring the original
dimensions of the copper nanoelectrodes and bond pads. Finally, the individual
sensor chip were separated by sawing the coupons. Because of the huge excess of
Au in the nanoelectrodes region, inter-diffusion of the copper and gold converted
the nanoelectrodes into a very gold-rich AuCu alloy (almost 100% gold). In the bond
pad region a less gold-rich AuCu alloy was formed. Nevertheless this alloy was
sufficiently corrosion-resistant to survive wet-chemical cleaning and preparation
processes without noticeable degradation or corrosion.
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2.4 Measurements in liquid

To perform wet measurements individual chips were placed in a custom-built
micromachined socket (CSP/µBGA Test & Burn socket - Aries Electronics, Inc.)
mounted on a readout printed circuit board as shown in Figure 2.5.

Temperature

controller

Socket

Tubing

Device

Figure 2.5: The device is held in a measurement socket (black) to allow extraction of the
digitized data (wires at the bottom). Fluid is introduced into and out of the measurement
volume below the chip via two tubes (yellow, also visible at the bottom).

The PCB was connected via a 40-pin connector to an electronic reader board. The
bond pads were protected from the fluids by a polydimethylsiloxane (PDMS) gasket
that defined the part of the flow cell in direct contact with the sensor chip’s surface
(volume ∼ 50 nl). The seals were previously cleaned by leaching (keeping them in
isopropanol at 70°C for 3 hours) to remove any unreacted silicone oil residues. An
aluminum bridge (connected in turn to a temperature controller head) was used to
press the chip against the gasket and seal the reservoir to prevent leakages. Two
500 µm holes fitted with tubing (PEEK, ID 125 µm, OD 510 µm) provided fluidic
access to the measurement volume.

Figure 2.6 shows a histogram of the average response of individual electrodes
measured in air at 50 MHz (striped green). The average electrode response follows
a gaussian distribution capacitance centered at ∼ 0.4 fF. The peak close to 0 fF
correspond to 10 invalid rows present in all the devices and can be safely ignored.
The blue histogram (filled right) shows the average response of each electrode in a
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conducting solution (Phosphate buffer solution (PBS) composed of 1 mM phosphate
buffered saline, 13 mM NaCl, 0.27 mM KCl and to which additional KCl has been
added to bring the ionic strength to 100 mM). The distribution of responses becomes
broader and the average response shifts to a higher value, the latter in agreement
with what is expected for a more highly conducting medium with a far higher
dielectric constant. Lower capacitance values in the signal measured in liquid
environments which deviate strongly from the gaussian distribution (highlighted
by the red oval in Figure 2.6) typically correspond to faulty electrodes and are not
considered during data analysis.
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Figure 2.6: Histogram of the average experimental capacitance measured by each nanoelec-
trode in air at 50 MHz.

The broadened distribution of signals in solution is believed to arise from
variations in the formation of the metal stacks and in the electrodes’ shape. This
is illustrated in Figure 2.7, which shows AFM height images for several electrodes.
Variations in the electrode’s height is observed (∼ 5 to 25 nm) which are mainly
caused by the still immature post-processing technique used to fabricate the Au
islands. The repercussion of this inhomogeneity of the electrodes’ features on the
measurements is discussed further in Chapter 5.
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25 nm
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10 nm

0 

-10 nm

Figure 2.7: AFM height images of a fraction of the array (left) and single electrodes (right).
Significant roughness and inhomogeneities are observed.

2.5 Conclusions

The platform that has just been described takes simultaneously advantage of
three strengths of integrated circuits: high frequencies, miniaturization and large-
scale integration. Other promising concepts have been reported;9–12 however, this is
currently the only existing biosensor platform that is capable of real time, massively
parallel high-frequency impedance measurements and imaging with attoFarad
resolution on the submicron scale. In the next chapters, these properties are analyzed
theoretically and explored experimentally.
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POISSON-NERNST -PLANCK DESCRIPTION OF

HIGH-FREQUENCY IMPEDANCE SPECTROSCOPY

In Chapter 1 we introduced qualitatively the advantages of high-frequency
impedance spectroscopy on the basis of ion motion being limited by a fast switching
excitation voltage. To substantiate this picture in a more formal manner we now use
the Poisson-Nernst-Planck (PNP) formalism, which represents the most common
continuum theory used to describe ionic transport in liquids. We apply this formalism
to a simplified representation of the real experimental system to introduce the
physics underlying the sensing principle of the platform and provide a comprehensive
analysis of the impedance spectra. We study theoretically and experimentally the
effect of high frequencies on the signal and provide theoretical expressions for the
key parameters that characterize the system response.

25
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3.1 Introduction

The classical description of electrolytes subject to time-dependent electric fields
is provided by the Poisson-Nernst-Planck (PNP) formalism. This combines the drift-
diffusion equation for ion fluxes and Poisson’s equation to relate the charge with the
electric field.1, 2

The theory provides qualitative and quantitative explanations for ion transport
phenomenon in wide-ranging areas including semiconductors, nanofluidics and
biological systems.3, 4 In most cases the model results in non-linear differential
equations which render its analytical solution impossible; therefore, numerical
simulations have been extensively used. In particular, as a consequence of the wide
expansion in research on electrochemical biosensors, a plethora of work has been
focused on modelling these devices on the basis of the PNP formalism to reach a
deeper understanding and optimization of the working principle.5 The rectification
mechanism of nanofluidic biosensing diodes,6 the dielectric response of nanogap
capacitors,7 ion conduction through protein nanopores8 and the electrochemical
properties of a cell’s cleft above an ion-selective field-effect transistor,9 count among
the examples of nanodevices whose behavior could be understood in detail with PNP.
Extensive work has also been done, using finite-element method (FEM) simulations,
to model the platform used in this thesis.10–13

In this chapter we use a simplified geometry model of the real situation in
1D spherical coordinates which enables obtaining an analytical solution of the
linearized PNP model. This simplified model makes more assumptions than the
full 3D simulations and has less quantitative predictive power, but it captures the
basic features that characterize the impedance spectra of the platform and allows
developing one’s intuition for the more realistic situation.

The interpretation of impedance spectroscopy data usually consists in con-
structing equivalent circuits that model and fit the observed response.14, 15 After
introducing the analytical model, we complement the results obtained from the
PNP formalism with an explanation based on the simplest equivalent circuit that
qualitatively matches the predictions of the theory.
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3.2 Poisson-Nernst-Planck formalism

We treat a specific situation with a simple geometry that is analytically tractable.
Consider the simplified, spherically symmetric geometry shown in Figure 3.1. In
the center, an electrode is represented by a sphere of radius a. This electrode is
surrounded by a spherical region with radius b which is filled with a symmetric
1:1 electrolyte (such as KCl or NaCl). We refer to this region as domain I. Outside
domain I lies a domain II which consists either of a dielectric (dielectric permittivity
εI I ) or a perfect conductor held at constant potential. Modeling interfaces of
hemispherical geometries allows treating the interfacial structure and transport in
a one-dimensional form. It has been shown by Dickinson et. al. that the curvature
effect of the electrode might affect the response for electrodes of radii smaller than
50nm, therefore smaller than the ones used in the this work,16 but these effects are
also captured by the simplified model.

0

a b

I

II Electrolyte

V e
iωt

Figure 3.1: Simplified schematic geometry.

An harmonic potential of amplitude V0 and angular frequency ω (V0.eiωt) is
applied to the electrode and the resulting electric field acts as the electric driving
force for the ions in the solution in domain I. At the same time, the formation of
concentration gradients can result in diffusive fluxes. The ionic currents resulting
from the coupling of the two effects are governed by Nernst-Planck equation,

−→
j± =±µn±

−→
E −D

−→∇n±, (3.1)
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together with mass conservation,

−→∇ .
−→
j i =−∂ni

∂t
. (3.2)

Here
−→
j± are the fluxes of cations and anions, respectively, µ is the electrophoretic

mobility,
−→
E is the electric field, D is the diffusion coefficient and n± are the

ionic concentrations or number densities. µ and D are related by the dissipation-
fluctuation theorem17 applied to the Brownian motion of particles suspended
in a liquid, which leads to the general form of Einstein-Smoluchowski relation
D =µkBT.18–20 For simplicity we take µ (and thus D) to be identical for the cation
and anion. The relationship between the charge density ρ and the electric potential
φ is governed by Poisson’s equation,

∇2φ=− ρ

εI
=− e

εI
(n+−n−), (3.3)

in domain I and by the Laplace equation,

∇2φ= 0, (3.4)

in domain II for the dielectric case. The potential is further specified by standard
boundary conditions (summarized in Table 3.1), which require continuity of the
potential and the normal component of the displacement field as well as no ion fluxes
across the interfaces. This last constraint is approximated in the experiments by
the floating solution potential which was chosen to insure minimal electrochemistry
processes at the electrodes.

This formalism does not take into account convection effects. These are not
expected to become relevant except at very low salt concentrations.21, 22 Another
simplification has been made regarding the bias potential which has a DC component
that leads to a static EDL, however since we are interested in the dynamic
behaviour we neglect this contribution. Therefore combining the above equations and
retaining only harmonic terms at the fundamental frequency ω yields a fourth-order
differential equation,

∇2
(
∇2φ−

(
iω
D

+ 2µen
DεI

)
φ

)
= 0, (3.5)
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Table 3.1: Boundary conditions for the electric potential.

Conducting Dielectric

φ |a=φ0 φ |a=φ0

φ |b= 0 φI |b=φI I |b
−→
j |a= 0

−→
j |a= 0

−→
j |b= 0

−→
j |b= 0

φI I → 0 when r →∞

εI . ∂φI
∂r |b−= εI I . ∂φI I

∂r |b+

whose solution for the potential φ adopts the following general form in domain I:

φ(r)I = A · ek·(a−r)

r
+ B · ek·(r−b)

r
+ F

r
+G. (3.6)

Here k = (
λ−2

D + iω
D

)1/2
, where i is the imaginary unity and λD =

(
kBTεI
2ne2

)1/2
is the

Debye length. A and B are integration constants whose associated terms describe the
behaviour near the interfaces. The terms associated with the integration constants
F and G instead describe penetration of electrostatic interactions beyond the Debye
length and into the bulk solution. For low frequencies, κ≈ 1/λD and the potential
exhibits the exponentially decaying form generally associated with Debye screening.
At higher frequencies, charge density waves develop near the electrodes but remain
localized to length scales < λD , whereas the F and G terms increase in relative
importance. The full expressions of these constants can be found in Appendix A.

To better illustrate this behavior, Figure 3.2 shows the spatial dependence of
φ for different frequencies and choice of material in domain II. In each case the
AC potential applied to the electrode has an amplitude of 100 mV and a frequency
of 50 MHz, the ionic strength of the electrolyte is 100 mM and the radius of the
nanoelectrode is a = 90 nm. The magnitude of the applied voltage is higher than
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Figure 3.2: Electric potential solution to Poisson-Nernst-Planck formalism for different
boundary conditions. Continuity of the electric potential is required at the dielectric interface
which imposes a slower decay in the potential (barely detectable in the figure) with respect to
the interface-free case. On the contrary, the electric field is forced to be zero at the conducting
interface imposing, then, a faster decay of the electric potential.

the small voltage approximation required to neglect non-linear effects (∼ kBT/e ∼
25 mV). We still use this value in these illustrative plots because it is closer to the
experimental parameters.

At low frequency (100 kHz, dashed magenta line), the system behaves as if in
equilibrium and the potential decays exponentially away from the electrodes on the
scale of the Debye length. The electric field is essentially zero outside the EDLs. At
higher frequencies, the field penetrates into the bulk in a manner that depends on
the nature of domain II. For the simple case where domain I extends to infinity (b
→∞, blue full line), the electric field far from the electrodes takes a particularly
simple form derived from Equation 3.6,

−→
E bulk = V0

−→a
r2 . (3.7)

That is, the field decays as r−2 with an amplitude proportional to f = ω/2π at low
frequencies and saturates above a frequency which we will call f low. Above this
cutoff frequency, the system becomes optimally sensitive to the bulk regions of
the electrolyte beyond the EDL of the probe electrode. Importantly, the values of
the coefficient F, the magnitude of the electric field far from the electrode and
the detected signal Ceff all become essentially independent of the existence of the
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electrode EDL for frequencies greater than f low, at least in this simplified model.

For the case where domain II is a perfect conductor (b = 300 nm, red dot line),
the frequency dependence is similar to the b →∞ with a similar value for f low. The
potential is however forced to vanish at the interface between domains I and II and
the electric field is thus correspondingly enhanced in domain I. The presence of a
conducting interface is therefore expected to lead to an enhancement in Cexp for
f ≥ f low when compared to the situation where there is no second interface. Finally,
for the case in which domain II is a dielectric (εI I = 2.5ε0 ¿ εI , green line), the
opposite effect occurs: the potential does not decay as quickly in domain I, leading to
a decrease in electric field compared to the b →∞ case and a corresponding decrease
in Ceff.

3.3 Equivalent circuit model

In order to facilitate comparison with the experimental results, we express our
theoretical results in terms of the magnitude of the induced charge at the center
electrode normalized by the applied voltage. This so-called effective capacitance can
be evaluated with Gauss’ law as

Ceff =−2πa2εI |(∂φ/∂r)r=a|
φ0

. (3.8)

Figure 3.3 shows the predicted Ceff as a function of frequency for a typical
electrode size (a = 90 nm) immersed in bulk electrolyte solution (b → ∞) for
different salt concentrations. As frequency increases, the capacitance presents a
monotonically decreasing behavior such that three regimes can be identified. At very
low frequencies and for a >λD , the response is essentially independent of frequency
with a value given by

CDL = 2πa2εI

λD
. (3.9)

The values of the double layer capacitance are CDL ≈ 3.7 fF, CDL ≈ 12 fF and CDL ≈
37 fF at 1 mM, 10 mM and 100 mM respectively, for a = 90 nm. In this regime, the
EDL is fully established and adiabatically follows the applied potential.
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Figure 3.3: Effective capacitance as a function of frequency for different salt concentrations
for the simple geometry of Figure 3.1.

In order to quantitatively study the high-frequency response, the electrode in
contact with the electrolyte can be modeled by the equivalent circuit presented
in Figure 3.4, where Rsol and Celec represent the resistance and capacitance of
the electrolyte. The behaviour is characterized by a cutoff frequency, defined by
the time constant of the RC circuit, f low = 1/2πRsol(CDL +Celec). At frequencies
above this salt-concentration-dependent cutoff f low the EDL can no longer fully
follow the applied potential and the value of Ceff starts to decrease. f low is inversely
proportional to the electrode radius a, meaning that as the size of the nanoelectrodes
decreases, it is necessary to increase the signal frequency in order to overcome the
EDL screening. An extra resistance in parallel with CDL could be also included to
model electrochemical reactions at the interface. However, this is not relevant for
the experiments presented here so we neglect such a circuit element.

C
Elec

R
Sol

C
DL

Figure 3.4: Lumped-element equivalent circuit used to model the response of a nanoelectrode
in solution as a function of frequency.
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If the frequency increases significantly more, the dielectric response of the
solvent (water in our experiments) becomes dominant. Ionic currents then start
to have a negligible contribution and the signal becomes dominated exclusively by
the dielectric response of the solvent. Ceff then also becomes independent of salt
concentration. This regime is achieved after overcoming a second cut off frequency
f high > en±µ/πεI ) which is defined by the moment when displacement currents
govern over conduction currents. This was included in previous calculations but is
more easily seen by going back to basic principles. According to Ohm’s law we can
model the conduction current as,

−→
J =σDC

−→
E ,

whereas displacement currents are related with the time-varying form of the electric
field,

−→
D = εI∂E

∂t
= iωεI

−→
E .

Therefore,

∣∣∣∣∣
−→
J
−→
D

∣∣∣∣∣= σ

ωεI
(3.10)

and finally,

f high = σ

2πεI
.

This simple argument ignores the fact that the EDL component is no longer a simple
capacitor. For f > f high, as per the earlier full calculation, k = (

λ−2
D + iω

D
)1/2

is then no
longer dominated by the Debye component λ−2

D and acquires a frequency-dependent
component as well. Since in this regime the EDL component plays only a minor role
(because CDL > CElec), this is not a significant correction to the overall response and
the equivalent circuit remains a valid semi-quantitative tool.
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Table 3.2 summarizes the expressions and parameters used to estimate the
cutoff frequencies. To estimate the resistance solution we use the expression that
corresponds to a disk electrode instead of a hemispherical one which is closer in
shape to the real electrode’s geometry as can be seen in Figure 3.5. As can be noticed
from the last column, at physiological conditions we can not reach this regime yet
since f high ≈ 350 MHz, whereas the experimental platform is currently limited to 50
MHz.

Table 3.2: Parameters and expressions to estimate the cutoff frequencies

Ionic
Strength

(mM)

Conduc.
(S/m)

Rsol
23

(MΩ)
CDL (fF) f low (MHz) f high (MHz)

2eµn0 1/4σa πa2εI
λD

1
2πRsol

(
CDL+4aεI

) σ
2πεI

1 0.015 188 3.7 0.22 3.5

10 0.15 19 11.6 0.72 35

100 1.5 2 36.6 2.3 350

50 nm

5 nm

H
e

ig
h

t

50 nm

Figure 3.5: AFM amplitude image of a single electrode. A cross-section of the equivalent
height image is shown at the bottom. A roughness of ∼ 15 nm was measured for several 90 nm
radius electrodes, which means that it is more accurate to treat them as disks than as spheres.
Note that the Y-scale has been exaggerated to show the roughness features of the electrode.
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3.4 Experimental frequency sweeps measure-
ments for bare electrodes

To study the frequency dependence experimentally, frequency sweeps between
1.6 MHz and 50 MHz were performed in electrolytes with different ionic strengths
(1 mM, 10mM and 100 mM). The solution consisted of standard phosphate buffer
solution (0.01 M phosphate buffer, 0.138 M NaCl and 0.0027 M KCl, pH 7.4) diluted
100 times in mQ water with extra KCl added to adjust the ionic strength. The range
spanned by the frequency sweep is narrow in terms of decades of frequency; however,
because it is located nearby the characteristic cutoff frequencies, significant trends
can be observed.

The measured effective capacitance response as a function of frequency is
presented in Figure 3.6. For the lowest concentration (blue curve, triangle symbol),
a small decay is present in the lower frequencies while the signal stabilizes to a
constant capacitance for higher frequencies values. The highest salt concentrations
(red and black curves, circle and square symbol, respectively), besides increasing the
value of Cexp, also show a decay but with a stronger dependence on the frequency
within the spanned range, such that no regime where the effective capacitance is
constant is observed.
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Figure 3.6: Baseline experimental capacitance vs. frequency for different salt concentrations.
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This response can be explained in terms of the equivalent circuit introduced
in section 3.3 and as discussed further in the context of Figure 3.3. The fact that
for the 1 mM case the capacitance is almost constant at all frequencies between
1.6 MHz to 50MHz indicates that the second cutoff f high, above which the signal
probes only the dielectric properties of the solution, has been surpassed consistent
with the expected f high ≈ 3.5 MHz from Table 3.2. For the highest concentrations,
this second cutoff frequency ( f high ≈ 35 MHz and 350 MHz for 10 and 100 mM
respectively) cannot be fully surpassed, or even achieved for the last case, with the
current experimental setup. As a consequence, even at 50 MHz there is a dependence
on the salt concentration (as shown in more detail in Figure 3.7) since the solution
resistance dominates the response. It is expected that if a higher fraction of the
spectra could be reached experimentally, the signal would also become completely
independent of the ionic strength. These observations coincide with the expectation
from Figure 3.3, which predicts that the signal (expressed as Ceff) should decrease
when the electric field becomes capable of probing beyond the double layer.
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Figure 3.7: Average of the array measured capacitance vs. ionic strength measured at 50
MHz.
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3.5 Conclusions

An analytical model based on the Poisson-Nernst-Planck equations has been
used to assess the effects of high frequency excitation signals at the surroundings
of a hemispherical electrode. A strong dependence on frequency in the MHz regime
was predicted theoretically and observed experimentally. Frequency sweeps around
the characteristic cut off frequencies showed the advantages of high frequency
impedance spectroscopy over conventional impedance spectroscopy. Further analysis
on the frequency dependence is treated in Chapter 6.

In the following chapter extensive three-dimensional finite-element simulations
of a more realistic situation are presented that, in combination with experimental
evidence, further validate and expand upon the simplified model described here.
Further theoretical modelling of our experimental results beyond our simple
geometric model is also expected to improve the quantitative agreement between
experiments and theory.
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4
HIGH-FREQUENCY DETECTION OF MICROSIZED

ENTITIES

High-frequency impedance measurements at nanoelectrodes allow overcoming
ionic screening and therefore probing bulk properties, as described theoretically in
earlier chapters. Here, we introduce experimental results showing the detection
of microsized objects at physiological conditions. Since the detection mechanism is
influenced by the electrical properties of the electrolyte and analytes, we explore
the possibility of distinguishing objects with different electrical features. Finally,
we make use of the small pitch between electrodes to spatially resolve particles of
different sizes and monitor the dynamics of living cells with sub-micron resolution.

∗The contents of this chapter have been published previously as: Cecilia Laborde, Federico Pittino,
Harrie Verhoeven, Serge G. Lemay, Luca Selmi, Maarten Jongsma and Frans Widdershoven, Real-time
imaging of microparticles and living cells in CMOS nanocapacitor arrays, Nature Nano., 10(9), 791-795,
2015. The author, S. G. L and F. P. W. designed the mircoparticles experiment and the author performed
them. F.P., L.S. and F.P.W. developed the numerical simulation code and F.P. executed the simulations
at the University of Udine. H.V., M.A.J. and F.P.W. designed the experiments on living cells and H.V.
performed them at Wageningen University. The author processed the experimental data and simulation
results. Both simulations and biological experiments are included here for completeness.
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4.1 Introduction

Measuring high-frequency impedance at a nanoelectrode is a powerful local probe
of the dielectric properties of complex fluids that extends beyond the Debye layer
and is thus capable of overcoming the ionic screening limitation. As explained
in the previous chapters, the experimental implementation of high-frequency
measurements is challenging due to the domination of stray capacitances. For this
reason, the response of nanoelectrodes to analytes under a high-frequency oscillating
electric field has been largely left unexplored experimentally.

Here we measure the impedance response of a nanoelectrode array to the
presence of well-characterized dielectric and conducting micro- and nanoparticles,
modifying the ionic strength of the supporting electrolyte in order to alter the
ionic interactions. The interaction between an electric field and a particle depends,
among others, on the electrical properties of the object.1, 2 The perturbation of the
electric field thus generated at the nanoelectrodes being the basis of our sensing
platform, it makes sense to use this effect to explore the possibility of discriminating
between different particles. We observed that the response indeed has opposite
signs for conducting and insulating particles, demonstrating the capability of
the device to distinguish between analytes with different impedance properties.
Furthermore we demonstrate that the high-frequency regime accessible in this device
allows successfully overcoming the formation of the dynamic electrical double layer.
Changes in the ionic strength are hardly noticeable in terms of spatial sensitivity
despite the change of the screening Debye length from ∼1 nm to 10 nm for salt
concentrations in the range of 1 mM to 100 mM. This indicates that the screening
ions cannot follow the applied electric field and therefore the dynamic electrical
double layer is not fully developed. In order to obtain quantitative agreement between
the theoretical predictions and the experimental results it was required to develop
full numerical simulations of the real experimental situation on the basis of the PNP
formalism explained in Chapter 3.

4.2 Detection of microsized spheres

As a first proof of concept, we sedimented 4.4 µm-radius microspheres on the
array surface, with each sphere spanning multiple contiguous electrodes (Experi-
mental specifications and details can be found in Appendix B). Figure 4.1a depicts
a schematic of the measurement while Figure 4.1b presents experimental time
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traces recorded from three adjacent electrodes during sedimentation. A microsphere
induces position-dependent changes in the electrodes’ switching capacitances, ∆Cexp.
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Figure 4.1: (a),(b) Each electrode is alternately charged and discharged at 50 MHz with two
MOS transistors, producing a detectable average electrical measured current (black arrows).
A 4.4-µm-radius microsphere landing on the array perturbs the electric field generated by
each electrode, inducing a position-dependent change in the current (expressed as a change in
capacitance, ∆Cexp) of three neighbouring electrodes.

To quantitatively elucidate the signal transduction mechanism, extensive three-
dimensional finite-element simulations were performed (Appendix B) based on
the Poisson-Nernst-Planck formalism3 in the frequency domain using a numerical
simulator reported in the literature.4

Figure 4.2a shows a map of the AC potential amplitude generated by three
electrodes in 150 mM salt at zero DC bias and a 10 kHz modulation frequency typical
of conventional electrochemical impedance spectroscopy.3, 5 In this case the electrical
double layer (EDL) is able to rearrange sufficiently quickly that it essentially screens
the electrode potential at all times. The instantaneous electric field thus decays
exponentially from the electrode surface with a decay length equal to the equilibrium
Debye screening length λD (∼ 0.8 nm at physiological salt conditions).6 Analogous to
field effect detection, the electric field in this case is only affected by the presence of
a dielectric microsphere when the separation between the electrode and the sphere
is on the order of λD or less (central electrode in Figure 4.2a).
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Figure 4.2: (a) Theoretical spatial distribution of a.c. potential at low frequency in 150 mM
salt. The dashed line indicates the microsphere position. The electric field only penetrates
a few Debye screening lengths into the solution except for the central electrode, which is
positioned within a Debye length of the dielectric particle and whose field thus extends into
the dielectric microsphere. (b) Amplitude of a.c. potential at 50 MHz in 150 mM salt, where
the potential extends deep into the solution.

On the other hand, at modulation frequencies above the salt-concentration-
dependent cutoff frequency introduced in Chapter 3 ( f low = 1/2πRSol(CDL +CElec)),
where RSol and CElec are the electrode spreading resistance and spreading capaci-
tance, respectively, and CDL is the double-layer capacitance, the EDL no longer fully
screens the applied potential. The electric field then penetrates radially into the
solution, as illustrated in the potential map of Figure 4.2b for 50 MHz, a frequency
far above the cutoff for probing beyond the EDL f low ≈ 3 MHz with 150 mM salt.

This frequency-dependent sensitivity can be directly observed experimentally.
Figure 4.3 shows two-dimensional maps of the measured response ∆Cexp of the
nanoelectrode array to sedimented dielectric microspheres for three different
frequencies.

10 µm

1.6 MHz 7.1 MHz 50 MHz

Figure 4.3: Spatial maps of the measured capacitance change (∆Cexp) induced by the
sedimentation of insulating 4.4-µm-radius particles at a salt concentration of 150 mM for
frequencies of 1.6 MHz, 7.1MHz and 50MHz. Each pixel represents a nanoelectrode and
each map was normalized to the maximum value of |∆Cexp|over all the three pictures. The
sensitivity to the presence of microparticles increases with increasing frequency.
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At 1.6 MHz (thus below the cutoff frequency f low), the microspheres are
undetectable except when they happen to land directly on an electrode (red circle),
as expected from Figure 4.2a. On increasing the frequency to 7.1 MHz and 50 MHz,
the microspheres have an increasingly large apparent diameter, demonstrating that
EDL screening has been overcome.

To make this conclusion more quantitative, we show in Figure 4.4a capacitance
maps of individual beads for salt concentrations ranging from 1 mM (typical in field-
effect detection experiments7, 8) to 100 mM (near physiological conditions). Over this
range, λD changes from ∼10 nm to ∼1 nm.
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Figure 4.4: (a) Response to a single particle at salt concentrations of 1 mM, 10 mM and 100
mM and a frequency of 50MHz. The rectangular shape corresponds to the asymmetry in the
pitch of the array. Apparent particle size σ is independent of ionic strength over two orders of
magnitude. (b) Theoretical predictions (∆Cth) for the same conditions as in (a).

In order to compare the effect of the ionic strength on the bead-electrode
interaction we define the effective size of the particles as,

σ2
exp = Σ

iΣ j[(i×0.6µm− r0x)2 + ( j×0.89µm− r0y)2]×∆Cexp(i, j)
ΣiΣ j∆Cexp(i, j)

(4.1)

where 0.6µm × 0.89µm is the pitch between electrodes, r0x and r0y are the
coordinates of the center of mass of the distribution and ∆Cexp(i, j) is the change
in the capacitance of electrode (i,j) after sedimentation. The same expression was
used to compute σth in simulations, except that the experimental ∆Cexp was now
replaced by its numerical approximation ∆Cth (Appendix B).
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In contrast to the dependence of λD with the ionic strength, the measured
apparent radius σexp of the microparticles (σexp ≈ 2.5 µm, comparable to their
physical radius) is orders of magnitude larger than λD and independent of salt
concentration. Figure 4.4b shows corresponding simulated responses that are
in excellent quantitative agreement with experimental results. This ab initio
predictability is remarkable considering that most impedance spectroscopy data
obtained with macroelectrodes can only be interpreted qualitatively by fitting to
empirical models.5, 9

Figure 4.5 further demonstrates theoretically and experimentally that micro-
spheres of different diameters can be distinguished, illustrating that the spatial
resolution is determined by solution-side processes and is not introduced by the
measurement electronics.These observations represent a direct illustration that EDL
screening is effectively mitigated by high-frequency operation of the nanoelectrode
array.
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Figure 4.5: Map of the array’s experimental response to a mixture of two sizes of microparti-
cles, radii of 4.4 µm (red circle) and 2.5 µm (black circle), at 100 mM salt concentration. Insets:
experimental (top) and theoretical (bottom) maps for a single 2.5 µm particle.

Dielectric spheres replace high-permittivity electrolyte by a medium with much
lower permittivity, repelling the electric field lines and causing Cexp to decrease
(∆Cexp < 0).10 Conducting spheres, on the other hand, attract electric field lines,
causing Cexp to increase (∆Cexp > 0). This can be used for discriminating between
different particles. Figure 4.6 shows experimental ∆Cexp maps of a mixture of
dielectric (latex) and conducting (gold-coated polystyrene) microspheres (both 2.5
µm radius).
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Figure 4.6: (a) Response of the array to a mixture of dielectric and conducting 2.5-µm-radius
spheres. The signals have opposite polarities, demonstrating the ability to discriminate
between two types of particle at high frequencies. (b) Zoomed-out view of (a), comprising
30% of the nanoelectrode array surface. (c) Comparison of experimental (left) and theoretical
(right) capacitance maps of a conducting particle at 50 MHz and 100 mM salt.

The apparent particle sizes are similar for both microspheres (σ ≈ 1.7 µm), but
the conductive microparticles show an increase in capacitance (∆Cexp > 0) instead of
a decrease. Once again, the experimental response, in particular the sign change,
is well reproduced by the simulations (Figure 4.6c), thus proving the ability of
the physical model to capture the features of the experiment. This capability of
discriminating between particles purely based on their intrinsic electrical properties
is unique to high-frequency spectroscopy, as presented here. In Chapter 6 further
discussion and experimental evidence related with this statement are presented.

4.3 Proof-of-concept experiments with biological
samples

To explore the potential for biomedical research unlocked by combining high-
frequency detection and high spatial resolution, experiments using several tumour
cell lines were conducted. In the first experiment (Figure 4.7a), K562 suspension
cells were introduced on the sensor array and the cell behaviour was monitored in
real time. These spherical cells (diameter of 15-20 µm, with no prominent surface
features11) did not exhibit attachment to the sensor surface and instead caused
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a response that closely resembles that of dielectric latex beads (∆Cexp < 0). We
attribute this behaviour to the presence of the insulating cellular membrane.
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Figure 4.7: Images of three different cancer cell lines. (a) Single K562 suspension cell in
proximity of the electrodes. (b) A clump of multiple BEAS cells attached to the electrodes,
showing that damaged cells induce an increase in capacitance. (c) Multiple MCF7 cells
exhibiting typical strong adhesion.

Interestingly, an opposite sign response was obtained for dead cells (Figure 4.7b).
Here, a droplet of BEAS cell suspension was deposited over the sensor array and
dried in order to guarantee proper adhesion of the cells (Appendix B). Afterwards, the
chip was placed in the test socket and culture medium solution with 150 mM ionic
strength was introduced. Because the drying step destroys the cellular membranes
of the majority of the cells, a signal is caused by the attachment of a highly
concentrated layer of charged macromolecules and accompanying mobile counterions
on the electrodes. This causes an increase in the measured capacitance (∆Cexp > 0),
reminiscent of the response to conductive microparticles. In further experiments,
MCF7 tumour cells were studied. Microscopic examination of these cells showed
extremely high adhesion to the sensor surface with no apparent discrimination
between gold electrodes and the silicon nitride regions separating them. Similarly to
K562 cells, MCF7 cells generated negative signals (Figure 4.7c).

Intimate contact between the electrode surface and the cell membrane is
supported by the observation that the much larger measured |∆Cexp | compared to
K562 cells corresponds to a series capacitance of 0.5-1.2 µF cm−2 in series with the
EDL, in good agreement with observations on nerve cells using the patch clamp
technique (0.5-1 µF cm−2).12 Furthermore, the shape of the cells is in good agreement
with scanning electron microscopy (SEM) images.13

Figure 4.8 illustrates the attachment dynamics of MCF7 cells at one particular
position on the array following their introduction into the measurement volume
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(markers i and ii). When the electrodes became covered by a contiguous layer of the
cellular membrane (marker iii), ∆Cexp gradually stabilized to a value below that
for uncovered electrodes. After attachment, localized fluctuations with amplitude
5-20 aF and a sub-minute timescale were detected, which are attributable to the
dynamics of cell adhesion and the movements of the cellular pseudopodia over the
sensor surface.
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Figure 4.8: Single-electrode (red dot) time series during MCF7 adhesion and motion. i, PBS
washing of the sensor; ii, introduction of RPMI Q3 culture medium with cells; iii, complete
attachment of cells; iv-v, fluctuations due to changes in attachment of cells to the electrode
surface; vi, spontaneous detachment and subsequent reattachment; vii, detachment due to
washing with culture medium.

Figure 4.9 shows time traces obtained simultaneously with Figure 4.8 for
five adjacent electrodes, demonstrating the gradual decrease of ∆Cexp during
cell adhesion propagating along the array and consistent with the progressive
attachment of the cells.

Because cell motility is a hallmark of the invasiveness of tumour cells, it is used to
quantify the efficacy of anti-tumour agents.14 A cell-line-specific relationship between
cell motility and invasiveness involves the expression of paladin and cytoskeleton-
related proteins,14 which modulate the dynamics of the cell skeleton and proteolytic
capacity of metastasizing tumour cells. Subcellular changes have been identified as
diagnostic for the switch to invasiveness14 and have been shown to exhibit a strong
relationship with sensitivity to treatment, the most invasive types being resistant to
many antitumour agents.15, 16 The invasiveness of MCF7 cells has been shown to
correlate with the presence of microvilli and pseudopodia using SEM images of fixed
cells.17

These results on cancer cells provide a demonstration that our observations on
microspheres also apply to more complex biological systems, including the ability
to detect such entities beyond the EDL, the ability to discern between entities
with different electrical transport properties and the ability to follow detailed cell
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dynamics in real time. This provides a basis for developing new approaches of high-
throughput screening for potential anti-tumour drugs by monitoring a range of (often
difficult to assess) experimental parameters, including cell membrane area increases
due to secreted vesicles, changes in motility, variations in cell shape and membrane
blebbing.

2 4 6 8
t (min)

0.01 C     ( f F )
exp

Figure 4.9: The wavelike progress of cell attachment measured at five neighbouring
electrodes.

4.4 Conclusions

We have shown that applying high-frequency excitation signals enables over-
coming the electrical double layer screening limitations and probing bulk solution
properties. As a consequence, impedance measurements become sensitive to the elec-
trical properties of the analytes, the response being completely opposite for dielectric
and conducting materials. We also demonstrated that these capabilities combined
with the submicron spatial resolution of the platform enable the differentiation of
micrometer sized particles and the real-time monitoring of living cells dynamics. The
experimental observations were successfully supported by three-dimension finite
element numerical simulations based in the PNP formalism.
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5
LABEL FREE DETECTION OF NANO- AND VIRUS

PARTICLES

Whereas in the previous chapter we focused on the detection of particles and cells
that are much larger than the nanoelectrodes, we now present measurements aimed
at probing the size sensitivity of the platform to individual analytes of comparable or
smaller dimensions. The ability to do so represents one of the most unique aspects
of the platform. In particular, we report real-time capacitive detection of single
dielectric nanoparticles and virus in physiological conditions. Single polystyrene
nanospheres down to 28 nm in diameter were successfully detected, as were single
CCMV viruses and the corresponding RNA-depleted capsids.
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5.1 Introduction

Detection of single nanoparticles in liquids is central to many (bio)sensor
applications,1, 2 either because nanosized macromolecules are the direct target
in a label-free assay, or because nanoparticles are used as amplifying markers in
a labelled assay.3 A wide array of methods has therefore been developed based
on optical,4–6 mechanical7, 8 and electrochemical9, 10 detection principles, among
others.11 Particularly interesting for miniaturized devices suitable for point-of-use
applications are electronic transduction mechanisms that are purely electrical in
nature, as these can be implemented using conventional microelectronics to yield
highly integrated systems at low cost. Suitable principles of operation include field-
effect detection, in which the charge of an analyte is detected;12, 13 Coulter-type
transduction, in which an ionic current through a narrow pore is modulated by the
presence of nanoparticles;14–17 electrochemical detection, in which nanoparticles
are directly reduced or oxidized18, 19 or in which they influence the transport of
a redox mediator to an electrode;20 and impedance-based methods.21 The latter
are particularly attractive as they require no electrochemical reactions to take
place in the system as with DC currents and they are relatively insensitive to ionic
screening. While the detection of monolayers of nanoparticles and biomolecules
by impedance spectroscopy has successfully been demonstrated,22–24 the use of
large electrodes or low frequencies has however precluded achieving the ultimate
limit in sensitivity, namely, the real-time detection of single nanoscale entities
at physiological conditions25–27 (a notable exception being in combination with
nanopores28). Single particle detection would allow statistical analysis of individual
events rather than only obtaining ensemble averages.29 Achieving high-frequency
operation at small electrodes is particularly challenging due to the stray capacitance
of the contacting wires, which leads to background AC signals that can easily dwarf
the sensor signal in response to nanoscale analytes.

We have demonstrated in previous chapters the capability to perform high
frequency impedance measurements to overcome screening limitations. The platform
was used to detect the presence of large entities spanning multiple electrodes.
However, the small size of the nanoelectrodes (∼ 180 nm in diameter) also permits
the detection of much smaller objects. Indeed, as an electrode decreases its size, the
fraction of the electric flux which is perturbed by an object of comparable or smaller
size in its surroundings increases.30 The size of the nanoelectrodes of our platform
is thus ideal to detect nanosized objects. In this chapter, we employ the platform to
measure in real time as a change in impedance the binding to the nanoelectrodes of
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dielectric and virus nanoparticles with diameter as small as 28 nm.

5.2 Nanoparticles detection

Initially, the detection of freely diffusing polystyrene beads of 1 µm diameter was
attempted. The detection cell was first filled with a supporting electrolyte (0.01 M
phosphate buffered saline, 0.138 M NaCl, 0.0027 M KCl) and subsequently with the
nanoparticles suspension in the same electrolyte. The electrodes showed a constant
capacitance value except when a particle diffused close enough to one of the sensors.
Figure 5.1 presents the response of 3 × 3 neighbour electrodes to what we interpret
as the approach of a single bead. The features of the traces are typical of a particle
experiencing Brownian motion that approaches the surface, diffuses briefly across
the surface and returns to the bulk volume. While encouraging, such observations
are nearly impossible to analyze quantitatively.
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Figure 5.1: Capacitance versus time for 3 × 3 neighbour electrodes. The pair of numbers on
the top-right indicate the row and column position of the electrode. Changes in the signal are
due to the approach and surface diffusion of a 1 µm diameter dielectric bead.

Freely-diffusing beads of 100 nm diameter polystyrene beads were also tested.
Because of their high diffusion coefficient (D ∼ 4.4×10−12 m2/s ), the beads moved
rapidly over the sensor leading to short events with a duration of only one or two
data points (Figure 5.2). This is easy to understand since the time to diffuse over
a distance l is t ∼ l2/2D ∼ 1 ms for l ∼ 90 nm. Due to the dependence of D with
the particle radius (D = kBT/6πηa, where kB is the Boltzmann constant, T the
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Figure 5.2: Capacitance versus time for 3 × 3 neighbour electrodes. The pair of numbers on
the top-right indicate the row and column position of the electrode. The changes in the signal
are due to the approach of a 100 nm diameter dielectric bead.

temperature, η the fluid viscosity and a the bead radius) even smaller, and hence
faster, freely diffusing nanoparticles were not measurable.31 Detecting such small
particles, given our limited time resolution of order 0.2 s, therefore requires their
immobilization in the vicinity of the detecting electrode.

In order to immobilize the nanoparticles, we used a simple but effective approach
based on bovine serum albumin (BSA), a hydrophobic protein with high non-specific
binding affinity to surfaces.32 Over the course of a measurement, several solutions
were flushed through the detection volume in sequence using a syringe pump at
a constant flow rate of ∼ 350 µl/hr while the capacitance of each electrode was
monitored in real time with a 4.76 Hz sampling rate. The chamber was first
flushed with (i) isopropyl alcohol (IPA), followed by (ii) MilliQ (deionized) water,
(iii) phosphate buffer solution (PBS), (iv) BSA solution for 1-2 minutes, (v) again
PBS and, finally, (vi) a suspension of the target analyte in PBS (28, 40, 60 or 100
nm diameter polystyrene beads, concentration 0.4 - 5 µM). The target analyte was
flushed for approximately 5 minutes (60 times the detection volume at a flow rate
of ∼350 µl/hr) to achieve a statistically significant number of binding events while
avoiding the saturation of the electrodes with more than one bead on average. Finally,
(vii) MilliQ water was flushed again to remove free beads and salt ions, and the
device was blown dry in a gentle flow of air. More experimental details are given in
the Appendix C.
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Figure 5.3: Capacitance response of a single electrode to the different stages of the binding
protocol, namely, the sequential introduction of (i) IPA, (ii) water, (iii) PBS, (iv) BSA, (v) PBS,
(vi) beads suspended in PBS. The noise in the signal between these steps (red circles) was
caused by the manual replacement of syringes. The inset shows the response to the binding of
a polystyrene bead (dark blue) with the filtered data superimposed (light blue).

Figure 5.3 shows the real-time capacitance response of a single electrode as
a function of time over the course of an entire measurement. Differences in the
dielectric constants, the conductivities and ionic strengths of the solutions caused
the steps in Cexp at the IPA-MilliQ and MilliQ-PBS transitions, respectively. In
contrast, a decrease in capacitance (approximately 0.05 fF) was measured upon BSA
adsorption (marker iv), which we attribute to the insulating properties of the BSA
layer formed on the electrodes. Once nanoparticles were introduced (marker vi),
small, sudden and randomly timed negative steps were observed in the measured
capacitance Cexp, as illustrated in the inset of Figure 5.3. Such a step is consistent
with the binding of a single nanoparticle to the electrode surface since such a particle
impedes the ionic and dielectric displacement currents above the electrode, which
decreases (in absolute value) the ionic charge induced on the electrode.33

We also performed similar binding experiments without maintaining continuous
flow after each solution was flushed in. Once the solution with beads had been
introduced, the flow was stopped and the liquid remained still for approximately
30 minutes. As a result the binding rate of nanoparticles decreased with time due
to the depletion of beads in the microfluidic volume close to the electrodes. This is
shown in Figure 5.4, which presents the number of binding events as a function of
time. After replenishing the chamber with new solution, the binding rate increased
again although not as high as the initial values. This was expected considering that
some of the beads already attached prevented the binding of new particles.
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Figure 5.4: Response of a fraction of the array to the binding of 200 nm diameter beads
suspended in a still solution as a function of time. The vertical red lines indicate the moments
when the chamber was replenished with fresh solution.

Subsequently to the binding/impedance experiments, atomic force microscopy
(AFM, details in Appendix C) was used to image the presence of nanoparticles over
the array and identify electrodes where a single particle was attached (defined as
single beads whose center was positioned above the electrode surface). Figures 5.5a
and 5.5b show an example image of a single electrode with a 40 nm diameter particle
bound to it and the corresponding plot of the height cross section, respectively. While
the lateral size of the imaged particle is broadened by tip convolution, the height
represents an accurate measurement of its size; the observed height (39 nm) is
consistent with the expected particle diameter (40 nm).
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Figure 5.5: (a) AFM amplitude image and (b) height cross-section of an electrode (yellow)
with a single bead attached (light blue). (c) Capacitance response of the electrode shown in
figure (a). The initial decay in the trace is due to the capacitance having not reached a stable
value after the nanoparticle solution was flushed into the detection volume.



1

5.2 Nanoparticles detection 59

The corresponding capacitance response of the electrode during binding is shown
in Figure 5.5c; a single clear step is observed, which we attribute to the binding of
the particle.

Figure 5.6 shows a zoomed-out AFM image of a small fraction of the array (7 ×
11 electrodes, corresponding to 0.1% of the array area. Approximately 15% of the
total array was scanned.) after the binding of 40 nm diameter beads. The color-coded
rectangles superimposed on the image represent the size of the step in capacitance,
∆Cexp, measured for each electrode. Areas of the nanoelectrode array exhibiting
mostly single beads and few clusters of beads were chosen to compare the capacitance
measurements at different electrodes.

Essentially all electrodes which exhibited no particle in the AFM image also
exhibited no clearly distinguishable step above noise level. Conversely, clear steps
were generally observed in the electrical signal when a particle was visible in the
AFM measurements. However a small fraction (3%) of the binding events evidenced
in AFM was not detected in the impedance signal. This was most likely due to events
occurring after the measurement was stopped or to defective electrodes. We therefore
conclude that the observed steps in the high-frequency impedance measurements
indeed represent the binding of individual 40 nm diameter particles to the sensor.
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Figure 5.6: AFM height image of a subset of the array with 40 nm diameter beads attached.
The dark spots correspond to the recessed electrodes. The colored squares represent the
maximum step size ∆Cexp measured at each electrode during the bead binding interval.



1

60 Chapter 5. Label free detection of nano- and virus particles

We also attempted to detect smaller particles with a 28 nm diameter, as illus-
trated in Figure 5.7. Numerous electrodes with single beads attached (as evidenced
by AFM) typically showed sharp steps in capacitance of ∼2 aF, demonstrating the
sensitivity of the platform to analytes covering only ∼2.5% of the electrode area. In
this case, however, the correlation between the capacitance and AFM maps showed
a 33% discrepancy of binding events not being clearly identifiable in the capacitance
signal. This particle size therefore corresponds approximately to the sensitivity
threshold of the measurement, and we expect that binding of particles smaller than
28 nm in diameter cannot be detected by the system in its current state. Further
significant improvement of the detection threshold, which is known to be limited by
the noise level of the on-chip A/D converters of the current sensor chip, is possible,
but requires a redesign of the chip.

10 aF

22 23 24 25 t (min)

100 nm

Figure 5.7: (Left) Capacitance response Cexp of single electrodes to the binding of 28 nm
diameter polystyrene beads; (Right) AFM height images of the respective nanoelectrodes and
beads.

The experiments were also repeated with larger, 60 nm and 100 nm diameter
beads. For each particle size we extracted the size of the largest step in Cexp at each
electrode, both in the presence and absence of beads (stages v and vi in Figure 5.3,
respectively). This value was defined as the maximum absolute difference between
two data points separated by 2 seconds in the smoothed time trace (details on this
automated analysis are provided in Appendix C). Histograms of the number of
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occurrences versus the magnitude of the response for each nanoparticle size are
presented in Figure 5.8.
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Figure 5.8: Changes in capacitance induced in the array response in the presence of a neutral
PBS solution (empty red bins) and in the presence of different sizes dielectric beads supported
in PBS (blue bins).

In the absence of beads, this analysis yields a large number of events in the
interval ± 1.25 aF. These are caused by small fluctuations in the signal resulting
from electronic noise and drift coupled with the fact that our (rather conservative)
algorithm reports the largest step in any given time trace, no matter how small, as a
tentative event. The response in the presence of beads, on the other hand, exhibits
many events with a far larger amplitude and a negatively skewed distribution such
that the population of events with ∆Cexp < -1.25 aF far exceeds the number of
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false events due to noise in this range. No such large-amplitude positive events
were observed, once again consistent with the response being caused by the
binding of insulating nanoparticles. The Kolmogorov-Smirnov test was used to
compare the cumulative functions of the distributions before and after the beads
were measured.34–36 The test shows that on a significance level of α = 0.05 both
distributions were significantly different for all the beads studied (p-values 0.002,
0.01, 0.03 and 4 × 10−8 for 14 nm, 20 nm, 40 nm and 50 nm beads respectively).

Figure 5.9 shows the average of the measured ∆Cexp for all the events more
negative than -1.25 aF as a function of the nanoparticle volume (blue data, circle
symbol). |∆Cexp| increases monotonically with increasing volume, as expected from
the associated increase in solution resistance when a particle obstructs access to the
electrode. However, in each case the distribution of event amplitudes in Figure 5.8
is very broad and extends all the way to zero. This substantial overlap between the
distributions for different particle sizes would severely hamper size discrimination
based on measurements of a single particle.
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Figure 5.9: Average magnitude of the change in capacitance as a function of analyte volume.
Only events smaller than -1.25 aF were considered for the average calculation.

To understand the origin of this heterogeneity, we used three-dimensional
finite-element calculations of the theoretically expected response based on the
Poisson-Nernst-Planck formalism (A. Cossettini and L. Selmi, University of Udine,
Italy, private communication). This simulations showed that varying the horizontal
position of the particle leads to a decrease in predicted signal strength. Since the
measurements average over randomly distributed particles, we account for the
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horizontal position dependence calculating the simulated capacitance averaged over
the surface of the electrode. The details of this calculation are presented in Appendix
C.

The simulations yield an essentially linear behavior with volume, consistent
with analytical predictions for the case of a particle located in a homogeneous
external field.37 The order of magnitude of the theoretical values also agrees with
the experimental results for the larger nanoparticles (red data, square symbol).

The smaller nanoparticles however exhibit larger experimental signals than
predicted. This discrepancy could be caused by two factors. First, it is difficult due to
electronic noise to detect binding events of magnitude less than 1.25 aF as is expected
for the smaller particles. This means that only events with atypically large |∆Cexp|
are detected, skewing the distribution of events toward higher values. Secondly, the
effects of localized inhomogeneities in the electric field have a stronger impact on
the signal from smaller particles since larger particles interact significantly with
a larger area of the electrode surface. In particular, because any sharp feature in
a conducting surface leads to an enhancement of the electric field, a bead landing
over a sharp protrusion of the Au surface can be expected to induce a higher change
in the AC current than one that lands in a trough. Indeed, such inhomogeneities
in the electrode structure are believed to be one of the sources of the large spread
in the detected signal. Numerical simulations where a single bead was placed at
different heights above the electrode predict a decay of 50% in ∆Ceff for a mere 10
nm vertical displacement of the particle, further emphasizing the strong effect that
the electrode roughness can have on the impedance response (A. Cossettini and L.
Selmi, University of Udine, Italy, private communication).

5.3 Detection of viruses and empty capsids

The above represents the first demonstration of single synthetic nanoparticle
detection by high-frequency impedance spectroscopy. To show that this method can
also be employed for detecting biological nanoparticle, we now turn to the detection of
the cowpea chlorotic mottle virus (CCMV) and its empty capsids (Figure C.1). CCMV
is an icosahedral virus of 28.6 nm in diameter with T = 3 symmetry. Its genome
consists of three unique, single-stranded RNA molecules that are encapsulated
separately. It is possible to extract the genome and reassemble in vitro the capsid
formed by 180 chemically identical protein subunits.38
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Figure 5.10: (a) Structure of a CCMV at 3.2 Å resolution.39 (b) AFM height images of a single
CCMV (top) and capsid (right) and corresponding cross-sections.

Although these supramolecular assemblies are of the same size as the smallest
polystyrene particles discussed above, their detection by impedance techniques
poses a significantly greater challenge. This is because both virus and capsids are
hollow and porous to water and small ions, such that the dielectric constant and
conductivity of their interiors are much closer to those of the buffer than in the case
of solid dielectric spheres. We repeated the same protocol used with the beads to
immobilize CCMV and capsids on the nanoelectrodes, as shown in Figure C.1b.

Figure 5.11 shows the capacitive response of the array with and without analyte
for both samples. The comparison between the distributions of events before and after
the injection of particles demonstrates that both CCMV as well as the capsids could
be detected. Similarly to the 28 nm beads experiment, the binding rate for CCMV
and capsids was lower than the expected based on AFM scans (approximately 45%
and 38% of the events observed by AFM were not picked up by our step-identification
algorithm, respectively). In this case the Kolmogorov- Smirnov test indicated that on
a significance level of α = 0.3 the distributions were significantly different (p-values
0.28 and 0.16 for CCMVs and capsids, respectively). This again indicates that this
size represents the practical limit of what can be detected with the sensor platform
in its current state.
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Figure 5.11: Histograms showing the array response to (red) PBS without analytes and
(blue) PBS with 28 diameter beads (a), capsids (b) or CCMV (c). The inset in part (c) shows
the histogram for the binding events in the range -1.25 aF to -2.8 aF plotted with a different
bin size to clarify the difference between the response to neutral PBS and PBS solution with
CCMV virus.

5.4 Conclusions

In summary, we have demonstrated single-particle sensitivity with dense
nanocapacitors sensor arrays and high modulation frequency (50 MHz), under
physiological conditions for polystyrene beads as well as CCMV viruses and capsids.
Label-free detection of individual 28 nm diamter beads evidences a significant
improvement over similar impedance-based platforms with larger electrodes and/or
low modulation frequencies, and represents the smallest sized analytes detected
to date using capacitive (bio)sensors. However, due to the broad distribution of
signal amplitudes, in the current state of development, the assay does not yet
allow the discrimination between different particle sizes at the single-particle level.
Improvement of the electrode topography and reduction of the electronic noise of the
sensor are therefore a priority for future development. More advanced tailoring of
surface modification, including specific binding such as can be achieved via antibody-
antigen interactions, is also expected to yield significant performance gains.40 Finally,
further improvements in the sensitivity will also result from continued progress
along the CMOS roadmap, which will permit still smaller electrodes, upscaling of
the array size, and even higher modulation frequencies.
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6
DIFFERENTIATING ELECTRICAL PROPERTIES WITH

HIGH-FREQUENCY IMPEDANCE SPECTROSCOPY

The previous chapters showed the advantages of high-frequency impedance
signals for overcoming ionic screening by applying a fixed 50 MHz excitation signal,
higher than the low cutoff frequency that characterizes the transition from the
EDL-dominated regime to the bulk-sensitive regime. In this chapter we explore
the spatio-temporal features of electrode-particle interaction upon changes in the
frequency of the excitation signal. We find a rich behaviour that is distinct for
conducting and dielectric particles.

∗These measurements were made possible by modifications to the NXP readout board firmware and
software carried out by Andrea Bandiziol and Frans Widdershoven.
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6.1 Introduction

The response of electrical transducers to analytes in solution results from a
complex interplay between electrostatics, charge transport and ionic screening.
The formation of an EDL has been repeatedly reported as a main barrier in
electrochemical biosensing experiments, especially those based on field-effect
transistor sensors.1–4 This is particularly true at physiological conditions where
electrostatics interactions extend only approximately 1 nm from an electrode.5

Impedance spectroscopy is a non-invasive technique suitable for studying the
dielectric or conducting properties of materials and their interfaces. In particular, by
spanning a wide frequency range that includes frequencies higher than a first cutoff
frequency f low determined by the properties of the solution and the geometry of the
electrode,6 EIS allows separately probing the surface of an electrode and the solution
nearby. For example, it has been shown that an interplay between the membrane
capacitance of cells, the composition of the cytoplasm and the cell’s size lead to a
frequency-dependent impedance spectrum where three distinct frequency regimes
are each dominated by only one of these properties.7 This effect has been used to
discriminate between different types of cells8, 9 and to try to identify subcellular
components with high-frequency EIS measurements at large electrodes.10

We explained in Chapter 3 that since the first cutoff frequency f low is inversely
proportional to the electrode’s radius, nanoelectrodes require operation at higher
frequencies. This is rendered difficult by parasitic sources of capacitance.11–13

Therefore the quantitative frequency dependence of the impedance response of
nanoelectrodes has yet to be studied in detail.

Here we perform – for the first time – quantitative high-frequency impedance
measurements at an array of independently addressable nanoelectrodes. We measure
the impedance response of the nanoelectrode array to the presence of dielectric
and conducting microspheres and interpret the results in terms of an equivalent
circuit model. The submicron distance between the electrodes allows us to study
the distance dependence of the particle-induced response simultaneously with its
frequency dependence. As a result we were able to measure a different spatio-
temporal response for both types of particles as a function of frequency, a behaviour
which has not been detected before even in related experiments.14
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6.2 Frequency dependence of particle-induced
electrode response

Frequency sweeps were performed in sedimentation experiments similar to the
ones described in Chapter 4. A mixture of 5 µm radius dielectric and conducting
microparticles was sedimented over the array while the capacitance was simultane-
ously monitored. The frequency was changed sequentially in a loop using 8 different,
logarithmically spaced values from 1.6 MHz to 50 MHz. Since the circuitry integrates
the charge over a fixed number of cycles, measurements at lower frequencies were
integrated over a longer period of time (6 seconds for the longest, corresponding to
1.6 MHz). The same experiments were performed at different salt concentrations,
namely, 10, 100 and 300 mM.
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Figure 6.1: Response of 200 × 100 electrodes to the sedimentation of dielectric (blue) and
conducting (yellow) beads at different frequencies supported in 100 mM ionic strength solution.

Figure 6.1 shows the response of a subset of the array to the sedimentation of
beads at 100 mM ionic strength and different frequencies. As was briefly introduced
in Figure 4.3, at low frequencies the detection of the microspheres is hindered by
ionic screening, the particles becoming apparent only when they land within a few
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Debye lengths of an electrode. On increasing the frequency, the microspheres exhibit
an increasingly large apparent diameter, demonstrating that EDL screening has
been overcome. This effect is qualitatively similar for both types of beads. However,
the signal induced by dielectric or conducting particles present distinct features that
will be analyzed in the following sections.

6.2.1 Dielectric and conducting particles

To perform a more quantitative analysis of the data, we focus on the response
of a single bead. Observations on other particles yield essentially identical results.
Figure 6.2 presents the response of 17 nanoelectrodes from the same row to the
sedimentation of a dielectric bead.
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Figure 6.2: Response to the sedimentation of a dielectric bead at different frequencies and
10 mM ionic strength. (a) Change in capacitance measured at different frequencies by 17
electrodes positioned in the row passing closest to the center of the particle. (b) Change in
capacitance as a function of frequency measured by the electrode positioned closest to the
center of the particle and the two neighboring electrodes in the same column. The inset shows
the baseline capacitance decay as function of frequency for different salt concentrations in the
absence of particles.

As was described in Chapter 3, the salt concentration influences the frequency
response. We therefore analyze each case separately beginning with 10 mM, the
lowest ionic strength measured. For this ionic strength, f low ≈ 730 kHz which means
that at all frequencies the system was expected to be adequately above the lower
cutoff frequency f low. This was reflected in the experiment by the negative change
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in capacitance induced over many neighboring electrodes at all frequencies, as
presented in Figure 6.2a. Figure 6.2b shows the evolution with frequency measured
at three adjacent rows near the center of the particle. The electrode-bead interaction
is enhanced with increasing frequency, as characterized by the maximum of |∆Cexp|
reached at 2.7 MHz. At higher frequencies, the change induced in the electrode
decreases. This is reminiscent of the electrodes’ response as a function of frequency
even in the absence of a bead, as shown in the inset of Figure 6.2b and in more detail
in Figure 3.6.

A similar response was obtained for conducting particles at 10 mM salt (Figure
6.3), although here the change in capacitance had the opposite sign, as was already
encountered in Chapter 4. Similar to the dielectric particle response case, the height
of the central peak increases with frequency at low frequencies and decreases
afterwards. However, in this case the maximum is reached at a slightly higher
frequency (∼10 MHz) than for the dielectric case (2.7 MHz) and it has a slightly
lower magnitude.
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Figure 6.3: Response to the sedimentation of a conducting bead at different frequencies and
10 mM ionic strength. (a) Change in capacitance measured at different frequencies by 17
electrodes positioned in the same row and closest to the particle. (b) Change in capacitance as
a function of frequency measured by the electrode positioned closest to the particle and the
two neighboring electrodes in the same column.

Figure 6.4 presents the response to the sedimentation of a dielectric bead at 100
mM ionic strength. Similarly to what was observed for the 10 mM case, there is a
increase of |∆Cexp| followed by a decrease, the maximum amplitude being reached at
12 MHz. This was expected since increasing the salt concentration causes the cutoff
frequency f low to shift to higher values.
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Figure 6.4: Response to the sedimentation of a dielectric bead at different frequencies and
100 mM ionic strength. (a) Change in capacitance measured at different frequencies by 17
electrodes positioned in the same row and closest to the particle. (b) Change in capacitance as
a function of frequency measured by the electrode positioned closest to the particle and the
two neighboring electrodes in the same column.

A corresponding shift in the frequency of the maximum in ∆Cexp is also observed
for the case of conducting beads. However, new features are present in this case,
as can be seen in Figure 6.5, which shows the response of 9 × 14 electrodes to the
sedimentation of a conducting bead measured at different frequencies . Surprisingly,
in this case a flip in the sign of ∆Cexp occurs: the change in capacitance induced by
conducting beads at low frequencies is negative instead of positive as observed
at lower salt concentrations or higher frequencies. While this effect has been
reported theoretically in the literature, this is the first experimental evidence that
demonstrates it.15–17
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Figure 6.5: Response of 9 × 14 electrodes to the sedimentation of a conducting bead at
different frequencies and 100 mM ionic strength.
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Moreover, upon inspecting the cross-section profile of a single bead along the row
of electrodes closest to the center of the bead (Figure 6.6), one observes that centrally
located electrodes lag behind the electrodes that are further from the bead, reaching
their maximum value at higher frequencies. Note also that the observed decrease in
capacitance at low frequencies indicates that the particle is not short-circuiting with
the central electrode since this would lead to an increase in capacitance due to the
greatly increased effective area of the EDL in this case.
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Figure 6.6: Response to the sedimentation of a conducting bead at different frequencies and
100 mM ionic strength. (a) Change in capacitance measured at different frequencies by 17
electrodes positioned in the same row and closest to the particle. (b) Change in capacitance as
a function of frequency measured by the electrode positioned closest to the particle and the
two neighboring electrodes in the same column.

Finally, we present in Figure 6.7 the results observed for the 300 mM ionic
strength case. As expected, |∆Cexp| reaches its maximum value at an even higher
frequency for both insulating and conducting beads. In fact, for the conductive
case, that maximum is not reached within the frequency range explored in the
measurement. Dielectric particles exhibit the usual behaviour characterized by a
decrease in capacitance upon sedimentation. On the other hand, the conducting
particles present a negligible change in capacitance at low frequencies followed by a
positive step at higher frequencies, largely avoiding the regime where they induce a
dielectric-like response. Again the electrodes that are closest to the bead initially
show a smaller change in capacitance than the other electrodes, surpassing their
values only at higher frequencies.
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Figure 6.7: Response to the sedimentation of a dielectric (top) and conducting (bottom) bead
at different frequencies and 300 mM ionic strength. (a) Change in capacitance measured at
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(b) Change in capacitance as a function of frequency measured by the electrode positioned
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6.3 Equivalent circuit model

In order to better understand the specific response to conducting and dielectric
beads, we model the system with a lumped-element equivalent circuit similar to the
one introduced in Chapter 3. We now use a more extensive circuit as is presented
in Figure 6.9 to account for the bead’s presence and its electrical properties. The
purpose of this model is to capture the basic features of the system response to
qualitatively understand the phenomena that lead to the peculiar behavior presented
in the previous section. In order to get quantitative information from the theoretical
analysis, however, full 3D numerical simulations, such as the ones presented in
reference 17 will be required.

The rationale for this model is as follows. For a bare electrode, the impedance
includes a capacitor CDL at the electrode-solution interface representing the EDL
in series with the resistance and capacitance of the bulk medium. In contrast to
Chapter 3, however, we split the solution resistance into two components RLocal

and R1. RLocal represents the resistance of the region in the immediate vicinity
of the electrode, where most of the potential is dropped; R1 represents the region
beyond, that is, the region occupied by the microparticle and all the way to the
bulk. The electrolyte’s capacitance is similarly divided into two components CLocal

and C1 in parallel with the corresponding resistances and with the same ratio of
magnitudes as the resistors (C1/CLocal = RLocal/R1). In the presence of a bead, part
of the volume available for ion conduction and displacement currents through the
solvent is obstructed, which increases the solution resistance and decreases the
solution capacitance.18 Since this obstruction is several electrode radii away for
all but an electrode that happens to be centered exactly on the bead, to a first
approximation only R1 and C1 are affected; RLocal and CLocal remain unchanged. In
order to account for this change in the presence of the bead, we add an additional
contribution ∆R to the resistance R1 (R1 → R1+∆R) and a corresponding correction
to the capacitance (C−1

1 → C−1
1 +∆(C−1

1 )) in the presence of a bead. This correction
always leads to smaller currents – and therefore to negative values of ∆Cexp –
independently of whether the bead is conducting or insulating.

Besides this effect on the bulk solution resistance, the bead induces a change in
the electric potential that depends on the electrical properties of the particle. The
exact mechanism is slightly different in the two cases. A dielectric particle admits
an electric field through its volume, leading to a displacement current. This electric
field can be caused by charges located in the EDL around the particle, as represented
schematically in Figure 6.8a, or by an unscreened external electric field at high



1

78 Chapter 6. Differentiating electrical properties with high-frequency IS

frequencies. Because the dielectric constant of common dielectric materials is much
lower than that of water, however, the displacement current through a dielectric
microsphere is much less than the corresponding displacement current that would
pass through water in the absence of the particle. On the other hand, the case of a
conducting particle, illustrated in Figure 6.8b, is very different. Because of its high
conductivity compared to the surrounding electrolyte, a metallic sphere maintains
an essentially constant potential throughout its volume. When placed in an external
electric field, the particle essentially becomes a dipole, with an induced charge of
equal magnitude and opposite signs on opposite sides of the particle. Because the
currents carried through the metallic particle can be essentially arbitrarily large,
formation of the EDLs on the solution side of the interface is the main bottleneck
in this process at low frequencies. At high frequencies the electric field is no longer
screened in the EDL and large currents can be induced through the particle, which
can lead to large enhancement of the total current and thus to an increase in ∆Cexp.

E = 0

Dielectric Conducting

Figure 6.8: Schematic representation of the effect on the electric field due to the presence of
a dielectric (left) or conducting (right) sphere.

To model these effects, we represent the particle by a capacitor Cbead. A low
value of Cbead can be used to represent a dielectric particle, while Cbead →∞ can
be used to represent the short circuit created by a conducting particle. The EDLs
that can be induced at the particle surface are once again modelled as a capacitor
CDL2. Strictly speaking, CDL2 represents two capacitors in series corresponding to
the opposite sides of the particle, but for ease of notation we lump them into a single
circuit element. Finally, the current pathway between the electrode and the surface
of the particle is represented by a solution resistance R2 and a solution capacitance
C2. The complete lumped-element equivalent circuit is shown in Figure 6.9.

To connect to the experiment and to be consistent with the definition in Chapter
4 and Appendix B, the equivalent to the magnitude Cexp measured in the impedance
experiments is taken as the charge Q induced in the electrode normalized by the
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Figure 6.9: Equivalent circuit used to model the response of a nanoelectrode to the presence
of a microsphere. By changing the values of Cbead the model differentiates the electrical
properties of the particle. The electrode-electrolyte system in the absence of the bead is
modeled by the part of the circuit coloured in black, whereas the presence of a bead is
modelled by adding the red circuitry.

applied voltage V,

Ceff =
∣∣∣∣Q
V

∣∣∣∣= 1
| jωZ| , (6.1)

where Z is the total circuit impedance,

Zbare = ZCDL +ZRLocal //ZCLocal +ZR1 //ZC1 ,

Ztot = ZCDL +ZRLocal //ZCLocal + [(ZR1 +∆R)//(ZC1 +∆Z(C1))]//Zbead

and

Zbead = ZR2 //ZC2 +ZCDL2 +ZCbead . (6.2)

In order to model the sedimentation of a bead we calculate and plot ∆Ceff =
Ceff,tot −Ceff,bare.
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The result corresponding to the case where the ionic strength is 100 mM and
the particle is either dielectric or conducting is presented in Figure 6.10. Since our
goal is solely to illustrate the qualitative behavior, we use realistic but approximate
values for the parameters relevant to the calculation. In order to use real values, it
would be required to fit the circuit model to full 3D numerical simulations, which
goes beyond the scope of this analysis. However, different combination of values were
tested to confirm that the main predictions prevail under a wide range of parameter
choices and were not a consequence of a particular selection. It was assumed that
the resistance dominating the impedance response was RLocal = 1.5 MΩ, therefore a
smaller value was chosen for R1= 0.5 MΩ, giving a final series resistance of 2 MΩ
consistent to what was calculated in Table 3.2. Simultaneously, we assumed that the
bead is close to the electrode which induces a significant change in the resistance to
the current flowing to the bulk (∆R = 1 MΩ) and a short path with low resistance
for the current flowing to the bead, R2 = 10 kΩ. On the other hand, CDL = 36 fF
was estimated according to the formula presented in table 3.2 and CDL2 = 316 fF
was chosen to have a higher value considering the larger size of the particle with
respect to the nanoelectrode. Cbead was chosen to be 0.1 fF for the dielectric bead
(according to values used in previous simulations) and the value of Cbead for the
conducting particle was chosen to be significantly larger (1 F) to account for the
electrical differences between both types of particles. The remaining capacitors were
chosen as CLocal = 0.33 fF, C1 = 1 fF (constrained to the relation C1/CLocal = RLocal/R1

and 1/CElec = 1/CDL +1/CLocal+1/C1) and C2 = 10 fF was chosen larger to simulate a
low impedance path.

Generally, the impedance of the electrode at low frequencies stays relatively
constant whether or not there is a particle immobilized, because it is dominated
by CDL and, therefore, depends on the characteristics of the electrode surface only.
At intermediate frequencies (above f low, such that the solution resistance starts to
influence the signal significantly), an immobilized particle causes the impedance of
the bulk medium to increase (∆R), since the bead blocks a significant volume and
forces the electric current to flow around the obstacle. At higher frequencies, the
impedance of the EDL of the bead becomes small enough that the field attains the
bead surface. At this point a significant current can be carried by the conducting
bead, leading to an increase in the measured effective capacitances.

The equivalent circuit model thus reproduces several of the main features of
the data, as can be seen from the calculated response in Figure 6.10. In particular,
the yellow line indicates that the maximum change in capacitance is reached by
the dielectric particles at a slightly lower frequencies than the conducting particles
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Figure 6.10: Modelled change in the effective capacitance of the electrode due to the
sedimentation of a dielectric (blue) or conducting (red) particle as a function of frequency at
100 mM ionic strength.

which coincides with what we have observed experimentally. By exploring different
combinations of the values chosen for the equivalent circuit parameters we observed
that the capacitance values play a minor role in the shape of the effect and the
resistances affect mainly the magnitude of the response.

The dependance on the salt concentration was also modeled with the theoretical
model. Changes in the ionic strength will affect the resistances (RLocal,R1 and
R2, which are inversely proportional the ionic concentration) and the electrical
double layers (CDL and CDL2, which are proportional to the square root of the
ionic concentration). The remaining values are not modified by a change in the salt
concentration. All the parameters used for these cases are specified in Table 6.1 at
the end of this chapter.

Figure 6.11 shows the change in capacitance induced by the presence of a bead at
10 mM (left) and 300 mM (right). We can see that as the ionic strength increases, the
overall shape of the curves remains the same although shifted to higher frequencies
as indicated by the yellow line. This is in agreement with the corresponding shift
in cutoff frequency which means that, as the salt concentration is increased, it
is necessary to attain higher frequencies to differentiate the conducting from the
dielectric beads. Figure 6.11a, corresponding to the 10 mM case, indicates that in
the frequency range spanned in the experiments the conducting beads have already
reach the regime where they induce a positive change in electrodes response, in
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qualitative agreement to what we observed in Figure 6.3.
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Figure 6.11: Theoretical change in capacitance induced in the electrode due to the
sedimentation of a dielectric (blue) or conducting (red) particle as a function of frequency at
10 mM (a) and 300 mM (b) ionic strength.

However, Figure 6.11b suggests exactly the opposite: a larger fraction of
the regime where the conducting bead appears as a dielectric falls within the
experimental frequency window at 300 mM ionic strength. This is inconsistent
with what we observe in Figure 6.7, suggesting that the model fails to capture
certain features of the response. Moreover, the model predicts a difference between
the cutoff frequency f low for the conducting and dielectric particles which does
not coincide with the experiment. We therefore conclude that, even though a first
order interpretation of the experimental results is well provided by this simplified
model, full 3D simulations based on PNP formalism as described in references
[15, 16, 19–23] are required to provide a complete description.

Table 6.1: Parameters model the nanoelectrode response to the presence of a bead at different
salt concentrations.

Ionic
Strength

CDL CDL2 RLocal R1 ∆R R2

(mM) (fF) (fF) (MΩ) M(Ω) (MΩ) (MΩ)

10 11.6 100 15 5 10 0.1

100 36 316 1.5 0.5 1 0.01

300 65 550 0.45 0.15 0.3 0.001
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6.4 Summary

We have measured the frequency dependence of the nanoelectrode response to
the presence of different types of microparticles. At the same time, we studied the
effect of the ionic strength on this response. We observed that the cutoff frequency
that characterizes the transition between the screening regime to the screening-free
regime increases with the salt concentration. Interestingly, a change in the sign of the
response occurs for conducting particles, and this switch exhibits a complex spatio-
temporal response. Because we are able to apply excitation signals of frequencies
above the cutoff frequency, we can discriminate with high frequency impedance
measurements between particles of different electrical properties.
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7
HIGH-FREQUENCY IMPEDANCE SPECTROSCOPY IN

NANODEVICES:
DEVELOPMENT AND OUTLOOK

The results presented in this thesis have illustrated several of the strengths of
high-frequency electrochemical impedance spectroscopy (EIS) for biosensing at the
nanoscale. The fact that state-of-the-art CMOS integrated circuits technology was
required however highlights the conceptual and experimental hurdles that must
be surmounted for a successful implementation of the method. These hurdles have
indeed been responsible for the relatively slow development of EIS compared to other
electrical transducer nanodevices. This chapter reviews the literature on different
implementations of high-frequency EIS at the nanoscale and gives an outlook for
the future development of the technique.

∗This chapter will be incorporated in an upcoming invited review article (C. Laborde et al., Accounts
of Chemical Research (2016)).

87



1

88 Chapter 7. High-frequency IS in nanodevices: Development and outlook

7.1 Introduction

Electrochemical devices are highly desirable as signal transducing elements in
point-of-use (bio)sensing applications as they can be miniaturized, use relatively low
power, are relatively easy to integrate with electronics and can be mass produced,
all the while providing high sensitivity and sensitivity (see, e.g., [1] for a recent
review). Their principles of operation span a wide range including amperometric,2

potentiometric,3 conductimetric,4, 5 impedimetric,6, 7 photoelectrochemical8 and
others.9 This variety is matched by the range of physical platforms employed
for their realization. Limiting ourselves to nanoscale devices, this includes, for
example: field-effect transistors, from conventional ion-selective FETs10 to, more
recently, carbon nanotubes,11 semiconducting nanowires,12 graphene13, 14 and other
recently developed nanomaterials; nanoelectrodes and nanoelectrode arrays for
electrochemistry, either based on traditional glass capillary or lithography-based
fabrication techniques;15 nanofluidic multi-electrode systems including interdigi-
tated,16, 17 nanogap18 and ring-disk19 configurations; nanopores, either biological or
solid state,20 and so forth.

Within this context, electrochemical impedance spectroscopy (EIS) is a non-
invasive technique that sensitively probes surface interactions at electrode-
electrolyte interfaces. An alternating voltage is applied to an electrode while
the capacitive current flowing through it is measured; the results are most
commonly expressed as the frequency-dependent complex impedance of the electrode
system.21, 22 The possibility of using small voltage amplitudes minimizes the
influence on the sample and undesired reactions at the interface, which i often
a significant advantage over other electrochemical sensing techniques. EIS spectra
are rich in information; they are usually presented as Nyquist plots (imaginary
component vs real component), Bode plots (magnitude and phase vs frequency)
or Cole-Cole plots (real and imaginary components vs frequency) which are then
interpreted in terms of an equivalent circuit that models the system response.23

Figure 7.1 shows an example of a simple equivalent circuit that is sufficient to
model many non-faradaic electrochemical impedance biosensors. It is characterized
by four parameters: a capacitance CDL, which represents the capacitance of the
electrical double layer (EDL) formed by mobile ions at the surface of the electrode;
the solution resistance RSol, which represents the resistance of the electrolyte with
which the electrode is in contact; the solution capacitance CElec, which represents the
displacement current associated with setting up an electric field in the electrolyte;
and the stray capacitance CP , which represents other capacitive pathways between
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the electrode and the rest of the measurement system. At low frequencies, the
double-layer capacitance CDL dominates the total impedance of the circuit and the
properties of the bulk solution have a negligible effect on the response.24 While
this renders low-frequency EIS very sensitive to processes taking place directly at
the electrode, it largely precludes detecting events even a short distance from the
electrode (∼1 nm under physiological salt conditions).

C
Elec

R
Sol

C
DL

C
P

Figure 7.1: Equivalent circuit for the impedance between an electrode (bottom terminal) and
an electrolyte (top terminal).

This screening effect has been repeatedly reported as one of the most problematic
obstacles to many of the other electrochemical transducer mechanisms mentioned
above.25–28 Attempts to bypass EDL screening using traditional methods involve
optimizing surface modifications so as to immobilize the target analytes within
the electrical double layer, for example by using only the binding portion of
antibodies29, 30 or decreasing the ionic strength in order to extend the characteristic
length of the EDL.31 The latter however requires extra washing steps, complicates
background subtraction, and can affect the bioaffinity of the recognition element of
the sensor. Another successful but more complicated method to achieve molecular
detection at physiological conditions with FETs consists in binding to the target
molecule a specific enzyme which can, e.g., affect the solution pH. The magnitude of
this change in pH is not affected by the ionic strength and is related to the target
molecule concentration.32, 33

EIS provides a solution to the screening problem that relies on the use of high
frequency excitation signals. For frequencies in the MHz regime, the impedance of
the CElec and RSol elements in Figure 7.1 dominate over the double-layer capacitance
CDL and transport in the electrolyte becomes the main bottleneck to the flow of
current. Physically, this corresponds to the electric field changing sign so fast that
the ions do not have time to fully form the static EDL, thus allowing the electric
field to probe the bulk solution. The measurement of high frequency signals is very
challenging, however, mainly due to the stray capacitance CP , which provides an
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alternate path for current flow and can contribute a very significant background
component to the measured signal. This has typically limited EIS measurements
to frequencies in the kHz range, and frequencies rarely exceed 1 MHz.34–36 More
generally, only a few groups have successfully developed methods for performing
high-frequency EIS using nanoscale electrodes. In this chapter, we first describe
these attempts before focusing on our efforts to develop, study and validate the
unique CMOS biosensing platform which was the focus of this thesis. We end with a
brief outlook of the future development possibilities for the platform.

7.2 Implementing high-frequency impedance de-
tection at the nanoscale

The main motivation for constructing nanoscale electrochemical transducers
is that they can be made sensitive to minute total amounts of target analytes, in
some cases down to single particles or molecules. However, the rate of collisions
between an analyte at trace concentration and a nanoscale transducer is minimal,
which in turns indicates that large arrays of such detectors are required in order
to determine the concentration of the analyte in a reasonably short time.37 Arrays
of transducers connected in parallel, such as nanoelectrode arrays, typically lose
the ability to detect individual binding events due to large background signals from
the entirety of the array. For this reason, we focus here solely on platforms where
individual nanoscale transducer elements are separately addressable.
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Figure 7.2: Scheme of the detection method working principle. a) The inner electrode act
as drain while the enclosing electrode acts as source; b) The drain is biased with a step
pulse voltage to create a stationary state where the device is sensitive to the bulk properties.
Reproduced in part from Woo, J. M., et. al., Lab Chip, 2013, 13, 3755-3763 with permission of
The Royal Society of Chemistry. Copyright 2013.
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In order to achieve direct label-free measurements at physiological conditions,
Woo and co-workers used a carbon nanotube network channel connecting drain and
source electrodes which were biased with a step pulse voltage. With this method the
response was characterized by an initial transient where charges in the electrical
double layer rearranged following the applied voltage and allowing a transitory
enhancement in sensitivity. The platform was used to demonstrate the detection of
DNA hybridization between p-DNA and target DNA at 5pM concentration suspended
in human serum.38 This work demonstrated that increasing the speed of detection of
the excitation signal in impedance spectroscopy can diminish the effect of the EDL
screening.

Kulkarni et. al. made use of the nonlinear response of single-walled carbon
nanotube transfer characteristics to measure the biotin-streptavidin binding even at
100 mM salt concentration.39, 40 To achieve this they used high frequency inputs of 30
MHz to bias the source and drain of a nanotube transistor and measured the current
as a function of the gate voltage. They observed that after streptavidin binding
the current significantly increased at high frequencies (10 MHz) as opposed to the
smaller effect observed at low frequencies (500 kHz). They explained this increase in
sensitivity on the basis of that, due to a decrease in the EDL screening, the electric
field could drive the dipoles of the ligand-receptor complex whose fluctuation in turn
gated the nanotube to generate the sensed mixing current response. This allowed
detecting the biomolecular dipoles instead of the associated charges.

AM

Bias

 Tee

Vac

Vm

ref lock-in

Imix

To lock-in

Vg
DC

source

I m
ix

I m
ix

a
ir

0.5

0.4

0.3

0.2

0.1

0.0

0.001 0.01 0.1

Ion conc. (M)

drain

gate
+
-

f = 500 kHz

f = 10 MHz

(a) (b)
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Impedance spectroscopy has also been applied to microelectrodes fabricated in a
nanogap configuration with the aim of reducing the sample volume. In particular,
Malave et. al. have focused on applying high frequency excitation signals of 180 MHz
between pairs of planar electrodes with a nanometer gap in between and monitored
the binding of molecules with low dielectric constant as changes in impedance. The
device consisted of 64 pairs of microelectrodes separated by a 100 nm gap and was
used to measure the binding between the antibody anti-thrombin and its antigen
thrombin immobilized on a self-assembled monolayer at physiological conditions.41

The method was further developed to decrease the nanogap height down to 68 nm
and increase the frequency to GHz values.42–44
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Figure 7.4: a) Packaged chip and die microphotograph of a capacitance-to-frequency converter.
Five groups of interdigitated electrodes have 13 fingers each and a total sensing area of 200 µm
× 200 µm; b) Schematic of the sensing principle. The device measures the change in impedance
induced by the presence of a bacteria. An equivalent circuit accounting for the solution and
bacteria impedance is used to model the system response. Adapted with permission from
Couniot, N., et. al., IEEE Trans. Circuits Syst. II, Exp. Briefs, 2015, 62, 159-163. Copyright
2015 IEEE.
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In order to decrease the influence of parasitic capacitances it is necessary to
reduce off-chip bulky equipment and large connections, for example by co-integrating
sensors, transducers and read-out electronics in a single device. This demands
the use of advanced technologies such as integrated microelectronics. Along these
lines, Couniot et. al. have reported a CMOS oscillator interfacing on-chip aluminum
interdigitated electrodes that allows applying frequencies up to 575 MHz. As
proof-of-concept for biosensing applications the authors demonstrated analytically
and experimentally the capability to detect Staphylococus epidermidis bacteria
suspended in physiological PBS.45 It is also worth mentioning similar work where
high-frequency impedance spectroscopy (0.5 Hz to 250 MHz) has been applied
in microscale planar electrodes configuration to study cells on the basis of their
dielectric properties.46

7.3 CMOS nanocapacitor arrays

The work in this thesis also focused on an integrated platform including both
nanocapacitor transducers and read-out electronics on a single CMOS platform,
thus allowing massive integration and parallelization as well as operation at 50
MHz. In comparison with the platforms described above, this approach allows
a denser array with higher number of sensors, smaller electrode dimensions,
and performing real-time high-frequency measurements. These advantageous
capabilities can be traced to several elements of the philosophy behind the design of
the chip: harnessing the extensive efforts that have gone into the miniaturization of
commercial microelectronics; making use of existing CMOS fabrication technology
with as few modifications as possible; performing additional processing only at the
post-CMOS stage; and exploiting the ability to process massive amounts of data.

12 2
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3

Nanoelectrodes

Figure 7.5: CMOS biosensing platform (left) and cartridge (right). 1) Nanoelectrodes array;
2) A/D converters; 3) Digital data accumulation. The arrows indicate the location of four
temperature sensors. Reprinted with permission from Widdershoven, F. et. al., Tech. Digest -
IEDM, 2010; pp 36.1.1-36.1.4. Copyright 2010 IEEE.
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Figure 7.5 shows the CMOS device and cartridge as reported in the first reference
about this biosensing platform.47 The device consisted at the time of copper electrodes
and was packaged in a cartridge device or mounted in an open package where
connections were made by wire-bonding each contact pad to a PCB. This first report
presented the detection of 300 nm magnetic beads and a test assay where the binding
of avidin to primary and secondary antibodies was successfully monitored.

The successful demonstration of the capability to perform high-frequency
impedance measurements in turn motivated the development of powerful numerical
simulations tools to obtain a deeper understanding for the device working principle
and to aid the design of future experiments. Starting from a 1D model and extending
later to full 2D and 3D simulations, Pittino. et. al.48–54 studied extensively the basic
response of capacitive biosensors as a function of the frequency showing the three
regimes where the device can be operated: a low frequency regime, dominated by
the EDL capacitance; an intermediate regime, dominated by the solution resistance;
and a high-frequency regime, dominated by the solution capacitance. They further
explored the effect of the presence of analytes near the electrodes, modelling
biomolecules of different radius, geometry, position and orientation.

These theoretical predictions were confronted with and complemented by the
experimental results presented in this thesis. In particular, chapter 4 showed
the overcoming of ionic screening by performing microparticle sedimentation
experiments at different ionic strengths: the measured spatial dependence was
independent of salt, characteristic of an unscreened regime. It was also possible to
demonstrate the capability to discriminate between different analytes based on their
electrical properties. The response of the platform to different analyte sizes was
explored in order to establish the limits of detection. This motivated the experiments
and simulations reported in Chapter 5, which showed the experimental detection of
nanoparticles and viruses down to 28 nm in diameter.

Even though the device and associated readout electronics were capable of
performing impedance measurements at different frequencies ranging from 1 MHz
to 50 MHz, it was not initially possible to perform frequency sweeps. This required re-
programming of the off-chip control board∗. With this capability unlocked, we were
able to prove experimentally the distinct impedance features induced by different
microparticles as a function of frequency, as reported in Chapter 6. The observation
of this spatio-temporal behavior counts as one of the most important results reported
in this work since it demonstrates one of the clear advantages of spatially resolved,

∗This upgrade was developed by A. Bandiziol and F. Widdershoven, as documented at the start of
Chapter 6.
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high-frequency impedance spectroscopy over more conventional forms of impedance
spectroscopy motivating more efforts to further develop the technique.

7.4 Outlook

Like other electrochemical biosensors, impedance spectroscopy is suitable for
miniaturization and integration, enabling large scale low-cost production. It has
now proven itself as an effective technique for label-free and real-time detection of
biomolecules. In particular, high-frequency impedance spectroscopy was shown to
avoid ionic screening limitations and to allow to perform assays at physiological
conditions, eliminating the need for extra steps which might make the experimental
procedures more complex and expensive. Moreover, the use of high-frequency
impedance spectroscopy at the nanoscale combined with CMOS technologies to
reach massive integration enables the detection of single nanosized analytes instead
of the collective response of large ensembles.

Increasing the number of sensors and decreasing their size is expected to continue
in the future, as predicted by Moore’s law. This will significantly improve the
sensitivity to smaller macromolecules such as proteins by increasing the signal
to noise ratio and allowing further statistical analysis of single-molecule detection
events. The use of advanced surface modification to provide specificity to the platform
will also optimize time by permitting the performance of massively parallel assays.

Also of interest, the possibility to access experimentally excitation signals in the
MHz regime at nanoelectrodes has unlocked a new subfield where physics, chemistry
and electronics combine, leading to complex behavior that still needs to be explored
and understood. This can only be expected to become more true as the further
developments in nanoelectronics allowed by CMOS technology will make possible
to explore even lower length scales and higher frequencies where additional new
phenomena are to be expected.
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Analytical solution of Poisson-Nernst-Planck for-
malism

Here we present the analytical expressions of the integration constants from
equation 3.6. These constants are defined with the boundary conditions specified in
Table 3.1.

No second interface

A = Φ0aλ−2
D )

(k(ak2 +k−aλ−2
D ))

;

F =−Φ0a(ak+1)(−k2 + p)
(k(ak2 +k−aλ−2

D ))
;

B = 0;

G = 0;
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Conducting interface

A = Φ0abλ−2
D (bk−1)
kH

B = −Φ0abλ−2
D (ak+1)

kH

F = −Φ0ab(ak+1)(bk−1)(−k2 +λ−2
D )

kH

G = Φ0a(ak+1)(−bk2 +k+bλ−2
D )

H

H =−a2bk3 +λ−2
D a2bk+a2k2 +ab2k3 −λ−2

D ab2k−2abk2

+2λ−2
D ab+ak+b2k2 −bk;

Dielectric interface

A = (Φ0abλ−2
D εI I (bkw−1))/kH2;

B =−(Φ0abλ−2
D εI I (akw+1))/kH2;

F =−(Φ0abεI I (akw+1)(bkw−1)(−kw2 +λ−2
D ))/kH2;

G =− (Φ0a(akw+1)(kwεI −kwεI I )−
Φ0ab(akw+1)(λ−2

D εI I +kw2εI −kw2εI I ))/H2;



1

Appendix A 105

H2=a2kw2εI I −a2kw2εI +b2kw2εI I −akwεI+
akwεI I −bkwεI I +2abλ−2

D εI I +abkw2εI

−2abkw2εI I +a2bkw3εI +ab2kw3εI I −a2bkw3εI I

−ab2kwλ−2
D εI I +a2bkwλ−2

D εI I ;
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Microsphere sedimentation experiments

Dielectric microspheres (8.7 µm ± 0.7 µm diameter aldehyde/sulfate latex beads,
Life Technologies; dielectric constant εbead = 2.49 - 2.55 between 1 kHz and 1 GHz)
and conducting microspheres (8.75 µm ± 0.13 µm diameter polystyrene Au-coated
beads, microParticles GmbH) were suspended in 6.6 pH PBS (0.1 mM H3PO4, 0.1mM
KOH). The salt concentration of the buffer solution was further adjusted by adding
KCl as indicated. The resulting Debye screening length was determined by the
added salt according to λD = (kBTε/2ne2)1/2, where kB is Boltzmann’s constant, T
the absolute temperature, ε the permittivity of the electrolyte, n the cation and
anion number density and e the elementary charge. The bead-containing solution
was injected in the detection chamber, replacing the bead-free buffer, and the
sedimentation process was monitored in real time. No Brownian motion of the
microparticles was observed following sedimentation.

∗The contents of this Appendix have been published in the Supporting Information of the manuscript:
C. Laborde, F. Pittino, H. Verhoeven, S. G. Lemay, L. Selmi, M. Jongsma and F. P. Widdershoven, Real-time
imaging of microparticles and living cells in CMOS nanocapacitor arrays, Nat. Nano., 2015, 10(9), 791-795.
The circuit modeling numerical simulations were developed by Federico Pittino and Luca Selmi at the
University of Udine. The biological experiments were performed by Harrie Verhoeven and Maarten
Jongsma at Wageningen University. These are included in this thesis for completeness.
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Theoretical approximation to Cexp

Because of the switched operation of the detector the actual nanoelectrode
voltage has significant harmonic content. In addition, although the measurement
frequency f (50 MHz) is always larger than the first electrolyte cutoff frequency
( f low = 230 kHz, 730 kHz and 2.3 MHz at 1 mM, 10 mM and 100mM, respectively)
it is not always larger than the electrolyte dielectric relaxation frequency ( f high =
3.5 MHz, 35 MHz and 350 MHz at 1 mM, 10 mM and 100mM, respectively). As a
consequence, the phase of the admittance Y, calculated from numerical AC small
signal simulations with harmonic excitation at the same frequency f, as explained
below, is not always exactly 90 degrees. Therefore, to be able to directly compare
simulations to measurements, we convert Y into an effective capacitance Cth =
|Y|/(2πf), where |Y| is the modulus of Y.

To validate this approach we first compared Cth to the switching capacitance,

C′
exp = Iav

f ×V MOD
,

of an equivalent lumped element RC circuit model of the nanoelectrode/electrolyte
system (Figure B.1), where Iav is the current through the voltage source V MOD

averaged over 1 excitation period 1/f. The circuit was operated with switch-activation
pulses with a duty cycle of 25%, as in the actual detector.

C
P

C
Elec R

Sol

C
DL

V
MOD

T/2 T

Figure B.1: Linearized lumped-element equivalent circuit of the nanoelectrode capacitance,
switching circuit and switch activation waveforms. The parasitic capacitance CP ≈ 0.43 fF
was extracted from experiments; it had no significant impact on the values of f low and f high.
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In this model CDL represents the double layer capacitance, CElec and RSol

the bulk electrolyte capacitance and resistance respectively and CP the parasitic
capacitance of the nanoelectrodes. The values of these parameters are reported in
the table B.1. We verified that Cth and C′

exp exhibit less than 15% discrepancy in the
1mM - 100 mM range over a wide frequency span (1 kHz - 1 GHz) both in presence
and in absence of a particle, validating the use of Cth for direct comparison to the
response Cexp of the actual detector.

Table B.1: Linearized lumped-elements of the equivalent circuit of the nanoelectrode
capacitance. In this table the particle diameter is 5 µm, and its distance from the electrode is
1 nm.

Salt concentration [mM] Particle CDL[ f F] CElec[ f F] RSol[MΩ]

1 mM

None 1.63 0.203 226

Dielectric 0.319 0.016 2860

Conductive 8.7 16.3 2.8

10 mM

None 5.19 0.186 24.5

Dielectric 2.27 0.015 298

Conductive 9.46 14.1 0.32

100 mM

None 16.2 0.178 2.5

Dielectric 14.7 0.015 29.7

Conductive 16.75 8.25 0.05

Numerical calculations of the AC admittance

A full three-dimensional Control Volume Finite Element Method solver of the
Poisson-Boltzmann (for the DC bias point) and Poisson-Nernst-Planck (for the
small-signal AC response) equations1 were used to compute the nanoelectrode
AC admittance and changes ∆Y in the admittance caused by insertion of particles.
The simulation domain extended over 13×17 nanoelectrodes; further extending this
domain did not influence the results. The same electrolyte composition was used
as in the experiments, including salt-concentration- and temperature-dependent
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dielectric permittivity, mobility and diffusivity taken from the literature.2, 3 Particles
were located in the center of the electrode and 1 nm above its surface, correspond-
ing to complete sedimentation. A complex dielectric permittivity described both
dielectric and conductive particles.2, 4 All physical and geometrical parameters were
determined up front, no fitting parameter was left in the model. The AC voltage was
applied to one electrode row at a time, as in the experiments. The bulk electrolyte
potential was grounded at the surface of the outermost rows of nanoelectrodes next
to the edge of the simulation domain. This condition prevented rigorous ionic charge
conservation in the spatially limited simulation domain and mimicked the possibility
of charge accumulation far from the electrodes in the real system.

Experiments with cell lines

A chip was mounted in the chip carrier and allowed to equilibrate to 37°C, using
a Peltier-based heating/cooling system. After washing the system with isopropanol,
the chip surface was flushed with MilliQ water and coated with poly-lysine (100µM,
MW 450kD) during 15 minutes to facilitate cell adhesion to the chip surface. MCF7,
BEAS and K562 cells were grown in RPMI 1640 culture medium (Sigma, cat R8758)
supplemented with 10% heat-treated newborn calf serum (Gibco, cat. 161010-159)
and penicillin/streptomycin (Sigma-Aldrich) at 37°C in a humidified incubator at 5%
CO25 and harvested by treatment with trypsin (BEAS and MCF7 cells) to release
the strongly adherent cells from the surface of the culture flask. Re-suspending the
cells resulted in individual cells or small clumps of cells that were concentrated
by centrifugation to approximately 106 cells/ml. For experiments with BEAS cells,
a droplet with cell suspension was briefly dried over the chip. The chip was then
mounted in the test socket. For experiments with K562 and MCF7 cells, the flow cell
was washed with PBS, followed by culture medium and cells introduced via stop-flow
operated by a manually controlled syringe. Cells were allowed to sediment to the
sensor surface while the sensor response was continuously monitored. During the cell
experiments, sensors were run for more than 4 h during a single experiment without
any degradation of the signal or baseline shifts (other than temperature or dielectric
constant changes induced when changing media or solvents). One sensor chip was
operated in this manner on a weekly basis in the same mount for more than 4 months,
and still gave satisfactory results. Long-term contamination does occur, especially
when cells are lysed on the sensor and allowed to dry on top of it. The adopted routine
was to wash the sensor with isopropyl alcohol, milliQ water and medium before the
experiments, reversing this sequence at the end and storing the sensor covered with
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isopropyl alcohol. No dead pixels (caused by damaged nanoelectrodes) were seen to
develop as a result of this procedure.



1

112 REFERENCES

References

[1] Pittino, F. and Selmi, L., Use and comparative assessment of the CVFEM method
for Poisson−Boltzmann and Poisson−Nernst−Planck three dimensional simulations of
impedimetric nano-biosensors operated in the DC and AC small signal regimes, Comput.
Methods Appl. Mech. Eng., 278, 902 – 923, 2014.

[2] Stogryn, A. P., Bull, H. T., Rubayi, K. and Iravanchy, S., The microwave dielectric
properties of sea and fresh water, Technical report, GenCorp Aerojet, Sacramento,
California, 1995.

[3] Speight, J., Lange’s Handbook of Chemistry , McGraw-Hill Education, 16 edition, 2005.

[4] Konrad, A. and Graovac, M., The finite element modeling of conductors and floating
potentials, IEEE Trans. Magn., 32, 4329–4331, 1996.

[5] Verhoeven, H. and Van Griensven, L., Flow cytometric evaluation of the effects of 3-
bromopyruvate (3BP) and dichloracetate (DCA) on THP-1 cells: A multiparameter analysis,
J. Bioenerg. Biomembr., 44, 91–99, 2012.



1

C
APPENDIX

Nanospheres binding protocol

Prior to each measurement the devices were cleaned by one minute treatment
in acetone followed by isopropyl alcohol (IPA) and finally dried with air. During the
measurement, IPA was flushed once more for 5-10 minutes, followed by MilliQ water
for 2-3 minutes and PBS for another 2-3 minutes (0.01 M phosphate buffer, 0.0027
M KCl and 0.137 M NaCl, pH 7.4, at 25°C). BSA had been previously prepared by
dissolving a commercial premade pouch (PBS-BSA formulation - P3688 - Sigma
Aldrich) in 1 liter of MilliQ water, leading to 0.01 M phosphate buffered saline with
0.138 M NaCl, 0.0027 M KCl and bovine serum albumin - 1% w/v, pH 7.4 at 25°C.
All products were purchased from Sigma-Aldrich. This solution with no dilution was
flushed into the chamber for 1-2 minutes to form an irreversible attachment to the
surface. In order to remove unbound BSA, PBS was flushed again for 2-3 minutes.
Subsequently, dielectric nanospheres of a single size (diameter 28 nm ± 0.4 nm,
40 nm ± 0.4 nm , 60 nm ± 0.4 nm or 100 ± 0.7 nm aldehyde/sulfate latex beads,
Life Technologies; dielectric constant εbead = 2.49 - 2.55 between 1 kHz and 1 GHz)
suspended in the same PBS were flushed into the chamber for approximately 5-10
minutes. Finally, the chip was washed with flushing MilliQ water for 3-5 minutes
and blown dry with a soft burst of air.

Dynamic light scattering (DLS) measurements of the nanoparticles sizes and
zeta potentials were also performed (Zetasizer Nano-ZS90 - Malvern Instruments,
Ltd.). A standard disposable cuvette was used to hold 1ml of the nanoparticle
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suspension. Multiple measurements of each sample were averaged to improve
accuracy. The instrument’s commercial software was used to obtain the mean and
standard deviation. The results were: -55 ±2 mV, -40 ± 1 mV, -44 ± 1 mV and -42 ±
1 mV for 28 nm, 40 nm, 60 nm and 100 nm diameter beads, respectively.

AFM Measurements

These measurements were performed in tapping mode in air with an Ayslum
Research AFM immediately following the wet experiment. Scans performed at least
2 months afterwards showed the beads located in exact the same positions and there
was no noticeable deterioration of the sample. Silicon probes with a micro-cantilever
radius of 7 nm, spring constant of 1.7 N/m and a resonant frequency of 70 kHz were
used (Olympus OMCL-AC240TS-R3). The image scan speed was 2.44 Hz at 1024
lines/scan. The data were analyzed with the instrument’s commercial software.

Automated determination of ∆Cexp

Statistical variations in the dimensions and parasitic capacitances of the
electrodes, inherent to the manufacturing process, cause statistical spread in
the baseline responses of the electrodes (segment iii in Figure 5.3). A Gaussian
probability distribution density function was fitted to the measured distribution of
baseline responses in the array (the static electrode-to-electrode variations are much
larger than the noise of the individual electrode baseline responses). Electrodes
exhibiting a capacitance outside ± 2σ of the average value where excluded from
further analysis, σ being the standard deviation of the fitted Gaussian. This led
to ∼ 91% of electrodes being labeled as working properly. Each response trace was
first smoothed with a non-linear filter based on non-constant predictors to remove
high-frequency noise while keeping the sharp features, characteristic for steps in the
data. Details about this processing technique can be found in Ref. [1]. The number of
points averaged for each data point was N = 30, the window of data over which the
predictors were to be compared was M = 5 points and the relative weights assigned
to each predictor was p =10. After the data had been smoothed, for each data point i
we computed the magnitude ∆Cexp = Cexp,smoothed(ti+2s)−Cexp,smoothed(ti) and the
maximum absolute difference was recorded as ∆Cexp for each electrode. Here ti is
the time of the ith recording.
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∆Ceff average over multiple positions

In order to account for the effect of the horizontal relative position of the bead
with respect to the center of the electrode, we compared the experimental data
with the simulated change in capacitance induced by particles placed at different
distances r i = 0, 15, 30, 45, 60, 75 and 95 nm. The final ∆Ceff was taken as the
average of ∆Ceff (r) over the whole electrode surface,

∆Ce f f =
∫ R

0 2π∆Ce f f (r)rdr∫ R
0 2πrdr

, (C.1)

where R is the electrode radius. For the calculation, ∆Ceff(r) was approximated by a
linear interpolation between each ri.
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Complete statistics of nanoparticle detection
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Figure C.1: Changes in capacitance observed in the array due to noise when the electrodes
are exposed to PBS solution only (empty red bins) and in the presence of different sizes of
dielectric beads, CCMVs and capsids supported in PBS (solid blue bins). The data are in
the same as shown in Figures 5.8 and 5.11 of Chapter 5, but here the vertical axis has been
expanded such that the height of the columns near ∆Cexp = 0 is visible.
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SAMENVATTING

Elektrochemische biosensoren staan erg in de belangstelling door de mogelijkheid
tot integratie, miniaturisatie en kosteneffectieve parallellisatie. Echter, elektrische
detectie in vloeistof ondervindt veel hinder van afscherming door mobiele zoutionen.
Het zal bijv. onder fysiologische omstandigheden zeer moeilijk tot onmogelijk zijn
elektrostatisch metingen te verrichten aan een analyt dat zich op een afstand
van enkele nanometers of meer van de elektrode bevindt. Afscherming door ionen
kan voorkomen worden met het gebruik van hoogfrequente signalen, maar het
implementeren ervan is moeilijk door onvermijdelijke parasitaire capaciteiten. In
dit proefschrift maken we gebruik van een hoge dichtheid nano-elektrode array (256
× 256 elektroden). De nano-elektroden zijn samen met standaard CMOS elektronica
op een chip ge ïntegreerd voor het verrichten van hoogfrequente impedantie
spectroscopie. Deze chips maken experimenten mogelijk voor het bestuderen van
geheel nieuwe spectrale gebieden die tot op heden buiten het bereik waren van
onderzoek met nano-elektroden. Het bestuderen van deze gebrieden is het doel van
dit onderzoek.

Hoofdstuk 1 van dit proefschrift geeft een inleidend overzicht van impedantie
spectroscopie, waarin ook de voordelen en beperkingen van toegepaste hoogfrequente
signalen besproken worden. Het toepassen van deze signalen wordt veelal bemoeilijkt
door de aanwezige parasitaire capaciteiten. Om deze effecten te minimaliseren
maken we gebruik van een uniek CMOS platform. Het principe en het mechanisme

∗The english-to-dutch translation was provided by Ab Nieuwenhuis and Stanley Lai. I thank Ab and
Stanley for their unvaluable help in translating this summary into Dutch.
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van dit platform worden beschreven in hoofdstuk 2.

Voordat we overgaan tot de experimentele resultaten, beschrijven we in hoofdstuk
3 een gelineariseerd Poisson-Nernst-Planck formalisme, waarmee de respons van een
elektrode verklaard en voorspeld kan worden. Door het experiment te modelleren met
een vereenvoudigde geometrie rationaliseren we het effect van de signaalfrequentie
en de ionsterkte van het elektrolyt. We tonen hierbij drie frequentiegebieden die
de respons van het systeem karakteriseren, en illustreren de voordelen van hoog
frequente impedantie spectroscopie.

Vervolgens introduceren we metingen die gericht zijn op de detectie en het
afbeelden van microdeeltjes in oplossingen met verscheidene samenstellingen. Door
de ionsterkte van het elektrolyt te varieren en door analyten met verschillende
elektrische eigenschappen te testen proberen we een beter inzicht te krijgen van
de onderliggende fysica in het detectie mechanisme. In hoofdstuk 4 tonen we aan
dat de respons van de sensor niet onderhevig is aan het afschermende effect van
de elektrochemische dubbellaag (EDL) en dat het daarnaast afhankelijk is van de
elektrische eigenschappen van het analyt, waarmee karakterisatie op basis van
impedantiemetingen mogelijk wordt.

In hoofdstuk 5 richten we ons op de detectie van deeltjes met afmetingen van
enkele tientallen nanometers om de gevoeligheid van het device voor dit soort deeltjes
vast te stellen. We demonstreren met succes de detectie van diëlektrische deeltjes
met een diameter variërend van 100 tot 28 nm. Daarnaast tonen we aan dat het
mogelijk is om biologische entiteiten van vergelijkbare afmetingen te detecteren,
zoals CCMV virus deeltjes en corresponderende capsides (prote ïnelaag rond virus)
zonder RNA.

Alle metingen tot nu toe beschreven zijn uitgevoerd met een vaste frequentie
van 50 MHz, hoog genoeg om afscherming door ionen met tegengestelde lading
te voorkomen. In hoofdstuk 6 gaat dit proefschrift verder met een studie naar de
frequentie-afhankelijkheid van de deeltjes-electrode interactie d.m.v. impedantie
spectroscopie in het MHz regime. Het onderzochte bereik toont nieuwe kenmerken
zoals een complexe ruimtelijke afhankelijkheid en een onverwachte verandering
van teken voor geleidende deeltjes waardoor ze als diÃńlektrisch gekwalificeerd
worden in het laag frequente bereik. We beroepen ons op een vereenvoudigd model,
gebaseerd op de analyse van een equivalent elektrisch netwerk, om de waargenomen
effecten te begrijpen en te verklaren.

Ten slotte volgt in hoofdstuk 7 een beknopt overzicht van impedantie spectro-
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scopie in nanodevices gevolgd door een vooruitblik naar toekomstige ontwikkelingen
van deze techniek.





SUMMARY

Electrochemical biosensors are attractive due to their ease of integration,
miniaturization and cost-effective parallelization. However, electrical detection in
liquid is severely hindered by screening due to mobile salt ions. For example, under
physiological conditions, the electrostatic sensing of a target analyte further than a
few nanometers from an electrode is essentially impossible. High-frequency signals
can overcome this problem by outrunning ionic screening, but are challenging to
implement due to the inevitable stray capacitance. In this thesis, we employ a
large-scale, high-density array of nanoelectrodes integrated with standard CMOS
electronics on a single chip to perform high-frequency impedance spectroscopy
measurements. The device provides a tool to explore experimentally new regimes of
the spectra that were unreachable with nanoelectrodes up to now, making this the
main aim of the research.

The thesis begins by introducing in Chapter 1 an overview of impedance
spectroscopy and the limitations and advantages of using high-frequency signals.
Due to the experimental requirements demanded by the use of this type of signals,
usually hindered by the presence of parasitic capacitances, the implementation was
accomplished with a unique CMOS platform of which the working principle and
mechanism are described in Chapter 2.

Before moving on to the experimental results, we use a linearized Poisson-Nernst-
Planck formalism to explain and predict the behavior of the electrode response
in Chapter 3. We model the experimental situation with a simplified geometry
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to rationalize the effect of the frequency of the excitation signal and the ionic
strength of the electrolyte. We discuss the existence of three regimes of frequency that
characterize the system response and illustrate the advantages of high-frequency
impedance spectroscopy.

We then introduce measurements focused on the detection and imaging of
microparticles in a wide range of solution compositions. By modifying the ionic
strength and testing analytes with different electrical properties, we aimed to gain
a deeper understanding of the physics underlying the detection mechanism. In
Chapter 4 we show that the sensor response is not affected by the electrical double
layer screening effect and, furthermore, that it depends on the electrical properties
of the analyte, allowing impedance-based fingerprinting.

In Chapter 5 we target the detection of nanosized objects in order to probe the
size sensitivity of the device. We show the successful detection of dielectric particles
ranging from 50 nm in radius down to 14 nm in radius. To finalize, we demonstrate
the detection biological entities of similar sizes including CCMVs virus particles and
the corresponding RNA-free capsids.

Up to this point, all the measurements described were performed at a single fixed
frequency of 50 MHz, sufficiently high to overcome screening induced by counterions.
The thesis continues with studying in Chapter 6 the frequency dependence of the
particle-electrode interaction by performing impedance spectroscopy measurements
in the MHz regime. The explored range presents novel features such as a complex
spatial dependence and an unexpected change in sign for conducting particles that
shows them as dielectric in the low-frequency regime. We appeal to a simplified model
in terms of an equivalent electric circuit to understand and explain the observed
effects.

Finally, in Chapter 7 the thesis ends with a brief review on impedance
spectroscopy in nanodevices and gives an outlook of the future development of
the technique.
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