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Summary

We have developed a microfabricated biochip capable of continuously monitoring cell
population dynamics in a non-invasive manner. In the presented work we describe the
novel combination of contact-less dielectric microsensors and microfluidics that pro-
mote biofilm formation for quantitative cell analysis. The developed cell chip consists
of a polymeric fluidic (PDMS) system bonded to a glass wafer containing the electrodes
while temperature and flow profile are controlled by external héating and pumping sta-
tions. The application of high-density interdigitated electrode structures (uIDES) as
dielectric sensors are ideal for cell analysis due to their flexible geometry and ability to
tune electric field distribution. The uI/ DES are isolated by a 300 nm multi-passivation
layer of defined dielectric property and provide stable, robust and non-drifting measure-
ment conditions. The performance of this detector is evaluated using various bacterial
and yeast strains. The high sensitivity of the developed dielectric microsensors allows
direct identification of microbial strains based on morphological differences and biolog-
ical composition. The novel biofilm analysis platform is used to continuously monitor
the dynamic responses of C. albicans and P. pastoris biofilms to increased shear stress
and antimicrobial agent concentration. While the presence of shear stress triggers sig-
nificant changes in yeast growth profiles, the addition of 0.5 zg mL~! Amphotericin B
revealed two distinct dynamic behaviors of the C. albicans biofilm. Initially, impedance
spectra increased linearly at 30 Q2h™! for two hours followed by 102k~ (at 50 kHz)
over 10 hours while cell viability remained above 9.5% during fungicide administra-
tion. IThese results demonstrate the ability to directly monitor dielectric changes of

sub-cellular components within a living cell population.



Zusammenfassung

Wir haben einen Mikrochip entwickelt, der das dyﬁamische Verhalten von Zellpopu-
lationen kontinuierlich und nicht invasiv vérfolgen kann. Im Rahmen dieser Arbeit
wird die neuartige Kombination aus isolierten dielektrischen Sensoren und Mikroflu-
idik, welche das Wachstum von Biofilmen und deren quantitative Analyse ermoglicht,
beschrieben. Der entwickelte Mikrochip setzt sich zusammen aus einer polymeren
Fluidik (PDMS), welche kovalent mit einem Mikrochip verbunden ist, wihrend Tem-
peratur und mikrofluidischer Fluss von externen Gerédten gesteuert werden. Die An-
wendung von mikrofabrizierten Interdigital-Kondensatoren (u/DK) als dielektrische
Sensoren hat sich als giinstig erwiesen, da diese in ihrer Geometrie sehr flexibel sind
und so die Verteilung elektrischer Feldlinien gut kontrollierbar wird. Die (u/DK)
sind durch eine Mehrfachpassivierung isoliert, wodurch stabile und robuste Messbe-
dingungen ohne Drift ermégli_cht werden. Die Leistung dieses neuartigen Sensors wird
durch seine Anwnedung an unterschiedlichen Bakterien- und Hefestammen beurteilt.
Die hohe Sensitivitat dieses dielektrischen Sensors erméglicht die Identifizierung von
Mikroorganismen aufgrund ihrer morphologischen Unterschiede und ihrer biologischen
Zusammensetzung. Die neue Plattform wird im Rahmen dieser Arbeit zur Charakter-
isierung des dynamischen Verhaltens von Candida albicans und Pichia pastoris gebilde-
ten Biofilmen gegeniiber erhohten Scherstress und dem Einfluss von Antibiotika verwen-
det. Wahrend Scherstress das Wachstumsprofil von Hefen signifikant beeinflusst, zeigen
Candida albicans Biofilme ein zweistuﬁg:ésjdyfla:misches Verhalten éegenﬁber dem An-
tibiotikum Amphotericin B mit einer Konzentration von 0.5 ugL™!. Anfinglich steigen

die Impedanzsignale linear um 30 QA= fiir zwei Stunden an, gefolgt von einer Steigung



von 10 QA fiir weitere 10 Stunden, wihrend die Viabilitit der Zellen von 95% erhalten
bleibt. Diese Ergebnisse demonstrieren die Moglichkeit dieses Sensors Veranderungen

sub-zellularer Strukturen in lebenden Zellen iiber lange Zeit zu beobachten.
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1 Introduction

1.1 Aims

Many studies have demonstrated that cellular phenotypes are controlled by the com-
plex interaction between genome, proteome and the external environment. Cells reg-
ularly change by altering their output of matter and energy which, depending on its
genetic make up and environmental context, can lead to either a pathological (dis-
ease) or a normal phenotype. It is also important to consider that a living cell is not
a single static entity and that every cell has the capacity to change in minutes [1].
In fact, a cell constantly senses its environment and adapts to changes by altering
its gene-expression pattern, protein content, membrane constitution, surface receptors
and etc. [2]. Investigating these changes is essential because cellular phenotypes are the
expression of genotypes and therefore reveal gene function. Although various studies
have shown that phenotypes are best studied using single cells analysis [3], the study
of multi-cellular systems is of higher medical relevénce when analyzing biofilms. As
an example, cell-cell communication has a considerable influence on the cellular life
cycle where the interplay of cells is known to significantly alter their behavior. For
instance, unicellular Candida is known to form pseudohyphae (biofilm) and becomes
a highly invasive pathogén persistent to many medical treatments like the application
of antibiotic agents. The genus Candida is distributed worldwide and is recognized
as a a major source of hospital-acquired infections causing superficial and deep-seated
~mycoses. Furthermore, the phenotypic switching from uni-cellular to the filamentous
form of C. albicans may play a role in its virulence and multi-drug resistance [4].
Since increased resistance of C. albicans biofilms has been reported, the application

of standard antimicrobial susceptibility assays performed with plactonic cells may be
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1 Introduction

particularly misleading [5]. Therefore the newly developed biofilm chip is applied to
assess the dynamic response of invasive C. albicans infections at relevant clinical peak
serum concentrations of Amphotericin B.

Consequently the aim of this work is to develop a fungal biofilm analysis platform
using microchip technology. The newly developed microfluidic biochip is applied to
yeast cells under different culture conditions, as antibiotic pressure or shear stress.
Candida albicans is used as a model organism because of the particular interest of
this genus in health care. The ability to continuously monitor fungal biofilms using
contactless dielectric microsensors promises to present new and innovative applications

in medicine.

1.2 Lab-on-a-chip systems

The term "Lab-on-a-chip" (LOC) also called micro total analysis system (uT'AS) is
widely used for devices that allow to miniaturize chemical or biological processes or
the integration of sample preparation and analysis. Overall, LOC includes microfluidic
chips as well as non-fluidic miniaturized systems such as sensors and arrays which are
also called biochips [6].

Since the introduction of uT'AS a decade ago the miniaturization of reaction systems
offered a variety of new opporfunities to research shown in the scheme of Figure 1.1

and Table 1.1. For instance by scaling down a reaction system not only the dimension

Parameter Macroscopic | factor change | Microscopic
lenghth of edge 1mm d 1um
surface 1 mm? d? 1 pm?
volume 1uL d? 1fL
number of molecules 10° d? 1
diffusion time over d 15min d? 1ms

Table 1.1: Changés of syétem parameters by miniaturization

of the system itself but also the reaction parameters are significantly altered [7]. In

a down scaled system transport times of mass and heat are shortened [8] resulting in

15



1 Introduction

Figure 1.1: Principles of Lab-on-a-chip systems and Miniaturization [6]. A schematic
application of a Lab-on-a-chip is shown, where the cultivation, separation,

lysis and microscopical analysis are introduced into one single chip.

better control over these parameters due to the high surface to volume ratios found in
such designs. Important reaction parameters of chemical processes, such as compound
concentration and temperature, can be precisely regulated while analytical compounds
pass the reaction area in a serial matter, what further results in a higher sensor per-
formance and sensitivity. Because space for the devices becomes very small, massive
parallelization is also possible [9]. Furthermore, microfluidic networks can supply in-
tegrated biosensors with small volumes in a continuous and serial matter. In addition
adequate channel design allows for the handling of fluid volumes far smaller than a
microliter resulting in better controll of biological molecules and cells [10].

The term " Microfluidic biochips" in general discribes a multifunctional platform con-
taining a network of microchannels with widths in the micrometer range connected to
small volume tubing systems which are in turn linked to external reservoirs [6]. Mi-
crochip technologies were alreédy used to solve chemical or biological problems sbme
decades ago. The following paragraph presents some selected historical aspects of

pT AS including the first miniaturized devices and further their application in bio-
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1 Introduction

chemistry and biology.

The first analytical miniaturized device, developed in 1975, was a gas chromato-
graphic analyzer, that was able to separate a simple mixture of compounds within a
few seconds. The device included an injection valve and a separation column located
on a single silicon wafer [{11]. About fifteen years later, in 1990, the concept of uT AS
was proposed by Manz et al. [7]. Though the main intention of miniaturization was to
enhance the analytical performance of the device the reduction of size enabled smaller
consumption of expensive carrier, reagent and mobile phase [8]. In the following years
aspects of fluid transportation in the micro- and nanoliter range were intensively stud-
ied, where special attention was directed to electroosmotic flow (EOF) [7], pressure
driven flow [12,13] and also sample injection [14,15]. As an example electrophoresis
in planar chips was successfully integrated [16,17], where injection, separation and de-
tection within the same device was successfully demonstrated [8]. In addition to the
pure chemical applications the handling of biomolecules and cells in microfabricated
chambers started to emerge. DNA amplification by means of polymerase chain reaction
(PCR) [18], the measurement of cellular metabolism [19] and flow cytometry [20] on-
chip was performed. In 1994 the separation of oligonucleotides [21], DNA [22], amino
acids [23] and cell manipulation by electric fields [24] were introduced.

Today, LOC technologies are invisioned to have an enormous potential to also im-
prove health in developing countries [25]. Developing as well as developed countries
have an urgent need of new technologies for health diagnostics in order to accelerated
and cheapen diagnostic measurements. Therefore LOC systems can aufomate complex
diagnostic procedures in a microfluidc chip that are normally performed in centraiized
laboratories. This capacity of new diagnostic instruments enables health-care workers
and patients to get important health-related information in even the most secluded

regions of a country [25] and an adequate time range.

1.2.1 Micrqﬂuidic biochips

"Microfluidics" is the science and technology of systems that transport volumes of flu-
ids that vary from microliters to femtoliters using channels with dimensions of tens to

hundreds of micrometers embossed in the surface of polymers or glass. The origins of
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1 Introduction

microfluidics can be found in microanalytical methods such as high-pressure liquid chro-
matography (HPLC), gas-phase chromatography (GPC) and capillary electrophoresis.
Due to the success of these technologies more compact and versatile formats were de-
veloped to enlarge the-application sector [26]. Low requirement of sample volumes and
reagents, low production of waste, short analysis times, cheap technology and reduced
dimensions compared to commercial analysis systems [16] have attracted scientists in
the fields of biology, chemistry, engineering and medicine. These characteristics make’
microfluidics and microchip technology particularly useful for studying biomedicine
and biology [27]. Figure 1.2 shows some examples of microfluidic designs and features.

Although today many analytical methods for detecting DNA, pathogens, proteins and

Figure 1.2: Microfluidic devz’ces-and their applications. A) is a microfluidic chemostat
with an intricate plumbing system used for studiing bacteria [27]. In B) a
scheme of a microfluidic biochip for mammalian cell lines is figured. Due:
to the adjacent laminar streams the cell can be addressed with different
fluorescent dies at the same time and on different regions (D) [27]. C)

shows some microfluidic devices made out of glass.
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1 Introduction

small organic molecules are conventionally available, miniaturization and integration
into single microfabricated devices, i.e. puT AS, provides higher detection sensitivity
and signal-to-noise ratios, shorter reaction times and spare of space and sample vol-
ume. The resulting devices find essential application in the field of clinical diagnostics,
where the loss-free sample preparation and the proper analysis are still fundamental
challenges. The broad range of applications of miniaturized analytical methods are
thoroughly reviewed in the papers of Manz et al. [8,28-30].

For instance microfabricated and microfluidic devices have been developed to detect
pathogens by reverse transcription-PCR (RT-PCR), electrophoresis, ELISA or tox-
ins by electrophoresis based immunoassays, electrokinetically controlled immunoassays
and surface plasmon resonance, just to mention some applications. In addition DNA
analysis assays have been developed to determine restriction sites with high accuracy in
nano-channels, the number of bounding proteins onto DNA by optical methods, to per-
form hybridization experiments on small devices, to detect single base pair mismatch,
to perform DNA sequencing, high resolution separation and many more. Further-
more, protein separation techniques on-chip like electric field gradient focusing and
chromatography have resulted in higher performances in separation. Fully automated
on-chip mixing operations to generate thousands complex mixtures in a single day
have been performed. Also miniaturized protein digestion or crystallization experi-
ments have shown a 100-fold decrease of analysis time. Microfluidic devices have been
developed to be coupled to MALDI-TOF and ESI-MS to perform sample f)reparation
and analysis of proteins in one step. | '

All these techniques make use of the new phenomena of miniaturized systems and

bring new opportunities to the sciences of genomics, proteomics and metabolomics.

1.3 Fundamentals of microfluidics

A special feature of microfluidic systems is the establishment of laminar flows. The
"kind" of flow is in general characterized by calculating the dimensionless Reynold
number, Re. The Reynold number gives information about the relationship between

magnitudes of the inertial and viscous forces of a fluid in a particular channel, as shown
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1 Introduction

in the following equation (1.1):

Re = — (1.1)

In the above equation d is the diameter of the channel, p the density, n the viscosity of
the fluid and v the average velocity. Reynold numbers over 2300 describe turbulent flow,
what means that inertial forces are dominant, whereas numbers below 2300 describe
laminar flow, where viscous forces dominate. With average dimensions of microfluidic
systems in the range of 100 micrometers Reynold numbefé are calculated to around 1
and therefore describe laminar flows. In other words only diffusive mixing occurs in
microfluidic devices as shown in Figure 1.2 b and d. Consequently, this effect allows
for controllable mixing and results in exact adjustment of compound concentrations.
This phenomenon has been used to generate linear concentration gradients and barrier
free supplement of reagents.

In many cases and also in this work fhe channels do not feature cylindric geometries
required to calculate Re numbers. Consequently the concept of the hydraulic diameter

D was introduced to calculate Reynold numbers in channels of differing geometries:

44
Pwet

A is the cross sectional area, while P, is the perimeter, which is in contact with the

D= (1.2)

liquid. Corresponding to a channel of rectangular geometry P, is twice the width
plus twice the height.
In order to describe dynamics of liquids in more detail, Navier-Stokes equation (equa-

tion 1.3) is used for flow profile simulations [31].
Dy, P 9 2 dv, | . |

The Navier-Stoke formalism is built on the fundamental laws of conservation (energy,

momentum, mass), combining them with constitutive equations for fluids (thermal
conductivity and governing viscosity) and describes interaction in a fluid as a many-
body problem. However only with assumptions and simplifications a fluid system is
mathematically solvable. Assumptions for the microfluidic system used in the presented
work are neglect of gravitation and using incompressible fluids. According to these

assumptions the Navier-Stokes equation is reduced to:
Dv

i = nV3v — VP A (1.4)
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1 Introduction

Additionally the Hagen-Poiseuille equation(equation 1.5) has been used to describe
flows in capillaries driven by pressure gradients. The volume flow, @, for a rectangular

channel is described in the below equation:

(1.5)

where w is the width, h the height and L the length of the channel. AP is the pressure
drop along this length. The term % is the inverted fluidic resistance, %, specially
described for channels with rectangular geometry [31]. The high flow resistance at the
channel walls leads to a parabolic flow profile where the velocity drops to zero along
the walls (Figure 1.3). Consequently, the position of a particle rectangular to flow

direction in a microchannel is dependend of its mass. In other words, particles of high

mass are concentrated in the center of a fluid flow in a micro channel.

Figure 1.3: Parabolic flow profile in a rectangular channel. Fluid velocities increase

from blue to red within the colour code. [32]

1.4 Cells on-chip

A more recent development of microfluidic biochip is their application to cell analysis.
Microfabricated systems can present opportunities to control the external cues and
the environment (thus tissue engineering) of cell populations to reproducibly analyze
their behavior [33]. Many assays, like optical or electrochemical methods, and standard
operations, like PCR, lysing of cells and DNA hybridizations performed in macroscopic

dimensions have already been miniaturized, especially to serve the science of systems
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1 Introduction

biology. Overall, cell analysis composes and involves the analysis of single cells and

their manipulation in microfluidic biochips.

1.4.1 Manipulation and treatment of cells in microfluidic
biochips

Manipulation and treatment of cells in microfluidic devices has been an intensively
examined topic of the past few years with an enormous output. In this chapter some
examples and general methods of manipulating and treating cells in microfluidic devices

are presented.

‘Manipulation

Manipulation of cells can be broadly categorized by the kind of applied forces, i.e.
magnetic, optical, mechanical, electrical and others.

Magnetic manipulation. Here magnetic nanoparticles with sizes ranging from 10
to 100mm in diameter are selectively attached to cells manipulated through extern
magnetic fields. Figure 1.4 a) shows an example, where cells are "navigated" by a
magnetic field. Cells are forced to move along the magnetic wires, because a high
magnetic field gradient at the edge of each wire imposes a force on the magnetic beads
at an specific angle to the hydrodynamic flow [34].

Optical manipulation. Optical manipulation technologies are a means of non-contact |
and contamination-less manipulation. In mos/t cases optica1 tweezers are used that
direct biological molecules to dielectric spheres and then capture the spheres at the
focal point of an electric field gradient as seen in Figure 1.45 [35].

Mechanical manipulation. The main application of mechanical manipulation method-
ologies on microfluidic chips is the separation of target cells for culture or-analysis.
Many structures have been developed including micro filters (see Figure 1.4 ¢)) [36],
microwells, microgrippers, dam structures and also reactive coatings [10].

Eectrical manipulation. Dielectrophoresis (DEP) as the electronic analogue to optical
tweezers is defined as the lateral motion imparted on uncharged particles as a result

of polarization induced by non-uniform electric fields. This principle is widely used to
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1 Introduction

Figure 1.4: Manipulation technologies of living cells on microfabricated biochips. The
scheme in A) Schematic representation of biological vcellsv, labeled with mag-
netic nanoparticles for indirectly navigate them in microfluidic channel net-
works [34]. B) Vertical cavity surface emitting lasers (VCSEL) system used
for optical manipulation of living cells [35]. In C) Microfabricated filter sys-

tem for speéiﬁca.l collection of various cell types can be seen [36].
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1 Introduction

transport cells or particles to specific locations, e.g. in a microcytometer [10]. There
are two categories of DEP, free floating electrodes (DEP) and insulated electrodes
or electrodeless DEP (EDEP), where electrical fields are squeezed into a conducting
liquid. EDEP provides various advantages over DEP, since very high electric fields can

be applied without gas evolution or electrode fouling [37].

Treatment

The treatment of cells on-chip are in general miniaturized protc;cols of standard oper-
ations, like cell cultivation, cell lysis, electroporation, optoporation and fusion of cells,
which where adapted to microfluidics technology.

Cell culture. Cells cultured in microfluidic devices provides various advantages over
standard culture technologies. In miéroﬂuidic devices the cellular microenvironment
and the media composition can be controlled more precisely while using relatively small
numberé of cells. Small cell populations can better maintain their micro environment
than in ma,cr'oscale flask cultures. In addition cells grow significantly slower in mi-
crodevices [38] indicating a different cell behaviour than in large scale cultur systems.
Furthermore a variety of substrates such as PDMS and also other polymers has been
used for cell culture in microfabricated devices. In recent years 3D-scaffolds have been
introduced as new opportunities for tissue engineering [39-41].

Electroporation and electrofusion. Electroporation is a technique which provides the
possibility to deliver DNA molecules into cells, Which is relevant for various cell-based
assays. Due to the new features in microfluidic systems it is possible to increase the
efficiency of such experiments. Electrofusion provides cell fusion by applying electrical
impulses. These electrical pulses provide a short destabilization of cellular membranes.
After application of the puls membranes randomly fuse together. This technique is
essential for hybridoma technology, where monoclonal antibodies are produced. Both
techniques, electroporation and electrofusion have been adopted to microfabricated de-
vices, with the result that lower voltages are required due to the rapid heat dissipation
in microfluidic environments (large surface to volume ratio). Additionally, the lower
applied potentials significantly reduce the risks assossiated with high voltage [10]. Ad-

ditionally the number of target cells can be reduced using flow-type electroporation or
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electrofusion microfluidic chips exploiting their highly controllable environment.
Chemical and mechanical cell lysis. The ability to integrate cell lysis techniques
on-chip has shown to increase the application of microfluidic devices systems biology,
because sample loss due to handling can be avoided. Mechanical-based lysis makes use
of nanostructured ﬁlter-like contractions in microfluidic channels in the present of a
pressure-driven cell flow [42]. Chemical lysis uses denaturing detergents delivered to
target cells. However, it is still a complicate process to effectively deliver reagents for

chemical lysis or the integration of mechanical techniques on-chip [10].

1.4.2 Cell analysis

Overall, nearly all detection methods havé been applied to chip based systems, in-
cluding optical and electrochemical detection methods. Optical methods are com-
monly used, because they are well accessible and because of the commercially available
microfluidic-detector interfaces. Additionaly they are highly compatible with microflu-
idics. Electrochemical methods, such as amperometry, potentiometry and conductom-
etry have been integrated into microfluidic systems, because of their good detection

limits for various analytes and their cheap fabrication [43].

Optical methods

Fluorescence detection is the most frequently optical detection method used due to its
high sensitivity and broad application in cell biology. This optical principle has been
exploited for on-chip measurments of ionophore-mediated intracellular Ca?* flux, cell
viability, cell lysis, intracellular enzyme reactions, while also continuous monitoring of
gene expression was performed to picture dynamic cellular responses to external stimuli,
just to mention some applications. Other optical methods, like universal absorbance
detection, have to struggle with poor detection limits due to small amount of sample
in microfluidic channels at a particular point in time and short optical path length
[43]. Howew)er»the length of the optical pathway through microfluidic channels can
be enlarged by using small integrated mirrows to reflect the incident light within the
channel, without changing its geometry [44].

As mentioned above, fluorescence techniques are widely employed in microfabricated
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devices. In brief fluorescence is a relaxation process where an excited electron returns
to its ground state. During this process the electron emits light, called fluorescence.
Chemi-, bioluminescence and scanning thermal lens microscope imaging have been
performed on microfluidic chips. Chemiluminescence is the generation of light due to
the release of energy during a chemical reaction [45], where the emission intensity is
a function of the compound concentration. When this energy is released in biological

samples it is called bioluminescence [46]. Also thermal lens microscopy (TLM) is used

Table 1.2: on-chip optical detection methods for analysis of cells.

Application Method Reference

Monitoring intracellular fluorescin diacetat
metabolism and calcium mobilization in yeast Fluorescence [47]
Separating and detecting (-galactosidase in E. coli Fluorescence (48]
Real-time monitoring of glucose and ethanol
release and production in yeast Cheminlumenescence [45]
Sensing mutagenicity using E. coli Bioluminescence [46]

Monitoring cytochro ¢ distribution

in a neuroblastoma-glioma hybrid cell TLM [49]

for label-free measurements of low concentration compounds in microfluidic chanﬁels
with an extremely high sensitivity. The TLM technique employs a light beam to excite
the sample in order to measure the refractive index change, induced by the temperature
rise and the resulting production of a lens-like optical element at the sample. With this
technique e.g. the amount of cytochrom ¢, produced by neuroblastoma glioma hybrid
cells in a microfluidic system, was estimated to be as low as 1072°mol [49]. Some
chosen applications of optical measurements in microfluidic systems are presented in

Table 1.2.

Electrochemical methods

Electrochemical detection techniques like amperometry, potentiometry and conduc-

tometry have been employed in microfluidic devices to measure metabolic activity at
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the extracellular and the single-cell level by detecting the electrical properties of ana-
lyte species undergoing redox reactions. Because of the relevance to this work further

details of cyclic voltammetry and bioimpedance are presented in the sections below.

Cyclic voltammetry

Cyclic voltammetry (CV) is the measurement of current over applied potentials and
is the most widely used technique for acquifing qualitative informations about elec-
trochemical reactions, especially for redox processes, heterogeneous electron-transfer
reactions and adsorption processes [50]. CV has been applied in this work to charac-
terize the electrochemical behavior of interdigitated electrode structures in the absence
and presence of various passivations.

The cyclic voltammogram presents a current response as a function of the applied

potential. A redox couple in which both species exchange electrons with the working

[
P

Figure 1.5: Theory of cyclic voltammetry. The graph shows a cyclic voltammogram of

a perfectly reversible one electron redox system.

electrode is termed an electrochemically reversible redox couple. A redox active com-
pound can be identified through characteristic peak potentials. The difference between
two peak potentials of a perfectly reversible redox system is described by the following
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equation:
0.058
n

(1.6)

where n is the number of transfered electrons and E7, EJ are the anodic and the

AE,=E? — ES

cathodic peak potentials in volts [51].

Bioimpedance spectroscopy

Impedance sensors measure the impedance of an interface in alternating current (AC)
steady state by imposing a small sinusoidal voltage over a particular frequency range
and measuring the resulting current. So is electrical impedance defined as the ratio of

an incremental change in voltage to the resulting change in current.

A

Re

Figure 1.6: Representation of the complex impedance plane. Inset shows the complex
impedance equation. Re...real part; Im...imaginary part; R, X...resistance;
0...phase difference between voltage and current; Z...impedance. .
Vm (_em)i Vm

=7 = I——(cos(@m) — i8in(6)) = Zyea — 12 (1.7)

Either an AC test voltage or AC test current is imposed while the other variable is

measured. When impedance measurements are applied to biological systems it is called
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bioimpedance. Figure 1.6 shows a graphical representation of the complex impedance
plane. The inset represents the complex impedance equation. In this work we measure
the dielectric behavior of biological systems and therefor apply dielectric spectroscopy.
Dielectric spectroscopy, sometimes called impedance spectroscopy, is a non-invasive
and therefore a suitable technique for the characterization of living cells [52], where
the impedance electrodes are isolated from the system to be analyzed. In general
it measures the dielectric properties or the permitivity of a medium as a function
of frequency. Permittivity describes how an electric field is affected by a dielectric

medium (living cell). Dielectric spectroscopy was already applied in fermentation in
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Figure 1.7: Schematic representation of a system monitoring fermentation broth using

contactless ring electrodes.

order to measure biomass. This method performed good relationship between biomass
and permitivity but did not come over signal falsifying problems including electrode
polarization, bubble formation and significant background effects due to the growing

media. Asami et al. presented a contactless method (see Figure 1.7) to measure
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microbial biomass in fermentation broths using contactless ring electrodes [53].
It was then our intention to adopt the above presented principle for cell suspensions
to microchip technology using sensors built out of uIDES in order to monitor the

dielectric behavior of microbial biofilms on surfaces.

1.5 Microbial biofilm analysis on-chip

1.5.1 Definition of microbial biofilms

The first definition of biofilms was introduced in 1978 stating that the majority of bacte-
ria grow in matrixenclosed biofilms adherent to surfaces in all nutrient-sufficient aquatic
ecosystems. In addition sessile bacterial cells differ profoundly from their planktonic
(floating) counterparts [54]. However in addition to observable morphological differ-
ences of irreversibly adhered cells embedded in extracellular polymeric substances also
physiological and genetical differences need to be considered [55]. Consequently recent
definitions of biofilms also include the expression of certain genes that are inactive in
planktonic cells 55, 56]‘. It has further been demonstrated that biofilms formed by the
same species differ from each other because of surface-induced gene expression [57 |. Mi-
crobial biofilms are preferentially established in high shear environments and once they
are formed they behave like rubber materials [58] and persist despite strong mechanical
influences [55]. It is also observed that cells within a biofilm are more resistant to med-
ical treatment than cells growing in suspensions [59-61]. Cells in microbial biofilms are
up to 10-1000 times more resistant to antibiotic therapy than there planktonic coun-
terparts. In recent years high resolution methods like scanning eleqtron microscopy
(SEM) or confocal laser scanning microscopy (CLMS) brought interesting insights into
the three dimensional (3D) ultrastructure of microbial biofilms as shown in Figure 1.8.

Overall biofilm formation proceeds in four stages during its development. Figure
1.9 [57] shows a schematic representation of these four stages of biofilm establishment
using Candida albicans as a model. As mentioned previously the ultrastructure of
biofilms is highly dependent on types of surface, where fungal biofilms predominantly
form on plastic substrates as PVC. Initially host proteins are adsorbed to the surface

of PVC catheter. Next cells adhere individually to the surface forming micro colonies.
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Figure 1.8: SEM picture of a biofilm formed by Candida albicans on a PVC catheter

disc. Growing surface is not seen. Reprinted from reference [57].

In the next stage some cells start to switch into the hyphal phenotype and secrete the

components of the biofilm matrix.

1.5.2 Medical importance of Candida biofilms

Although bacterial biofilms have been studied extensively, little is known about fun-
gal biofilms and their role in disease. A rather srhall number of Candida species are
pathogenic for humans but the species of most interest to medicine is C’andz’da albi-
cans. In general yeasts of the genus Candida are opportunistic pathogens and attack
immunocompromised hosts, whereas Candida albicans are the most important Candida
species involved in hospital-acquired infection. Candida are known to form biofilms on
medical devices, such as implants, intravascular or urinafy catheters and endotracheal
tubes [62-64]. Candida spp. also colonize the gastrointestinal tract and are able to pen-
etrate the intestinal mucosa and invade the bloodstream. In particular cancer patients,
who receive chemotherapeutic regimes,often have serious damages on the intestinal mu-
cosa and are more susceptible to Candida infections. Additionally non-device-related

infections and bioflim formation can occur e.g. on damaged endothelium of native
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Figure 1.9: Biofilm formation by Candida albicans on a PVC surface. A) First host
proteins adsorb to a surface . B) Adherence of individual cells. C) Forma-

tion of micro colonies. D) Cells switch into hyphal phenotype.
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heart valves, where the establishment of a thrombus support biofilm formation of Can-
dida [55]. Candida spp. are also involved in vaginitis, where mixed biofilms consiting
of fungal and bacterial species of the vaginal flora are formed. These biofilms have
shown a persistent recalcitrance against antifungal therapies and therefore remain in
the vaginal lumen to continuous infections.

Candida species are ranked as the fourth most common cause of bloodstream in-
fections, behind coagulase-negative staphylococci, Staphyolcoccus aureus and entero-
cocci [57]. In 2004, 115 C. albicans strains from different sources (the oral cavity, the
vagina, the environment) were examined in order to determine heterogeneity between
biofilm formation. The outcome of the study showed significant differences in biofilm

formation within clones and clones lineages but not between the three sources.

1.5.3 Mechanisms of biofilm-related resistance to biocides

Due to the complex structure of microbial biofilms various antibiotic resistance mecha-
nisms have been proposed. For instance, biocides adsorb to matrix components, which
by themselves also form penetration barriers [65]. Additionally, growth rate reduction
can lead to persistence, because direct correlations have been observed between slow
growth rates and resistance to antimicrobial agents [66,67]. In general biofilms are
highly heterogeneous systems. Individual cells differ in protein synthesis profiles and
respiratory activities, because of the high heterogeneity of micro environments within
a biofilm [68]. Consequently, the resistance to antimicrobial agents is different within
one and the same biofilm, as it was observed for Candida albicans [69).

As a result determination of antimicrobial resistance has remained challenge. Study-
ing biofilms under controlled environmental conditions may provide new opportunities

in understanding resistance mechanisms.

1.5.4 State of the art of biofilm analysis

Although various procedures and techniques measuring biofilm formation under static
conditions have been reported, so far the perfused biofilm fermenter has remained one

of the few systems that allows accurate control over biofilm growth rates [70]. The tech-
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nology was initially developed to demonstrate that growth rates of adherent bacterial
biomass is proportional to applied medium flow rates and limiting nutrient concentra-
tions [71]. Here, cells are grown in a fermenter, collected by pressure filtration onto a,
cellulose acetate membrané and, following inversion into a modified base, membrane
and microorganisms are perfused with fresh medium. Another system widely used to
study biofilm growth under continuous flow is the modified Robinson Device (MRD), a
laminar flow colonization chamber, which is comprised of a multiport sample catheter
connected via tubing to a peristaltic pump, reservoirs and wastes. A schematic dia-

gram of the experimental setup with a MRD is shown in Figure 1.10. Initially a cell

¥ v
Figure 1.10: Schematic representation of a modified Robinson device (MRD). The MRD
comprises of 25 sampling catheters connected via tubing to peristaltic
pump, reservoirs and waste. A cell suspension is pumped out of a fermen-
tation process into the device to allow cell attachment on each sampling

port.

suspension is pumped through the catheter to allow cell attachment on each of the

25 sampling ports. Fresh medium is subsequently pumped to control biofilm growth
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rates [72]. The establishment of biofilms is optically monitored.

However, both existing biofilm analysis methods cannot monitor biofilm behaviour
in real time, lacking the ability to study dynamic responses to external cues. Conse-
quently, it is important to establish a continuous real-time phenotypic analysis plat-
form to monitor morphological and phenotypical heterogeneous biological systems such
as fungal biofilms. To gain a deeper biological understanding of cellular dynamic be-
haviour, such as found in biofilms, it is necessary to first make progress in experimental

devices, software, and analytical methods.
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2 Design of a cell chip

2.1 Bio micro-electro-mechanical systems

(bio-MEMS) technologies

The term "bio-MEMS'" includes the fabrication and the integration of mechanical units,
sensors, actuators and electronics on microchips for biological and biomedical purposes.
This technology initially developed for the electronic sector has revolutionized the LOC

systems, where it is often combined with microfluidic technology.

2.2 Chip design

We have developed a microfluidic biochip that is capable of continuous monitoring cells
in a non-invasive manner. Figure 2.2 shows the basic design of the microchip comprising
of a glass bottom and the polymer polydiméthoxsiloa,n (PDMS) cover housing the var-
ious sensors and microfluidics, respectively. Corresponding inputs (1-3) are connected
via tubing to liquid reservoirs and pumps, as well as proliferation chambers, detection
channels and wastes. The LOC is designed to continuously assess cell viability, re-
production and metabolic activity over long periods of time. The fluidic and heating
systems allow controlled manipulation of living cells adherent to modified, respictivly
activated chip surfaces that are comparable to biological niches. Furthermore, the chip
contains an integrated reference arm providing a low-noise detection environment by
. eliminating background signals and interferences. The experimental setup consists of
seven parts (see Figure 2.1 a), the chip, a fixture for the chip, a water pump, a sy-
ringe pump, a potentiostat and a microscope bothconnected to a PC. Figure 2.1 B)

shows the chip assembly. The gray colored part at the bottom of the assembly is an
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Figure 2.1:

2 Design of a cell chip

Design of the chip and the experimental setup. A) shows schematic mea-

surement setup. B) shows the chip assembly including fluidics and the
fixture, the chip and a heating block. C) shows the electronic connections

to the chip.
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aluminium block connected to a water pump by silicon tubes (brown). The chip is
situated right in the middle of the block and fixed by pressing down the top part of
the fixture (transparent). The top part is connected to a pump by tubes and provides
the solution supply into the microfluidic system and also out of the system by a single
tube situated on the other side. The top part also possess gold tips, which touch the
platinum pads of the chip to form an electrical connection to the potentiostat (shown
in C).

The fixture of the chip (see Figure 2.1 b) houses- the connections to a multichannel
potentiostat, a water pump and to a syringe pump. An integrated optical window
allows online visualizing cells. An external water bath circulates water through the
aluminum block. The top fixture is made out of polycarbonate, a transparent and
chemical inert material. Media, buffers and other solutions can be induced into the
three ports located on the back side of the top fixture. The top part of the fixture also
provides the electrical connection to the multichannel potentiostat (see Figure 2.1 c).

Solutions, buffers and other solutions are handled by a complex microfluidic system,
which is connected to a syringe pump providing these fluids. The microfluidic sys-
tem (see Figure 2.2) consists of three inlets, which connect two proliferation chambers
through microchannels to wastes and cell seeding ports. In A)the gold pads are sur-
rounded by a red marked area, which indicates that here no passivation can be found,
gray areas are passivated. Brown marked microfluidic areas are channels where cells are

inserted into the chip. B shows a three dimensional model of the microfluidic system.

Microfluidics and PDMS

PDMS is a bulk polymer coﬁsisting of repeated units of —0Si(CH;s);0O—. PDMS is
highly hydrophobic what makes it difficult to wet its surface with aqueous solution.
This polymer has become the most used material in the microfluidc sector for biological
applications, because of its biocompatibility, low toxicity, high oxidative and thermal
~ stability, gas permeability (i.e. CO; and O;) as well as the easy fabrication by using
soft lithography [27]. PDMS has ralrso some disadvantages accordingrto its ability of
absorbing small organic molecules and also proteins, which are essential when per-

forming cell culture [73]. The hydrophobic nature of PDMS is a major problem when
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‘Band electrodes

Figure 2.2: Chip layout. A) shows a schematic drawing of the chip layout containing

microfluidics and sensors. B) shows a 3D model of the chip.

aqueous solution like cell growing media are handled. PDMS can be made hydrophilic
through oxygen plasma treatment and various chemical surface modifications e.g. with
aminopropyltrimethoxsilan (APTS). Despite oxygen plasma treatment and chemical
modification PDMS does not keep this hydrophility because of aging effects [74]. On
one hand the high gas permeability of PDMS, i.e. oxygen and carbondioxide, is a big
advantage when working with cell-based microfluidic chips made out of this material,
“because the viability of cultured cells can be maintained over a long period of time.
On the other hand PDMS also allows evaporation of water through its rigid structure,
what results in the cha.nge.of osmolarity of the fluid in the channels. Several cell types
are very sensitive to such changes. and alter their behaviour, in the worst case they

die [73].

2.2.1 Microfabrication of chips

Our chips are fabricated in a clean room facility at the Institute of Solid-State- Physics
at the Technical University Vienna by standard microfabrication techniques. In the
followmg sectlon the relevant apphed techmques for the mlCI‘OChlp fabrication is being
explained in more detall 1nclud1ng UV-hthography, sputtering, hft off and chem1ca1:
vapor deposition needed for chip fabrication as well as wet etching, soft lithography

and oxygen plasma ashing required for the microfluidic system. Detailed protocols for

39



2 Design of a cell chip

the fabrication can be red in the materials and methods section.

UV-Litography

Here, a film of photoresist is applied to a substrate radiation subsequently exposed
to UV through a photolithographic mask containing a pattern. A photoresist is a
photosensitive polymer, that can after light eXposure become either more soluble in a
solvent, then it is called positive tone, or less soluble, then it is called negative tone.
Figure 2.3 a) shows the fabrication process using a positive tone photoresist. After
light exposure the photoresist is developed to transfer the pattern of the mask onto
the polymer. In other words the structures not protected by the mask are dissolved
in a solvent and removed. Next, the integrated metallic structures such as electronic

leads, electrodes etc. are fabricated using sputtering and a lift off process. Sputtering

Sputiering

A

substrate l Lift-oft

Figure 2.3: A) shows the principle of positive UV-Lithography. B) shows schematic
the process of sputtering and lift-off.

is a physical vapor deposition process, where e.g. metal atoms of a solid material,
called target, are transferred into the gas phase by a positive plasma bombardment.
Of course the plasma ions need a sufficient energy to knock out target molecules. This
energy is provided by acceleration of the ions in an electrical field. The resulting free
metal atoms are deposited onto the nearby adjusted substrate.

Affer the metal deposition a lift-off is performed to remove the patterned photoresist

as seen in Figure 2.3 b).
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Plasma enhanced chemical vapor deposition

Another important process is called Plasma enhanced chemical vapor deposition (PECVD)
used to deposit thin layers of SiN,, SiO, or other materials onto a substrate. At
PECVD a plasma is used to dissociate the reaction molecules (gas phase), that finally

form the passivation layer.

Wet etching and soft lithography

In order to form channels in a microfluidic system made out of PDMS you need a mold,
called master, with the negative structure of the channels. The mold for our microfluidic
system is made out of silicon, by photolithography and wet etching processes. Wet
etching is a commonly used method, where first a patterned photoresist is used as a
mask due to remove the silicon oxide layer (Si0,) from the wafer surface, by using HF
acid. HF perfectly meets requirements for this wet etching process, because it etches
Si0; but not the photoresist. The overall etching reaction of SiO, by HF is shown in
equation 2.1. After stripping the photoresist the patterned SiO, acts as etching mask
for a subsequently KOH etching step.

SiOy + 6HF — H,SiFs + 2H,0 (2.1)

To finally form the microfluidic system, PDMS polymer is casted onto the patterned

silicon wafer and cured by baking,.

2.2.2 Simulation of flow profiles

Simulation of profiles were performed with a FemLab software in order to calculate
velocity and pressure profiles within in the proliferaton chamber. Water was taken as
fluid because all needed parameters, such as viscosity density etc., were already known.
Figure 2.4 shows a pressure and a velocity profile, where the pressure decreases with

the colours from red to blue.
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Figure 2.4: Pressure and velocity profiles in the proliferation chamber. The upper graph
shows a pressure flow profile in the proliferation chamber, where pressure
decreases with the colours from red to blue. The graph below presents a

velocity profile.
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2.3 Sensor design

As it was our intention to develop a biosensor capable of non-invasively monitoring
cellular dynamics CDS was integrated into the microfluidic biochip using micro fabri-
cated interdigitated electrode structures (I DES), shown in Figure 2.5. Interdigitated

electrode structures are known to exhibit improved performance over standard two elec-

trode systems. One benefit of interdigitated electrode structures is their ability to adopt -

the electric field distribution (H) by controlling the ratio between space (G) and width
(w) of the individual finger electrodes using the following equation: H = w+ G [75].
This is particular important in measuring cellular behavior, because of differing height
between different cell types. The current I DES design consists of 200 fingers each
5pm in width and 1000 gm in length that are separated by a 5 um gap (A = 5 um)
from each other. This means that the generated electric field reaches up to 10 um in
the half spaces above and below the uI/ DES. Precise control over sensor geometry is
therefore crucial for the development of a high performance sensor and achieved using

MEMS technology [17,28,30,76,77]. In contrast to existing bioimpedance methods

Figure 2.5: Picture of the proliferation chamber containing contactless electrode struc--

tures

implemented for cell analysis [78-80], the dielectric microsensors applied in this study
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are completely insulated and physically removed from the liquid sensing environment
using defined multi-passivation layers of distinct size and composition. Comple'te sensor
isolation results not only in the absence of omic currents or faradaic contributions, but
also eliminates electrode polarization events, fouling and bubble formation. Further-
more an intrinsic capacitance (offset) within the glass substrate and passivation layers
has to be considered {81]. The actual multi-layer passivation consists of 100 nm silicon
nitrite, 100 nm spin-on-glass and as a top layer 350 nm epoxy, since polymeric surfaces
promote fungal biofilm formation [82]. Deposition of silicon nitraté and spin-on-glass

was used to increase passivation and sensor stability.

Bioimpedance using contactless electrodes

The technique employed to continuously measure cell viability and morphology changes
is bioimpedance using insulated electrodes. If this technique is applied to living cells
it is also called cellular dielectric spectroscopy (CDS). CDS makes use of the electric
properties of cells exposed to a small magnitude (£15mV) radio-frequency electrical
field [83]. Dielectric spectroscopy has proven usefu_l for analyzing biological cell suspen-
sions to study cell sedementation, cell aggrigation, cell division and growth rates of low
density liquid cultures (volume fraction below 0.15) [52,84-87]. The main advantage
of dielectric spectroscopy is its ability to perform non-invasive measurements with high
precision over a wide time and frequency range [50,83,88]. Over a wide frequency
range the reorientation of the dielectric dipoles and the polarization of the surface
charge accumulated on the cell membranes (membrane potential) can be continuously
monitored, thus allowing the investigation of cell strucfure and electrical properties of
cellular components [85, 89.

Further more dielectrometry, thus dielectric measurements using fringing quasi-static
electric fields above interdigitated electrodes, have been extensively described in indus-
trial applications (e.g. curing processes, electrical insulation, moisture sensing etc.)
as a non-destructive means of measuring dielectric changes induced by alterations of
physical, chemical, and structural properties of polymeric materials [75].

In the context of cell analysis, high-density interdigital capacitors are ideal dielectric

sensors due to their large active surface area and ability to tune electric field distri-
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bution [90]. It is known that the penetration depth of the generated periodic electric
field is proportional to the spacing between the sensing and driving electrodes and is

independent of frequency [75].

2.3.1 Simulation of electric field distribution

In order to estimate the percentage of electric field distribution over the distance from
the passivation surface, the capacity of the interdigitated electrode structures were cal-
culated using the conformal mapping technique described in methods section 3.2.11.

In brief the total capacitance of a uI DES sandwiched between arbitrary multi-layers

Figure 2.6: Simulation of electric field distribution performed in FemLab.

is evaluated analytically by conformal transformations using the partial cabacitance
method. In the first step, the planar comb-shaped electrodes are replaced by an equiv-
alent circuit consisting of partial capacitances individually mapped onto parallel plate
capicitor geometry for which capacitance values are calculated. Figure 2.6 a) shows
the simulated field profile above the passivated electrodes. Furthermore, calculations
uéing an electromagnetic finite element method software (Comsol Multiphysics 3.3a)
in the presence of water (¢,=80) above a 550nm passivation layer (¢,=8.7) has shown

that two thirds of the voltage drop off in the passivation region directly above the
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electrodes. 99% of the field are located in the first 8.1 um above the sensor region as
shown in the graph of Figure 2.6 b). This means that dielectric changes occurring at
8.1 pm distance from the passivation surface, for example, contribute only 1% to the
overall signal, while the 550 nm thick multipassivation layer is responsible for a 9%

sensitivity loss.
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3 Materials and Methods

3.1 Materials

3.1.1 Solutions and media

e APTS modification solution. The modification solution consists of 2% APTS
(Sigma), '94% methanol and 1% acidic acid for APTS stabilization. An initial
stock solution of 0,85% acidic acid in methanol is prepared by adding 170 uL
acidic acid into 19,83 mL of methanol. 18.8 mL of this solution is combined with

800 4L DI water and 400 uL APTS (99%).

e Preparation of Candida. albicans medium and agar plates: Worthbroth (WB )
WB (Sifin) medium for a flask culture is prepared by dissolving 6.6 g in 200m.L
DI water. The mixture is stirred for 10 min at room temperature in a 500 mL
beacher and then transferred into a 300 mL bottle to be sterilized in an autoclave
at 121°C and 2 bar for 20 min. Agar plates are prepared by adding 3 g Agar-Agar
to WB prior to sterilization. After the autoclaving step the medium is cooling
down at room temperature to around 50°C casting the plates to prevent syneresis
effects. The plates are casted under aseptic conditions by filling 15 to 20 mL into
each plate. The agar is allowed polymerizing at room temperature and the plates .

are either used immediately or stored at 4°C.

e Dilution series of AmpB in WB. A stock solution of AmpB in DMSO of 1 mgmL~!
is prepared. Aliquods of 10 L of this are transferred into 1990 L of WB to ob-
tain a solution of 5ugmL~! AmpB. Next, series of dilutions are prepared to

finally reach the concentration of 0,02 ugmL~!.
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Preparation of Pichia pastoris medium and agar plates: Yeast extract Peptone
Dextrose medium. Yeast extract Peptone Dextrose medium (YPD) for flask cul-
ture is prepared by dissolving 2 g of yeast extract (Merck), 4 g of pepton (Merck)
and 4 g of Dextrose (Merck) in 200mL DI water. The mixture is stirred for
10 min at room temperature using a 500 mL beacher and then fransferred into
an 300mL bottle to be sterilized in an autoclave at 121°C and 2 bar for 20 min.

Agar plates are prepared by adding 3 g Agar-Agar to YPD prior to sterilization.

Preparation of Mueller Hinton medium and agar plates: Mueller Hinton medium
(MH) for a flask culture is prepared by dissolving 21g in 1L DI water. The
mixture is stirred for 10min at room temperature in a 2 L beecher and then
transferred into two 500 mL bottles to be sterilized' in an autoclave at 121°C and
2bar for 20min. To prepare agar plates containing MH to the prepared medium
15 g of Agar-Agar are added before the stirring step. Plates are similarly prepared
as WB agar plates. -

3.1.2 Equipment

Peristaltic pump: Watson Marlow 205U

Heating circulation bath: Haake C10-B3

Microscope: Leica MZ16

Potenstiostate: Princeton Applied Research VMP3 Multi Potentiostate

Software for potentiostate: EC-Lab V9.16

3.1.3 Strains

Escherichia coli K12 ATCC 23716
Bacillus subtilis ATCC 6501

Serratia fonticola obtained from the University of applied Life Sciences in Vienna

(BOKU)
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e Staphylococcus zylosus (BOKU)
e Pichia pastoris ATCC 28485

e Candida albicans ATCC 10231

3.2 Methods

3.2.1 Microfabrication of chips

Fabrication of biochips commenced by using dry baked and primed (TI-Prime, Mi-
croChemicals) glass substrates (170°C for 5min). An initial resist layer is formed by
spinning the nonphotosensitive resist (LOR 3A, MicroChem) on the wafer at 3000 rpm
for 35s. A second layer using the photo resist (positive resist AZIMIRTM 701) is ap-
plied and soft baked at 110°C, 60 s. The resist is patterned using a MJB 3 mask aligner
from SUESS Microtec (350 W mercury lamp, exposure time 6.35 s), developed for 25 s
(AZIMIF 726). Electrodes, leads, as well as contact pads, are fabricated by sputtering
a 10nm titanium seed layer and 200 nm gold onto the pre-patterned glass substrates
and placing the glass substrates into a solution of NMP (1-methyl-2-pyrrolidinon) at a
temperatufe of 70-80°C for at least 60 min.

The micro-dielectric sensors are further embedded underneath a multi passivation
layer deposited on top of the interdigitated electrode structures (uI DES). First a thin
layer of silicon nitride (100nm) is deposited via low temperature plasma enhanced
chemical vapour deposition (PECVD, Oxford Pla;smalab 80). A layer of spin-on-glass

(SOG P84F, Filmtronics Inc.) is subsequently spun at 3000 rpm for 15 s (100 nm) onto
the silicon nitride. After a soft bake, ramped from 80°C to 200°C on a hot plate, the
chips are annealed for 1 hour at 70°C in a furnace. Curing of the layer takes place in a
rapid thermal process (RTP) oven at 425°C for 1 hour under nitrogen atmosphere. A
final 350 nm layer of SU-8 negative photoresist is used to cover the SOG surface thus

creating a multi-passivation layer with a total thickness of 550 nm.
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.

B

substrate
D
E substrate

Figure 3.1: Scheme of the Lithographic process during the fabrication of the cell chip.
A) figures the plane quartz glass substrate. B) models the lift off process for metal
electrode (red) sputter deposition onto patterned resin (yellow). C) shows the résulting
Ti/Pt electrode structures. D) figures the multi passivation layer consisting of SiN
(green), SOG (bright blue) and SUS8 (yellow). E) demonstrates the patterning of the

passivation layer for the band electrodes and the pads.
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3.2.2 Formation of the microfluidics and chip assembly

The microfluidic channels were formed in a 2 — 3mm thick PDMS (Polydimethylsilox-
ane) layer as an imprint of a silicon master mold. To fabricate the silicon master mould
a 750 nm silicon oxide layer is deposited on a silicon wafer, by thermal oxidation. The
thermal silicon oxide, used as hard mask for the subsequent KOH is patterned using
buffered HF (BHF) for 14 min. After stripping the photo resist (MIR 701 positive
photo resist) the substrate is etched using 40% KOH solution at 80°C for 25 min. The
resulting etch depth was 20 ym. The remaining silicon oxide hard mask is then stripped
by BHF etching.

The formation of fluidic channels is accomplished by placing the mold in a glass
Petri dish and filling it with a 2 mm thick layer of liquid PDMS. The PDMS polymere
consists of a base silicon elastomer and a curing agent (184 Kit Silicon Elastomer from
Sylgard) mixed 10:1, respectively. About 16 mL of degased PDMS polymer has to be
cast in the Petri dish to get the required thickness. After baking at 60°C for 6 h on a
hot plate, to ensure complete polymerization, the PDMS with the fluidic channels is
cut to the required dimensions to fit into the fixture. Holes for fluid access are plugged
using metal tubes of different diameter.

Following extensive cleaning steps the PDMS scaffold is covalently bonded to the
chip using oxygen plasma of 300 W and 0, 7torr for 30sec. After a baking step of

120°C for 5 minutes on a hot plate a total covalent bonding is ensured.

3.2.3 Bonding by oxygen plasma ashing

In this work oxygen plasma, established by an plasma asher, was applied to either
activate the surface of the chip and the PDMS in order to establish a non-reversible
bonding. Silicon based materials with Si — C H3 groups react to Si — OH groups after
exposure to oxygen plasma. Si— OH groups form covalent bondings by a condensation
reaction when brought into contact. Additionally the surfaces become more hydrophilic
and therefore wetable. Because diffusion of molecules without SI — OH inside the

PDMS network to the surface occurs the hydrophilicity does not last forever.
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3 Materials and Methods

3.2.4 Sensor characterization using LCR Unit

After production in the clean room facilities the capacitance of the uI DES sensors is

measured by a LCR unit. The following steps have to be performed:

¢ Rewiring to a 2 point measurement at the entrance of the black box: Plugs 1 and
"4 (HCur and LCur) are connected to the Probes, 2 and 3 (HPot and LPot) are

connected to 1 and 4 respectively.

e Execute the Open/Short correction at the Agilent 4285 and set the flag ON (with
the short circuit bar made of gold in the cupboard). Open correction means that
the needles do not have any contact. Short means that the needles have contact to
the same electrode, so they are short-circuited. After this procedure the needles
must be moved. -

& Settings at the Agilent 4285:
cable length: 4m
equivalent circuit (EC): Cp-G;
level: 50 mV
Bias: oV/off
IntegTime: Long

e Measurement of the frequency spectra with the LabView program: hp4284sweep;
settings:

EC: CPG

‘Range: 1kHz-1 MHz

Step: 10kHz
When a measurement is controlled by the computer, the device is set to a remote
state. By pressing LCL on the right hand side of the Agilent the device is set to the
local mode but the trigger is still set to BUS waiting for commands from the PC. To

change it and to measure values "from the panel" you have to change the trigger in
g y

the MEASUREMENT SETUP dialog menu.
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Centact needies

B!a/gk box

LCR - meter

Figure 3.2: Setup of the LCR meter for measurement of u/ DES capacitance
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3.2.5 Atomic force microscope (AFM) imaging

An AFM consists of a microscaled cantilever with a sharp tip, also called probe, that is
used to scan the specimen. When the probe is brought into proximity of the specimen
surface occurring forces between each other lead to deflection of the probe and so of the
whole cantilever. The rate of deflection is typically measured by a laser spot reflected
from the back of the cantilever into an array of photodiodes, respectively the detector.
In mdny cases the sample is mounted onto a piezoelectric tube, that can move the
sample in the z directibn for maintaining a constant force, and the x and y directions

for scanning the sample.

Detector and
Feedback
Electronics

 Photodiode-

Sample Surface.
PZT Scanner

Figufe 3.3: Principle of atomic force microscopy (AFM). A cantilever is scanning a
sample surface mounted onto a piezoelectric tube and deflected by the forces .
occurring between the the tip and the sample surface. The rate of deflection
is measured by a laser reflected from the back of the cantilever into an array

of photodiodes communicating with a detector.

3.2.6 Surface modification with APTS

APTS modification of silicon ozide and glass after orygen plasma treatment by dip
coating. Both the glass slide and the silicon oxide wafer are exposed to an 300 W
oxygen plasma for 40 sec at 0.7torr. The glass slide and the silicon oxide wafer are
immediately .tra,nsferred into the APTS modification solution for 10 min. Afterwords

the samples are put onto an hot plate of 120°C for 30 min.
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APTS modification of microfluidic channels by wet chemistry. First a PDMS and a
chip are covalently bonded as described in Section 3.2.2. The modification is performed
using a constant flow (1 uL/min). In the first step the PDMS surface is hydrolyzed by
adding a 1 M HCL solution for 10 min. Then the surface is deprotonated by adding a
solution of 1 M NaOH solution for 10 min. When the microfluidic channels are rinsed
with DI water for 5min. The channels are then flushed with APTS modification for
15 min followed by methanol rinse 10 min. Finally a curing step at 60°C for 30 min is

performed.

3.2.7 Contact angle measurement

Contact angle measurement is a simple method for surface analysis related to surface
energy and tension. The contact angle describes the shape of a liquid droplet resting on
a solid surface. When drawing a tangent line from the droplet to the touch of the solid
surface, the contact angle is the angle between the tangent line and the solid surface

(see Figure 3.4). After placing a droplet of liquid (1 — 25 L) onto the surface, the

Pipet tip

O

L water drop | '

/o\O

Figure 3.4: Scheme of contact angle measurement. o¢y...surface tension of liquid;

os...free surface energy of solid; 0.S...surface energy between fluid and

solid.

outline of the droplet is studied through a magnifier. The operator positions a tangent
line from the droplet to the touch of the surface. A protractor within the optics then
provides a reading of the contact angle. A surface is perfectly wetted when the contact

angle is under 45°. No surface wetting takes place when the contact angle is higher
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than 90°.

3.2.8 Cultivation of microorganisms

The bacterial strains E. coli, B. subtilis, S. fonticola, and S. zylosis are cultivated
aerobically in an incubation shaker at 37°C and 200 rpm using Miller Hinton media.
The yeast strains P. pastoris and C. albicans are cultured at 30°C using YPD and WB,
respectively. Optical density of buffered samples is measured at 600 nm using a UV-
visible spectrophotometer (Thermo Electron Corporation, Nicolet evolution 100), while
colony forming units (cfumL™') are determined after biological samples are subjected
to a series of 10-fold dilutions, and there aliquds of (100 L), 107¢, 107 and 1078
dilutions of O Dggp=1, are spread uniformly onto agar plates. The colony forming units
are counted for each individual strain after over night incubation at 30°C.

Culturing of Candida albicans and Pichia pastoris in flask culture. 1 mL inoculum
are transferred in 50 mL of medium and cultured at 30°C, 300 rpm. Cell growth is
followed by measuring the optical density at a wave length of 600nm (ODgy) using
1mL aliquods of the culture flask. Least samples are preciptated by centrifugation

(5min, 13000 7pm) and re-suspended in buffer prior measurement.

3.2.9 Dielectric spectroscopy

Absolute impedance (IZI) and phase angle (0) values are measured continuously over
the frequency range of 5t0500kHz. Unless otherwise noted, 1 4L of cell suspension
- (OD600 < 1.0) is injected into the open fluidic access port (cell seeding) located in
the center of the pre-filled biochip. Any excess fluid is carefully removed and the
reservoir is sealed using a thin piece of PDMS. Activation of microfluidic flow through
inputs A and/or C to the waste compartment causes cells to freely move into the
proliferation chamber due to the establishment of a negative pressure within the cell
* proliferation chamber. Cell growth, viability and morphology changes are continuously
measured and compared to signals obtained from the reference chamber also filled with
media using a multichannel potentiostat (VMP3/P-01, Princeton Applied Research).

The working and reference micro-dielectric sensors are addressed simultaneously by
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continuously scanning 501 frequencies applying £15mV (Vpp 30mV) between the
interdigitated electrode structures (uI DES).

3.2.10 Principle component analysis (PCA)

Dielectric spectroscopy data obtained for five replicate runs with each cell culture is
used to generate the matrix for principle component analysis (PCA). Each column in
the data matrix: consists of 501 signals for one replicate measurement with each of the
six microbial strains. The matrix was converted into a Lotus file for incorporation
into MATLAB (Version 7.01). Factor analysis was performed using the Chemometric
Toolbox for Matlab (Version 3.02), and involved the generation of reduced eigenvectors,
examination of the resulting residual plots for randomness of noise, and the generation
of scores for the first three principle components [91]. The obtained scores are plotted

to determine qualitative groupings of individual data sets [92].

3.2.11 Conformal mapping technique

To estimate the percentage of electric field distribution over the distance from the pas-
sivation surface, the capacity of the interdigitated electrode structures are calculated
using the conformal mapping technique [93]. The total capacitance of a uI DES sand-
wiched between arbitrary multilayers is evaluated analytically by conformal transfor-
mations using the partial capacitance method. In the first step, the planar comb-shaped
electrodes are replaced by an equivalent circuit consisting of partial capacitances indi-
vidually mapped onto parallel plate capacitor geometry for which capacitance values

are calculated.
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4.1 Characterization of the microfluidic biofilm chip

4.1.1 Physical characterization of dielectric sensor using LCR

meter, AFM and CV

The aim of this research is the development and characterization of technology capable
of continuously monitoring cell growth, viability and morphology changes with high
sensitivity. An important feature of the newly developed detection technology is the
complete isolation of the uIDES to guarantee non-invasive monitoring conditions.
Complete isolation is accomplished depositing various materials of defined dielectric
properties. Consequently, single, bi- and multi-layer passivation strategies using epoxy,
spin-on-glass, and silicon nitrite, and a combination thereof, were investigated.

Capacitance measurements of the u/DES sensors by a LCR unit confirmed the
constancy of chip production within clean room facilities. The measurements are per-
formed over many frequencies from 1 kHz to 1 M Hz in 10 kH z steps. Figure 4.1 shows
the setup of the probe station (A) and a measurement with its settings (B). A pas-
sivated u/DES has a capacitance of around 8 pF (300 kHz) when air is above the
Ssensor.

In order to further confirm passivation quality and reproduceability of chip fabrica-
tion AFM is used. AFM studies showed the presence of passivation losses and pin holes
caused by poor epoxy adhesion, uneven layer distribution and droplet formation along
finger electrodes, see Figure 4.2. Inset shows an AFM image containing a multitude
of 50 to 70 nm diameter holes (arrow) located throughout the SOG layer believed to

originate by solvent evaporation during the curing process at 425°C of the precursor
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Figure 4.1: LCR-~Meter setup during ul DES capacitance measurements
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substrates.

Figure 4.2: AFM images of passivation layer surfaces. A) SOG surface containing

. 50nm pinholes. B) SU8-coated uIDES. C) droplet formation of epoxy

and contamination of SUS.

Cyclic voltammetry was used to assess the electrical insulation quality. A compar-
ison of oxidation currents using unpassivated sensors yielded —62 uA. In turn with
single passivation layers using epoxy and SOG yielded —28 uA and -8 A in the pres-
ence of the electro-active compound ferrocyanide (10mM). Figure 4.3 shows cyclic
voltammetry (CV) traces of a single spin-on-glass (SOG) layer and SOG/epoxy resin
bi-layer of 100 nm and 450 nm thickness, respectively. Although the application of
bi-layers sufficiently insulated the dielectric sensors (—2nA) any -degradation during
chip cleaning, assembly or re-use resulted in massive drifts and also damages of the
SU8 passivation layer (data not shown). In an effort to further increase sensor stability

100 nm SiNx layer was added to the passivation strategy. Figure 4.4 shows a Nyquist
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Figure 4.3: Cyclic voltammetry traces using pI DC passivated with SOG (a) or SOG
plus SU-8 (b). CV traces of 10mM ferrocyanide using platinum p/DC as
working electrode and a silver wire as CE, / AgQRE in presencé of SOG
(a) and SOG/SU-8 (b) passivation layer. The inset shows an AFM image

(1z 1um) of SOG surface containing holes with diameters from 50 to 70 nm.
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plot using SiNx/SOG/SU-8 (550 nm) passivated dielectric sensors in the presence of
. air, DI water, 50 mM phosphate buffer and 10 mM ferricyanide (buffered), and it is ev-
ident that the contact less dielectric microsensor cannot detect an electro-active species

(see Figure 4.4 ¢ and d). Detection limit and baseline stability was determined over
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Figure 4.4: Nyquist plot of air and diefferent solutions. Nyquist plot of air (a), DI water
(b), phosphate buffer (¢) and 10mM FCN using SOG/SU-8 passivated

dielectric microsensors.

32 hours continuous flow measurement in saline buffer solution (flow rate 0.5uL/min)
and yielded a relative standard deviation of 1.5% or + 15 Ohm at 100 kH z (see Figure
4.5).

4.1.2 Sensor performance

In an attempt to examine the sensor response in the presence of increasing temper-
~ ature water was pumped through the microfluidic system while the temperature was
up-regulated from RT to 28°C and then 37°C using an external water circulation sys-

tem. As seen in Figure 4.6 A the sensor signals decrease linearly with increasing
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Saline buffer solution at flow rate 0.5pL/min at 100kHz
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Figure 4.5: Measurement stability over. a long period of time using passivated u/DES

SEensors.
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temperature. Observed variance at RT reflect to inconstant temperature conditions in
the laboratory facilities caused by air ventilation. Because cells constantly change their
surrounding microenvironment, we further wanted to examine sensor responses in the
presence of increasing salt concentrations and pH. Figure 4.6 B shows impedance sig-
nals in the absence and presence of salt concentration (here 1 M KCl and 50 mM PO,
buffer) and increasing pH. Only the addition of huge salt concentrations (1 M KCl)
and application of extreme pH values significantly altered impedance signals. In an
additional experiment we wanted to examine sensor response to altering media con-
ditions. Therefore the cells (Pichia pastoris) were grown in a standard culture flask
and samples were taken every hour. The cells were precipitated by centrifugation and
re-suspended in phosphate buffer. Both the cells and the cell free media extract were
measured with the uI DES sensor and photometer, respectively. As can be seen in
Figure 4.7 the signal by the cells increased with increasing optical density while the
cell free media extract does not cause a significant sensor response.

Next, sensor performance in the presence of biological samples was evaluated us-
ing two Gram-negative, two Gram-positive bacteria and two yeast strains. Microbial
strains were selected based on their differences in size and morphological composition.
For instance, Gram-negative bacterial cell walls consist of a second outer membrane
of different complexities while yeast cells are 5 to 10 times bigger than bacteria. In
a series of experiments, cells cultivafed using incubator shaker were harvested in the
exponential phase, centrifuged and re-suspended in saline buffer prior to use. Aliquots
of 1uL buffered sample solutions were injected into the proliferation chamber (90nL
volume) and impedance data were recorded after cells were allowed to settle for 20
min prior to measurement. Figure 4.9 B shows impedance values from three microbial
strains where absolute impedance signals changed rapidly as soon as cell concentrations
reached a minimum detectable level and plateaued following complete coverage of the
entire sensing volume.

In all cases microbial concentrations above 1000 cfu/uL showed significant signal
changes, with decreasing impedanf:e values for E.coli K12 (Gram-negative), S. fonti-
cola (Gram-negative) and C. albicans (yeast) and increasing signals in the presence of

B. subtilis (Gram-positive), S. zylosus (Gram-positive) and P. pastoris (yeast) strains.
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Figure 4.6: Signal change with change of temperature, salt concentration and pH.. A) R
~ shows a linear signal decrease with a temperature increase, whereas the
overall signal decreases with increasing salt concentrations as shown in B).
In a pH region between 7 and 8 the signal remains constant, while it de-

creases before and increases after this pH area.
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Media Alterations (P. pastoris)
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Figure 4.7: Measuring background effects caused by changes in growth media during

cell culture of P. pastoris

Table 4.1: Average background subtracted impedance values at 50 kHz and triplicate

measurements

Strain

at 10%cfumL™!

at 108cfumL™!

E.coli K12 (Gram-negative)
S. fonticola (Gram-negative)
B. subtilis (Gram-positive)
S. xylosus (Gram-positive)
C. albicans (yeaét;)

P. pastoris (yeast)

—25 + 1092
—476 £ 652
72 + 2202

900 £ 11012
—1150 £ 14592
1962 = 2502

—-325 & SOQ
—1838 + 10542
6143 £ 352Q
12152 + 26092
—2368 + 3780
2653 £ 35092
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Figure 4.8: Sensor response to different microorganisms. Absolute Impedance values

were normalized to 0 kHz and positive values.
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Table 4.1 lists results of all six strains in the presence of low and high cell concentrations.
Although the much larger yeast cells yielded measurable signals at low concentrations,
highest signal changes are obtained with the smaller bacteria S. zylosus and B. subtilis.
The above findings encouraged us to investigate the ability of the contact less dielec-
tric microsensors to directly distinguish and identify individual strains in a nanovolume
setting in the absence of any labels or indicators. In a series of experiments, five mi-
crobial strains were cultivated in shake flasks, harvested in the exponential phase and
directly injected into the biochip. Next, chemometric PCA was applied to dielectric
spectra of untreated samples in an attempt to apply pattern recognition methods to
classify microbial strains. Figure 4.9 shows score plots using raw data (phase angle)
of three to four replicate measurements of five microbial strains. Results show that
variances between microorganisms appear high enough to allow classification, while
replicate measurements possess enough similarities to cluster together. In comparison,
generated pattern recognition plots of cell free media extracts showed only random
distribution as seen in insét of Figure 4.9. These results clearly indicate that the iden-
tification of organisms is not affected by media components or metabolites generated
during microbial cultivation. Overall, impedance signals and phase angle values of
501 frequencies were recorded during each measurement and used to generate pattern
recognition plots.

In principle, not all frequencies are necessary for the clear distinction between micro-
bial_ species. Analysis of impedance and phase angle data using bacterial strains show
highest standard deviations between 72-75 kHz and 19-21 kHz, respectively. In turn,
highest variances between C. albicans and P. pastoris are found at frequencies of 74
and 75 kHz using impedance signals and between 20-26 kHz, at 32 and 75 kHz using
phase angle values. However, further investigation needs to be conducted to link the
above listed frequencies to specific morphological components of microbial cells. The
effects of cell morphology changes on sensor performance were further investigated us-
ing C. albicans and P. pastoris. Both strains were grown under standard conditions
and harvested in the exponential phasé. Aliquots of in-buffer re-suspended lrcell Vsusipen'-
sions were either exposed to the plasma membrane disrupter Amphotericin B (AmpB

(5ugm L1 for 4 hours at 37°C) or subjected to sonication treatment (2 hours). In brief
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Figure 4.9: Pattern recognition plot generated form dielectric spectra obtained in the

presence of different microbial strains
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Amphotericin B (Figure 4.10) is a polyene macrolide antibiotic that is widely used
for its antifungal activity and acts by forming ion channels in the presence of sterols

(cholesterol of ergosterol) in the membrane [94].

0~ \™CH,

Figure 4.10: Chemical structure of the polyene Amphotericin B.

Table 4.2: Background subtracted impedance signals and corresponding phase angle val-

ues () at 50kHz

C. albicans P. pastoris
Treatment
untreated —210+£28Q | —74° | =371 £ 16Q2 | —76°
AmpB (5ugmL~') | 1651 +43Q | —80° | 1105+ 38Q | —78°
sonication 2160 £+ 9Q2 | —81° | 2000 + 2802 | —82°

Results of this study are listed in Table 4.2 and Figure 4.11 including impedance and .
phase angle values of live, dead and plasma membrane disrupted cells. The results show
that the living cells and the cells under AmpB influence are clearly distinguished by
impedance signal whereas the by sonication disrupted cells exhibit similar impedance
signals. It is evident that a brief exposure to the antimicrobial agent Amphotericin
B can be readily detected using the present sensor geometry. Additionally, pretreated
cell suspensions were also plated on agar plates confirming the high killing efficiency
of the sonication treatment, while significant cell growth was observed with samples of

Amphotericin B treated yeast samples (data not shown).
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Figure 4.11: Sensor response to morphological changes over a wide range of frequencies
(5 to 500kH z). Cells were either sonicated or exposed to AmpB. Inset
highlights the frequency range where sensor signals were mostly distin-

guishable.
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4.2 On-chip cultivation of yeasts

Characterization of the fluidic system

Flow profile of the pump When microorganisms are cultivated on chip a peristaltic .
pump is used. The pannel on the pump only shows the "rpm" instead of the real flow
rate. Therefore the corresponding flow rates (uL/min) to the rpm were calculated by
measuring the weight difference of an eppendorf tube after a defined pumping time.
In Table 4.3 only the settings "low" and 0.5rpm are shown, because they are used
during cultivation of fungal biofilms. Figure 4.12 shows corresponing flow rates of the
peristaltic pump from "low" to 5 rpm. Using the peristaltic pump we are able to obtain

linear flow rates over a wide pumping range.

. Table 4.3: Calculation of flow rates of the peristaltic pump

velocity 7low” setting 0.5rpm
time in min | water in g | flow rate in mL/min | water in g | flow rate in mL/min
5 : 0.001 | ° 2.00x1074 0.0046 - 9.20210~4
10 0.0016 1.60z10~* 0.0095 9.50z10~*
15 0.0031 2.07z10~4 0.0144 9.60210*
20 0.0041 2.05210~* 0.0195 9.75210™*
25 0.0054 2.16zx107* 0.0242 9.68x10~*
Avg =0.2 £0.02 pL/min Avg = 0.95 £ 0.02 uL/min

Testing the microfluidic system The following paragraph talks about characteri-
zation of complex fluidics using AgCl precipitation chemistry to visualize flow pattern
within the microchip. This is particulary important to determine flow directions in
complex fluidic layouts as shown in Figure 4.13. To visualize flow path two different
liquids (0,01 M solutions of KCL and AgNO;) are simultaneously pumped into the
microfluidic system. The experiment consists of two parts. First KCL solution is in-
troduced through the middle channel whereas both outer channels are filled with DI

water. This step verifies that no unspecific precipitation reactions occured, in a second
f
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Fow Profile of Peristaltic Pump using Tube ID 0.25mm
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Figure 4.12: Corresponding flow rates to turning velocity (rpm) with a peristaltic pump.

step DI water is subsequently replaced by AgNOj solution. At the interface of both
liquids AgCl precipitates. After a certain lag of time the precipitation occured exactly
in the middle of the y-shaped channel.

Figure 4.14 shows typical behavior of parabolic flow in microchannels when large

particles are centered in the middle of the channel when high flow rates are driven.

Adaptation of the passivation layer to experimental conditions

During experiments using high salt concentrations irreversible damages to the epoxy

resin (as can be seen in Figure 4.15). These damages might have been appeared due to

undefined chemical reactions. Furthermore, SUS8 resin was not suitable to handling con-
ditions since it was raptured after PDMS removal or easily fractioned during washing
processes. Consequently we eliminate SU8. for further experimentation. The remaining

passivation consisted of 100 nm SiNz and 200nm SOG.

Surface modification with APTS

To overcome above stated problems we replaced the hydrophobic resin SU8 with APTS
in an effort to create uniform surface properties. This is important in microfluidic
channels because of the large surface to volume ratios. APTS (3-aminopropyltri-

ethoxysilane) is a silane that can be covalently bonded onto glass and PDMS sur-
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Figure 4.13: AgCl precicpitation in a complex microfluidic system.
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Figure 4.14: Particle transportation in a complex microfluidic channnel system.

Figure 4.15: Observed damages to epoxy layer during long term experimentation
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faces [26] to enhance hydrophilic habits of an in general hydrophobic surface as it is
on PDMS. The basic building block of silanes are monomeric silicon compounds with
four substituent groups attached to the silicon atom. These substituent groups can be
nearly any combination of nonreactive, inorganically reactive, or organically reactive
groups. In case of this work the silane is bonded with three ethoxy groups onto the chip
surface, while presenting an aminopropyl tail. It follows that high tension forces oc-
cﬁrring between hydrophilic and hydrophobic interfaces may be overcome. This makes
it easier to fill small PDMS-channels with watery solutions like cultivation media or
buffers.

In this work three different modification solutions were tested. 0,5% APTS in DI-
water (solution 1), 2% APTS in methanol and 0,15 M acidic acid (solution 2) and
20mM APTS in toluol (solution 3) were used to modificate glass slides and PDMS
channels. In order to modify PDMS channels, a PDMS polymeric fluidic was put on
top of a microscope glass slide to form microfluidic channels. In the next step 3 uL
of each solution moved through by capillary forces, followed by intense washing. The
PDMS channels were removed and the glass slides were hard baked for 30 min at 120°C
in order to support covalent bonding events and to harden the APTS layer.

While solution 1 (APTS in water) is a very unstable solution, because APTS is
precipitating within minutes to hours due to its sensitivity to water. Solution 3 (APTS
in toluol) caused massive swelling of the PDMS. The swelling indicates that PDMS
easily takes up toluol, which is toxic. Therefore it can not be guaranteed, that the
solvent is entirely removed, whenAbiological experiments are performed. In contrast
solution 2 (APTS in methanol) was easiest to handle and did not show above mentioned
problems.

Using solution 2 for surface modification prior surface oxidation was performed by
oxygen plasma or chemical treatment. Figure 4.16 shows an APTS modified channel
after chemical treatment. Figure 4.17 shows an APTS modified glass slide after oxygen
plasma treatment and the corresponding height (2 um) of the APTS layer. APTS layers
after chemically treated surfaces are much thinner than layers after oxygen plasma
treatment. Therefore PDMS pieces and glass slide were chemically treated in order

“to oxidize surfaces. The results of contact angle measurements are presented in Figure
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4D um
Figure 4.16: AFM image of an SOG surface after modification of an PDMS channel
with APTS

Figure 4.17: AFM image and height measurement of an APTS layer after oxygen

plasma treatment of a glass surface.
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Figure 4.18: Surface wetting angles after wet chemistry surface oxidation and APTS

modification.

4.18. The experiments for determination of wetting angles was performed in other
Seibersdorf laboratories. The contact angle of DI water on PDMS surface changed
from 104° to 61° after APTS modification, while the contact angle of water on SOG
changed from 43°to 68°. .

4.2.1 On-chip cultivation

After performance of the setup optimization and surface modification, we started to
conduct a series of experiments with yeast cells. First step was the optimization of
the cell seeding. After performing some protocols including direct pipetting into the
entry and/or sucking into the small and /or big waste, we décided to gravimetricly seed
the cells. This means that a pipet-tip is tightly fitted into the cell seeding port and
filled by pumping medium through the microfluidic system. In the next stép the cells
were taken from the agar plate and re-suspended in PBS at an ODgy equals 1. Then
10 L suspension is pipetted on top of the prefilled pipet-tip. Once the presence of

cells in the proliferation chamber was confirmed the seeding port was closed and the
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flow was turned to 0.2 uL/min. After removing the seeding pipet-tip and closing the

cell seeding ports the flow of 0.2 uL/min was hold for 1 hour until the flow was turned
to 0.5 uL/min.

B3

Figure 4.19: Candida albicans growing on chip not forming a biofilm at a flow rate of

0.2 uL/min

Yeast cells, Candida albicans showed different morphologies depended on the flow
rate and therefore the applied shear stress. When Candida_was cultivated on chip at
a flow rate of 0.2 uL/min single micro-colonies were established as it élso observed in
standard agar plate or vessel cultures (see Figure 4.19). However, at a flow rate of
0.95 pL/min Candida triggered morphogenesis (see Figure 4.20). After a long period
of adoption, tl;e cells started to establish a biofilm forming pseudeohyphae. During
the first five hours ma:ny cells prdverbial exploded and were killed, while some cells
survived the high shear forces and started to build biofilm structures. It can also be

observed that cells under high shear stress grow much slower than cells not building

79



4 Results

Figure 4.20: Candida albicans growing on chip forming a biofilm at a flow rate of

0.95 uL/min

biofilms.

Time laps microscopy

In this experiment the area expansion rates of yeast micro colonies were monitored in
order to investigate growth characteristics of yeast cells. We accomplished this using
time lapse microscopy. The area expansion rates of micro colonies in the absence and
present of fluid flow (0, 12uL/min) area expansion were measured with Leica software
tools. We randomly selected a number of micro colonies, that were clearly separated
from each other. Colonies of approximately the same size were selected. Prior to
measurement the leica software had to be calibrated using features of defined sizes
such as the length and the width of the u/DES. Subsequently the expansion rates
of six colonies over the period of 5h were monitored. In the absence of continuous
media supply, surface expansion rates followed known growth characteristics of liquid
batch cultures. In the presence of fluid flow, however, cell growth was.signiﬁcantly
influenced exhibiting linear growth rates (colony diameter in flow direction) of 8.3 and
12.5 umh~!, respectively. Figure 4.21 shows a comparison of calculated expansion rates
of C. albicans microcolonies in the absence and presence of fluid flow while the Figures

4.22 and 4.23 show the corresponding pictures at the beginning of the measurement
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Figure 4.21: Comparison of calculated area expansion rates of C. albicansin the absence

and presence of fluid flow

and after 5 hours.

Bioimpedance using contact-less dielectric microsensors

Next, we showed dynamic response of surface grown yeast cultures at increasing shear
forces using our contact less dielectric sensor. Impedance measurements were used to
continuously monitor dynamic responses of the biofilms to shear stress following a four
fold increase in flow velocities. Figures 4.24 and 4.25 show dielectric growth profiles of
P. pastoris and C. albicans in the presence of alternating flow rates. Impedance values
increased during measuring P. pastoris, while the impedance values decreased during
measurements of C. albicans. Both graphs start at a measuring time of five hours.

Before this time the measurement was disturbed by handling processes. Following
cell seeding, cell populations of both strains increased steadily over a period of 13h
for P. pastoris and 17h for C. albicnas until a flow rate increase (red arrow) from
0.12 pLmin~! to 0.5 uL_min‘1 caused an initial loss of cells. The loss of cells results in

a converse signal response in both cases, thus a signal increase for C. albicans and a

signal decrease for P. pastoris. However, P. pastoris cell population remained constant
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Figure 4.22: C. albicans micro colonies selected for time laps microscopy at the absence

of fluid flow.
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Figure 4.23: C. albicans microcolonies selected for time laps microscopy at the presence

of fluid flow (0.12 uL/min). Arrow indicates flow direction.
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Figure 4.24: Growing profile of P. pastoris at alternating shear stress (0.12 uL/min
to 0.5 pL/min flow rate) monitored with bioimpedance using contact less
micro electrodes. Red arrow indicates increase of flow rate, black arrow
indicates decrease of flow rate. Impedance values increase with time and

cell growth.

84



4 Results

Figure 4.25: Growing profile of C. albicans at alternating shear stress (0.12 uL/min
to 0.5 uL/min flow rate) monitored with bioimpedance using contact less
micro electrodes. Red arrow indicates increase of flow rate. Impedance

values decrease with with time and cell growth.
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Figure 4.26: Corresponding pictures taken during the growth profile measurements of

P. pastoris and C. albicans.

over a period of 6 h by washing out newly formed cells. When the flow rate was switched
back to 0.12 uL/min (black arrow) the signal rapidly increased' again. In contrast C.
albicans continued to spread after an increase in flow rate until it completely covered
the proliferation chamber, which was the cause for a flattening signal in the period of

22 h to 23 h.

4.3 On chip monitoring of Candida biofilms

So far, it is possible to monitor yeast cell growth, cell death and morphology changes
within cell populations. As we observed that our sensor distinguished between cells
of different morphologies, like bacteria and yeast and even different yeast strains, we
intent to find out if the sensor response is actually dependent on different morpho-
;loé{calﬁs:tructﬁuré;s within céjlls. To d(; sc; v:ve sele&,(;d Warw:ell: characterlzedsTrstem ilke
Amphothericin B (AmpB) and cellular membranes. Amphothericin B is known to

form channels into yeast cell membranes, what results in ion leakage. The cell is no

86



4 Results

longer able to maintain its membrane potential and dies. Before starting an on-chip

experiment we needed to find out the susceptibility of C. albicans to AmpB.

Antifungal susceptibility of Amphothericin B

To determine the antifungal susceptibility (AS) of Candida albicans to Amphotericin
B an antibiogramm is produced by using various concentrations of AmpB. AmpB
dilutions were all prepared in Worth Broth (WB) in a range of 5.00 to 0.02 ugmL~1. A
single colony of ah 24 h incubated agar plate was harvested and re-suspended in 1mL
WRB. This solution was then adjusted to an ODggg = 1. 10 uL of this solution were
then used to inoculate 1 mL of the AmpB dilutions in WB. The cells are incubated at
30°C and 1000 rpm for 24 h in a thermo cycler.

Table 4.4: AS of C. albicans to different concentrations of Aphotericin B. The minimum
inhibitory concentration (MIC) is 0.059 ugL~!.

[AmpB] in gL~ | at ODsgyo
5.000 0.159
2.500 0.181
1.250 0.263
0.625 0,360
0.313 0.413
0.156 0.536
0.078 0.749
0.040 3.294
0.020 3.652

negative 4.094

Table 4.4 and Figure 4.27 show the resulting optical densities of C. albicans cultures.
Between the concentrations 0.040 ugL~! and 0.078 ugL~' of AmpB a clear decrease of
growth can be recbgnized, feéultihg in minimum inhibitory concentration (MIC) of
0.059 ugL~!. Additionally a slow growth can be noticed at higher concentrations what

indicates a growth inhibition and not a killing mechanism by AmpB.
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AS testing of C. albicans to Amphotericin B

T 1] T T LA R B | T T T T LIRS | T T T 7

4| 7\' | -
' ™

| density / ODgyonm

ica
|

' \
—~ ' q_""—---._‘_

0,01

opt

aaal . N PP |
0,1 ' 1
concentration / ygimL

Figure 4.27: Determination of antifungal susceptibility of C. albicans to Ampho-
tericin B. A clear decrease between the concentrations of 0.040 ugL~! and

0.078 ugL~! is observable. MIC is 0.059 g L1
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AmpB on chip

In the next step it wés our intention to investigate sensor performance, by studying
sensor response to morphological changes in yeast cell population. Using the model
compound AmpB we wanted to measure response of cell population to sub-lethal doses
of this antibiotic, which was determined in the prior experiment to be 0.5 uggL~!. Fig-
ure 4.28 shows the growing behaviour and the viability of C. albicans when different
concentrations of AmpB were administrated. It can be observed that the cells grow
much slower when higher concentrations of AmpB were applied. The viabilities of the
control cells and the cells exposed to 0.5 ymL~! AmpB did not remarkably differ from
each other. Thus we assumed that the antibiotic was more an growth inhibiting than a
destroying agent. According to these results we arranged an on-chip experiment in the
next step working with AmpB at a concentration of 0.5 umL~!. Cell growth is arrested
or highly enslowed respectively at these compound concentration (0.5 uggL~') and cell
viability remains quite high and stable over long periods of time (5 h) as it was found
out in prior experiments (see Figure 4.28). Since it is possible to maintain cell cultures
on chip over even longer periods of time due to a steady supply of fresh medium, we
want to continuously monitor dielectric changes induced by sub cellular morphological
changes. These changes occur when AmpB was incorporated into the cell membrane
in order to encourage ion leakage. To investigate the dynamic response of C. albicans,
sub-lethal doses, 0.5 ugL~!, of the fungicide AmpB were added during on-chip cultiva-
tion. After 14 h on chip cultivation at 30°C in ‘phe presence of 0.12 uL min~! flow rate,
the C. albicans cell population was perfused with medium containing 0.5 ugL~! AmpB.
Figure 4.30 shows the dynamic response of the Candida biofilm before and after the
administration of AmpB (arrow in graph). Prior to administration, the biofilm was
allowed to establish over a period of 6 hours covering almost 90% of the proliferation
chamber (see Figure 4.29). As it was observed in prior experiments the signal was con-
stantly decreasing when a surface grown cell population was developed. Following the
supply of media containing the-fungicide, impedance signals started to.increase linearly
at an initial rate of 30QQ h~! along the first 2 hours followed by 10Qh~! (at 50kHz)
over a period of 10 hours suggesting a decrease in cell population. However, corre-

sponding pictures (see Figure 4.29) taken every 30 min during the same time period
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Cell growth and viability at diffemet AmpB concentrations
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Figure 4.28: Candida growth curves (solid symbols correspond to left y-axis) and cell
viabilities under standard cultivation conditions (shake flasks) in the ab-
sence (O, M) and presence of 0.5 ugmL™' (o, ) and 2.5umL™* AmpB

(A, A). The solid arrow shows the point of antibiotic administration.
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Figure 4.29: C. albicans cell population grown on chip under antibiotic pressure. AmpB
at a concentration of 0.5ugL~! was added after 6 hours. AmpB was

removed after 20 h of cultivation.

showed that the Candida biofilm actually continued to spread at very low rates. Once
the administration of AmpB was stopped impedance signals recovered over 3 hours. It
is evident that observed signal changes were caused by the dielectric alterations with

in the plasma membrane due to the presence of AmpB.

4.4 Normalization of obtained impedance data

Since we continuously monitor cell responses over 501 frequencies data handling and
frequency analysis is an important aspect in our research efforts. This slide shows a .
3D plot and corresponding microscope images where cell growth is clearly visible after
administration of Amphotericin B. In order to compare impedance signals between all
frequencies raw data were normalized according to peak height at time 0. Although
the 3D plot in Figure 4.31 shows signal changes occurring at all frequencies biggest

variations are found between 20 to 145 kHz.
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Figure 4.30: Candida biofilm response to AmpB on chip. After a period of biofilm es-

tablishment (first 6 4), AmpB was added to the medium (thin long arrow).

The impedance signal increased with a rate of 30 Qh~! for 2 h followed by

10Qh~! for 10h at 50 kHz until stopping AmpB administration. The

signal decreased again.
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frequencies (kHz):

Figure 4.31: 3D plot of obtained data over a wide range of frequencies.
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5 Discussion

We have developed, characterized and evaluated a microfluidic biochip that is capable
of continuously monitoring cell growth and viability. The integrated contactless dielec-
tric microsensor is especially sensitive towards morphological changes such as of viable
and dead cells a.nd dielectric differences of microorganisms. This new biosensor consists
of high density (200 fingers of 5 um width and space) interdigital electrode structures
(uIDES), which are insulated from the environment by a multipassivation layer con-
sisting of a SiN,, SOG and a SUS8 resin. Calculation with FemLab sofgware showed
that 99% of the AC field are located within 8.1um above the passivation layer, so that
we can assume that a single layer of yeast cells (diameter about 5 um) is monitored
during experimentation. Silicon nitrate and spin-on-glass were selected as adhesion
layers and to even out ripples caused by thickness of the electrodes of the uIDES.
Deposition of silicon nitrate and spin-on-glass was also used to increase passivation

and sensor stability. The passivation prevents electrode polarization, electrode fouling

or bubble formation, thus leading to stable and non-drifting measurement conditions

(RSD of 1.5%). The absence of ohmic currents and faradayic contributions makes the
imaginary part of the impedance (capacitance) the dominating signal. Furthermore,
the sensor showed stable and non drifting measurements, what is rathef important for
cellmonitoring over long periods of time.

Sensor insulation was tested using CV, capacitance spectroscopy and AFM to screen
for optimal passivation performance. Here, optimum passivation led to high perfor-
mance and elimination of background effects commonly found at bioimpedance exper-
iments. Interferences such as changes in salt, metabolite or protein concentrations are
no significant impact to detected dielectric changes occurring at the cell population

level. An important feature of the sensor signal is that depending on the biological
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composition signals increase or decrease with increasing cell population number. Over-
all, sensor signals plateau when the detective volume above the senor is fully filled with -
cells.

Results of several experiments showed that the sensor discriminates biological cells
based on their morphological differences rather of their size. Using chemometrics we |
generated pattern recognition plots in order to show distinctive groupings for different
microorganisms. In theory the sensor could be used to differentiate different organisms
within seconds in the absence of any sample preparation. Comparing individual spectra
we observed distinct variances at different frequencies. However, further investigations
have to be performed to find coherences between cellular morphological structures and
applied frequencies during a CDS experiment.

The characterization of the microfluidic system showed most problems, due to cum-
bersome handling. Another problem posed moving aqueous fluids through a hydropho-
bic PDMS micfo channel system. Consequently, we covalently attached an organo-
silane (APTS) to the SOG surface and the PDMS channel walls to create uniform
conditions within the chip. In principle a variety of organo-silanes can be used to
change surface properties in such hybrid devices. This is of importance since high
aspect ratios between surface to volume can effectively remove proteins from supply
media.

In initial yeast culture experiments on chip we analyzed the response of P. pastoﬁ's
and C. albiancs to increase of fluid velocities.. We showed that by controlling external
parameters like flow rate, thus induced shear stress and temperature it is possible to
trigger morphological states of Candida cells. Cells undergo a mechanism called mor-
phogenesis, when they change their morphology from single cell state to pseudohyphae
‘establishment. In addition it is possible to controll cell numbers by controlling media
flow rate and washing out newly formed cells. These findings confirm the fact that it is
possible to controllably induce phenotypic switching using a microfluidic system and to

dynamically monitor resulting changes in cell growth by using CDS. This platform can

be used to investigate the influence of morphology on antibiotic resistance mechanism.
In order to confirm the theory that the biochip is able to monitor phenotypic changes

in the presence of fungicides we monitored C. albicans growing under antibiotic pres-
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sure using 0.5 ugmL~! AmpB. This concentration was chosen because in reference
experiments we showed that cell growth is arrested while cell viability is maintained
(99%) in standard culture. Previous studies of Candida interaction with AmpB under
standard cultivation conditions have shown concentration dependent responses leading
to a range of physiological states (high/low/no viability and vitality) [95]. By inves-
tigating cell growth, membrane integrity and potential as well as intracellular ATP
the study showed that in the presence of 0.5 to 1.0 ugmL~! AmpB Candida loses the
ability to replicate, but maintains cell viability and is able to repair occurred mem-
brane damage even after a period of 10 hours. We also performed viability (growing)
and vitality (alive) estimations using standard Candida cultures. We also found out
the strong growth inhibiting effect of the fungicide at VO.5 and 2.5 ugmL~!. However,
assessment of membrane integrity performed over 6 hours after AmpB administration
yielded above 95% and 90% vitality in the presence of 0.5 and 2.5 ugmL™!, respectively.

Prior to administrat’ion of AmpB in our system, the biofilm was allowed to qstablish
over a period of 6 hours covering almost 90% of the proliferation chamber. After ad-
ministration the signal started to increase first with a faster rate (30 Q h™!) followed by
a slower rate (10 Q2 h™!). The biofilm continued to spread, but signal kept increasing as
long as AmpB was administrated. These results are indicative that biological processes
are taking place at two different rates in the cell membrane during the exposure of C.
albicans to AmpB. In other words, the administration of 2.5 ugmZL~! AmpB renders
the Candida nearly incapable of initiating replicative processes while maintaining mem-
brane integrity and metabolic activity (repair mechanism) over a period of 10 hours.
These results clearly indicate that the on-chip monitored dielectric changes are caused
by morphology changes induced by the incorporation of AmpB into the plasma mem-
branes. Consequently, we are able to observe intracellular structures within a living

cell population.
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6 Conclusion

We have developed a novel microfabricated biofilm analysis platform that provides
quantitative results of the continuous monitoring of the adaptive phenotypic changes
of the entire life cycle of a cell population. The precise control of critical electrode
characteristics, such as size, shape and passivation composition, as well as thickness
makes microfabrication an attractive tool for the integration of electrical sensors such
as contactless dielectric microsensors. An important feature of the sensor design is the
application of electrical insulation making non-invasive, stable and robust measuring
conditions possible. The introduction of a dielectric layer above the electrodes allows
for the study of cellular dynamics in the absence of background effects. We evaluated
the SiNx/SOG /SU-8 multi-passivation layer of 550 nm thickness and characterized the
detector configuration utilizing various bacterial and yeast strains; We successfully
4 demonstrated that microorganisms can be readily identified and that any morphologi-
cal changes induced by external stimuli can be continuously monitored using dielectric
sensors. We have also shown that induced shear stress has significant effects on biofilm
formation and that, by controlling fluid flow and temperature, growth rates, cell num-
ber as well as fungal morphology can be adjusted and used for cell analysis. Using the
developed technology we have monitored Candida biofilm dynamics and response to
the antifungal agent Amphotericin B. Administration of the fungicide at physiological
relevant serum concentrations triggered an immediate reaction in Candida leading to
a stress-induced inability to replicate, while repair mechanisms cope with membrane
damages. We also observed time dependent signal changes during AmB administra-
tion suggesting two different dynamic responses of Candida. The ability to monitor
sub-cellular components with high resolution within a cell population is expected to

open new insights into cellular dynamics. Extension of this work to quantify biofilm
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Microfabricated biochips are developed to continuously monitor cell population dynamics in a
non-invasive manner. In the presented work we describe the novel combination of contact-less
dielectric microsensors and microfluidics to promote biofilm formation for quantitative cell
analysis. The cell chip consists of a polymeric fluidic (PDMS) system bonded to a glass wafer
containing the electrodes while temperature and fluid flow are controlled by external heating and
pumping stations. The high-density interdigitated capacitors (LIDES) are isolated by a 550 nm
multi-passivation layer of defined dielectric property and provide stable, robust and non-drifting
measurement conditions. The performance of this detector is evaluated using various bacterial
and yeast strains. The high sensitivity of the developed dielectric microsensors allows direct
identification of microbial strains based on morphological differences and biological composition.
The novel biofilm analysis platform is used to continuously monitor the dynamic responses of
C. albicans and P. pastoris biofilms to increased shear stress and antimicrobial agent
concentration. While the presence of shear stress triggers significant changes in yeast growth
profiles, the addition of 0.5 pg mL ™! amphotericin B revealed two distinct dynamic behaviors of
the C. albicans biofilm. Initially, impedance spectra increased linearly at 30 Q h™! for two hours
followed by 10 © h™! (at 50 kHz) over 10 hours while cell viability remained above 95% during

fungicide administration. These results demonstrate the ability to directly monitor dielectric
changes of sub-cellular components within a living cell population.

Introduction

Understanding the complex interaction between cell popula-
tions and their environment is fundamental to medicine and
biology because it provides insight into how cellular systems
dynamically respond to changing conditions. Living cells can
rapidly adapt! to environmental cues by altering their gene-
expression pattern, protein content, membrane constitution,
surface receptors erc.2 Furthermore, cell—cell communication
has a considerable influence on the cellular life cycle because
the interplay of cells is known to significantly alter behavior.?
As a result, the study of cellular dynamics in the context of cell
populations, such as those found in a biofilm, is highly
desirable because of its physiological relevance and practical
application.*’

Microbial biofilms exist in virtually all nutrient-sufficient
ecosystems and are phenotypically distinct from their plank-
tonic or free floating counterparts. Biofilms are structured
microbial communities attached to a surface, sometimes
embedded within a matrix of extracellular polymers, and are
significantly less susceptible to antimicrobial agents.® It is also
recognized that a substantial proportion of human infections
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involve biofilms found on surfaces of implants or medical
devices, such as catheters, joint replacements, prosthetic heart
valves and others.” Although various procedures and techni-
ques have been published that measure biofilm formation
under static conditions, so far the perfused biofilm fermenter
has. remained one of the few systems that allows accurate
control over biofilm growth rate.® The technology was
developed in the late 1980s and its application demonstrated
that growth rates of adherent bacterial biomass is proportional
to applied medium flow rates and limiting nutrient concentra-
tion.® Here, cells are grown in a fermenter, collected by
pressure filtration onto a cellulose acetate membrane and,
following inversion into the modified base, membrane and
microorganisms are perfused with fresh medium. Another
system widely used to study biofilm growth under continuous
flow is the modified Robins Device (MRD), which is com-
prised of a multiport sample catheter connected via tubing
to a peristaltic pump, reservoirs and wastes.'® Initially a cell
suspension is pumped through the catheter to allow cell
attachment on each of the 25 sampling ports. Fresh medium
is subsequently pumped to control biofilm growth rates."
However, both existing biofilm analysis methods cannot
monitor cellular responses in real time.

The interrelated and complex nature of cellular dynamics
within biofilms requires the creation of an analysis technology
capable of continuously monitoring phenotypic changes such
as adaptation, aging erc. throughout the entire life cycle. We
have therefore developed a microfluidic biochip capable of

This journal is © The Roya! Society of Chemistry 2007
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detecting morphological changes continuously in a non-
invasive manner while maintaining physiological conditions
throughout the experiment. Microchip technology is ideally
suited to address biofilm requirements because it allows the
creation of biological niches by providing relevant fluidic
conditions such as physiological flow velocities and low fluid-
to-cell volume ratios, and by maintaining stable temperature
profiles over long periods of time.'*"!® Precise control of the
above parameters is vital because they determine stress-related
cellular signaling levels known to influence cellular behavior.!?
The developed biofilm analysis platform described here is thus
specifically designed to offer a large surface to facilitate
microbial adhesion (biofilm chamber width | mm, length
3 mm, and height 20 pm) and adequate nutrient supply.
Additionally, external heating and pumping stations allow
exact control over environmental conditions, while the
integrated reference arm provides an interference-free detec-
tion setting by eliminating background signais and inter-
ferences. Furthermore, since microfluidic devices are generally
compatible with imaging and microscopy techniques, an
optical window has been implemented to visuaily follow cell
growth throughout experimentation.

The technique employed to continuously measure cell
viability and morphology changes is cellular dielectric
spectroscopy (CDS). Dielectric spectroscopy makes use of
the electrical properties of cells exposed to a small magnitude
(15 mV) radio-frequency electrical field.'® Dielectric spectro-
scopy has proven useful for analyzing biological cell suspen-
sions to study cell sedimentation, cell aggregation, cell division
and growth rates of low density liquid cultures (volume
fraction below 0.15).!2 The main advantage of dielectric
spectroscopy is its ability to perform non-invasive measure-
ments with high precision over a wide time and frequency
range.'®%25 At the applied frequencies (5 to 500 kHz) the
reorientation of the dielectric dipoles and the polarization of
the surface charge accumulated on the cell membranes
(membrane potential) can be continuously monitored, thus
allowing the investigation of cell structure and electrical
properties of cellular components.2%47

In contrast to existing bioimpedance methods implemented
for cell analysis, 25~ the dielectric microsensors applied in this
study are completely insulated and physically removed from
the liquid sensing environment using defined multi-passivation
layers of distinct size and composition. Complete sensor
isolation results not only in the absence of ohmic currents or
faradaic contributions, but also eliminates electrode polariza-
tion events, fouling or bubble formation. CDS was integrated
into the microfiuidic biochips using interdigitated electrode
structures (UIDES) because interdigital capacitors exhibit
improved performance over standard two electrode systems.>!
Additionally, dielectrometry measurements using. fringing
quasi-static electric fields above interdigitated electrodes has
been extensively described in industrial applications (e.g.
curing processes, electrical insulation, moisture sensing etc.)
as a non-destructive means of measuring dielectric changes
induced by alterations of physical, chemical and structural
properties of polymeric materials.?? In the context of cell
analysis, high-density interdigital capacitors are ideal dielectric
sensors due to their large active surface area and ability to tune

electric field distribution. 1t is known from the literature that
the penetration depth of the generated periodic electric field
is proportional to the spacing between the sensing and
driving electrodes and is independent of frequency.’? Precise
control over sensor geometry, such as the ratio between space,
widths and thickness of the individual fingers, is therefore
crucial for the development of a high performance sensor and
is achieved using MEMS (micro-electromechanical-systems)
technology.!21%3

One practical application of the developed cellular analysis
platform is the investigation of fungal biofilms. Although the
role of bacterial biofilm in disease has been intensively studied
in the past decade,'®®® little is known about the behavior
and dynamics of fungal biofilms.?® The genus Candida is of
particular interest because it is distributed worldwide and is
recognized as a major source of hospital-acquired infections
causing superficial and deep-seated mycoses. We examined
Candida albicans because it is the principal pathogen of the
genus and can grow either as oval budding yeasts, as con-
tinuous septate hyphae or as pseudohyphae.® Furthermore,
previous studies suggest that phenotypic switching from
uni-cellular to the filamentous form of Candida albicans may
play a role in its virulence and multi-drug resistance.>” Since
increased resistance (up to 10 times) of Candida biofilms
has been reported, the application of standard antimicrobial
susceptibility tests performed with planktonic Candida (cell
suspensions) may be particularly misleading.>® We therefore
applied the newly developed biofilm chip to assess the
dynamic response of invasive C. albicans infections at
relevant clinical peak serum concentrations of amphotericin
B (0.2-0.5 pg mL™Y).

Experimental
Biofilm chip design and fabrication

The complete lab-on-a-chip system consists of the biochip
embedded in an aluminium block containing the water based
temperature control system and a polycarbonate top fixture
containing the fluidic inputs and exits, as well as the electronic
connectors. Constant temperature is maintained by externally
heating the aluminium block connected via tubing to a water
bath (Haake 10, Thermo Electron Coop.) while flow velocities
are adjusted using an infusion pump (KdScientific, KDS 250).
Furthermore, an optical window is implemented to allow the
application of optical microscopy (Leica MZ16).

The microfluidic biochip layout shown in Fig. 1(A) consists
of two substrates (a) 20 x 20 mm? quartz glass housing the
electrodes and (b) fluidic channels in polymer. Microbial cells
are injected into the proliferation chamber through the cell
seeding port located in the centre of the biochip. Additionally,
a reference arm has been integrated to provide a low noise
detection environment during cell analysis. Fig. 1(B) shows
pictures of dielectric microsensors (UIDES) located in the
biofilm growth and reference chambers.

Fabrication of biochips commenced by using dry baked and
primed (TI-Prime, MicroChemicals®) glass substrates (170 °C
for 5 min). An initial resist layer is formed by spinning the non-
photosensitive resist (LOR 3A, MicroChem®) on the wafer at
3000 rpm for 35 s. A second layer using the photo resist
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Fig. 1 (A) Schematic representation of the microftuidic biochip.
(B) Photos of dielectric microsensors located in the reference and
proliferation chambers containing P. pastoris microcolonies (10 hour
cultivation). (C) Calculation of electric field distribution (z-direction)
in air using 200 nm thick interdigitated electrodes of 5 um width,
1000 pm length separated by 5 um gap.

(positive resist AZ®MIRTM 701) is applied and soft baked
at 110 °C, 60 s. The resist is patterned using a MJB 3 mask
aligner from SUESS Microtec (350 W mercury lamp, exposure
time 6.35 s), developed for 25 s (AZ®MIF 726). Electrodes,
leads, as well as contact pads, are fabricated by sputtering
a.10 nm titanium seed layer and 200 nm platinum onto the

pre-patterned glass substrates and placing the glass substrates
into a solution of NMP (1-methyl-2-pyrrolidinon) at a tem-
perature of 70-80 °C for at least 60 min. The micro-dielectric
sensors are further embedded underneath a multi passivation
layer deposited on top of the interdigitated electrode structures
(1IDES). First a thin layer of silicon nitride (100 nm) is
deposited via low temperature plasma enhanced chemical
vapour deposition (PECVD, Oxford Plasmalab 80). A layer of
spin-on-glass (SOG P84F, Filmtronics Inc.) is subsequently
spun at 3000 rpm for 15 s (100 nm) onto the silicon nitride.
After a soft bake, ramped from 80 °C to 200 °C on a hot plate,
the chips are annealed for 1 hour at 70 °C in a furnace. Curing
of the layer takes place in a rapid thermal process (RTP) oven
at 425 °C for 1 hour under nitrogen atmosphere. A final
350 nm layer of SU-8 negative photoresist is used to cover the
SOG surface thus creating a multi-passivation layer with a
total thickness of 550 nm.

The microfluidic system is formed in a PDMS layer as an
imprint of silicon master molds fabricated by KOH silicon
etching using a 750 nm silicon oxide layer as hard mask and
buffered HF (14 min). After stripping the photo resist (MIR
701 positive photo resist) the substrate is etched in a 40% KOH
solution at a constant temperature of 80 °C for 25 minutes
resulting in an etch depth of 20 um. Reaction chambers and
channels are formed by pouring PDMS (10 : 1 Sylgard 184)
silicone elastomer base to curing agent over the silicon
master molds. After baking at 80 °C for 12 hours the PDMS
fluidics is removed from the master molds, cleaned, aligned
under a microscope and put in contact with the sensor
substrate using alignment marks. Fluidic access ports (three
inputs and two wastes) are created by punching 0.5 mm holes
through the PDMS.

Cultivation of microorganisms

The bacterial strains E. coli K12 ATCC 23716, B. subtilis
ATCC 6501, S. fonticola, and S. xylosis are cultivated
aerobically in an incubation shaker (Grant GLS 400) at
37 °C and 200 rpm using Miller Hinton (MH, Merck) media,
while yeast strains P. pastoris ATCC 28485 and C. albicans
ATCC 10231 are cultured at 30 °C using malt extract bouillon
(YPD, Merck) and Worth broth (WB, Sifin), respectively.
Optical density of buffered samples is measured at 600 nm
using a UV-visible spectrophotometer (Evolution 100, Thermo
Electron Coop.). Colony forming units (cfu mL™!) are
determined after biological samples are subjected to a series
of 10-fold dilutions, and samples (100 pL) of 107, 10~7 and
1078 dilutions are spread onto agar plates. The colony forming
units are counted for each individual strain after overnight
incubation at 30 °C at 300 rpm using an Eppendorf shaker
(Thermomixer, Eppendorf). :

Dielectrometry measurements -

Absolute impedance (IZI) and phase angle (8) values are
measured continuously over a frequency range of 5-500 kHz.
Unless otherwise noted, 1 pL of cell suspension (ODgg < 1.0)
is injected into the open fluidic access port (cell seeding)
located in the center of the pre-filled biochip. Any excess fluid
is carefully removed and the reservoir is sealed using a thin
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piece of PDMS. Activation of microfluidic flow through inputs
A and/or C to the waste compartment causes cells to freely
move into the proliferation chamber due to the establishment
of a negative pressure within the cell seeding port. Cell growth,
viability and morphology changes are continuously measured
and compared to signals obtained from the reference chamber
also filled with media using a multichannel potentiostat
(VMP3/P-01, Princeton Applied Research). The working and
reference micro-dielectric sensors are addressed simultaneously
by continuously scanning 501 frequencies applying +15 mV
between the interdigitated electrode structures (LIDES).

Chemometric data analysis

Dielectric spectroscopy data obtained for five replicate runs
with each cell culture is used to generate the matrix for
principal component analysis (PCA). Each column in the data
matrix consists of 501 signals for one replicate measurement
with each of the six microbial strains. The matrix was
converted into a Lotus file for incorporation into MATLAB
(Version 7.01). Factor analysis was performed using the
Chemometric Toolbox for Matlab (Version 3.02), and
involved the generation of reduced eigenvectors, examination
of the resulting residual plots for randomness of noise, and the
generation of scores for the first three principal components.?®
The obtained scores are plotted to determine qualitative
groupings of individual data sets.*

Calculation of sensor geometry

One benefit of using interdigitated electrode structures
(LIDES) is their adaptability because the electric field distribu-
tion (H) can be adjusted by controlling the ratio between space
(G) and width (w) of the individual fingers (H = w + G).32 Our
current pIDES design consists of 200 fingers each 5 pm in
width and 1000 pm in length that are separated by a 5 pm gap
from each other. This means that the generated electric field
protrudes up to 10 um in the half spaces above and below the
pIDES containing an intrinsic capacitance (offset) within
the glass substrate and passivation layers.* To estimate the
percentage of electric field distribution over the distance from
the passivation surface, the capacity of the interdigitated
electrode structures were calculated using the conformal
mapping technique described elsewhere.®® In brief, the total
capacitance of a pIDES sandwiched between arbitrary multi-
layers is evaluated analytically by conformal transformations
using the partial capacitance method. In the first step, the
planar comb-shaped electrodes are replaced by an equivalent
circuit consisting of partial capacitances individually mapped
onto parallel plate capacitor geometry for which capacitance
values are calculated (see Fig. 1(C)).

Antifungal susceptibility and viability testing

Minimum inhibitory concentration (MIC) is determined by
the broth dilution method. C. albicans is incubated in growth
medium containing various concentrations of amphotericin B
(Sigma). A stock solution of amphotericin B with a final
concentration of 1 mg mi~! in DMSO is used to prepare a
series of dilutions ranging from 5 to 0.02 pg ml™! in yeast

growth media. Next, an agar plate colony of C. albicans is
removed, re-suspended into buffer solution and adjusted to
ODggp of 1.0. An inoculum of 10 pL cell suspension was added
to each Eppendorf tube (2 mL) containing the growth media
and the fungicide. Four blank cultures (no fungicide) are
included to ensure viability. Cell cultures are incubated
overnight at 30 °C using an Eppendorf shaker and ODgg
values are recorded for each cuiture. Trypan blue (Sigma)
staining method is used to assess cell viability by counting the
ratio between total cells over dead cells (stained). On average
150 to 200 cells are visually inspected every hour using a
hemocytometer for each antimicrobial agent concentration.

Time-lapse microscopy

The average microcolony expansion rate of yeast cells is
determined by measuring the increase in surface area covered
by newly formed colonies every 30 min. Microcolonies are

-imaged with a phase contrast microscope and expansion

rates are calculated by approximating colony areas using the
toolbox of Leica imaging software.

Results and discussion
Cell chip characterization

The aim of this research is the development and characteriza-
tion of technology capable of continuously monitoring
cell growth, viability and morphology changes with high
sensitivity. An important feature of the newly developed
detection technology is the complete isolation of the uIDES to
guarantee non-invasive monitoring conditions. Consequently,
only passivation materials with reported dielectric constants (&)
below 10 and amenable to standard lithography processes
were selected for this study. In total, single, bi- and multi-layer
passivation strategies using epoxy (350 nm), spin-on-glass
(100 nm), and silicon nitrite (100 nm), and a combination
thereof, were investigated. Since polymeric surfaces promote
fungal biofilm formation, epoxy was used as the top layer,’
while silicon nitrate and spin-on-glass were selected as
adhesion layers and to even out ripples caused by thickness
of the electrodes. Deposition of silicon nitrate and spin-on-
glass was also used to increase passivation and sensor stability.

The application of single passivation layers using epoxy -
resin (SU-8 photoresist) or spin-on-glass (SOG) showed
significant leakage following electrochemical investigation.
AFM studies (data not shown) confirmed the presence of
passivation losses and pin holes caused by poor epoxy
adhesion, uneven layer distribution and droplet formation
along finger electrodes. The 50 to 70 nm diameter pin holes
found throughout the SOG layer are believed to be formed
during the curing process of the precursor substrates at 425 °C.
A direct comparison of oxidation currents using unpassivated
sensors (—62 pA) with single passivation layers using epoxy
and SOG yielded —28 pA and —8 pA in the presence of the
electro-active compound ferrocyanide (10 mM). Although the
application of bi-layers sufficiently insulated the dielectric
sensors (—2 nA) any degradation during chip cleaning,
assembly or re-use resulted in massive drifts. A 100 nm SiN,
layer is added to the passivation strategy and characterized
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using impedance spectroscopy to further increase sensor
stability. Detection limit and baseline stability was determined
over 20 hours continuous flow measurement in saline buffer
solution (flow rate 0.5 pL min™') and yielded a relative
standard deviation of 1.5% or 115 Q (at 100 kHz). Therefore,
the elimination of interaction between electro-active ion
species and electrodes (e.g. electrode polarization), or the
prevention of electrode fouling events or bubble formation has
led to non-drifting conditions.

Passivation materials can significantly influence electric field
distribution and is therefore important to determine their
effect on sensor sensitivity. For instance, calculations (con-
formal mapping technique) of electric field distribution
(Fig. 1(O)) for SiN,/SOG/SU-8 multi-passivation layer in the
presence of air indicated that 50%, 95% and 99% of the electric
field is located within a height of 3.13, 5.51 and 8.1 um,
respectively. This means that dielectric changes occurring at
8.1 um distance from the passivation surface, for example,
contribute only 1% to the overall signal, while the 550 nm thick
multi-passivation layer is responsible for a 9% sensitivity loss
(offset in Fig. 1(C)). Furthermore, calculations using an
electromagnetic finite element method software (Comsol
Multiphysics 3.3a) in the presence of water (¢, = 80) above a
550 nm passivation layer (e = 8.7) has shown that two thirds
of the voltage drops off in the passivation region directly above
the electrodes.

Next, sensor sensitivity to extracellular matrix changes using
increasing concentrations of gelatin and protein solutions as
model systems was investigated. Fig. 2 shows the growth
profile of C. albicans cultivated in a shake flask under standard
conditions where cell free media extract harvested every hour
was injected into the biochip. It is evident that the dielectric
microsensor is remarkably insensitive towards media altera-
tions induced by metabolic activity of the yeast strain. Real
and imaginary parts of the impedance in the presence of
increasing concentrations of gelatin and BSA solutions are
listed in Table 1. Results of this study show that 0.01% (w/v)
gelatin and approximately 1 mg mL™! BSA is needed before
significant dielectric changes can be detected.

Sensor performance in the presence of biological samples
was evaluated using two Gram-negative, two Gram-positive
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Fig. 2 Growth profile (ODgyg) of Candida albicans (V) obtained
under standard cultivation conditions and corresponding averaged
impedance data (|Z] at 50 kHz) of triplicate measurements from cell-
free media extracts.

Table 1 Dielectric microsensor response to increasing protein and
gelatin concentrations

Real part of  Imaginary part
Concentration  impedance/Q  of impedance/Q
BSA solution 1 pgmL™! 14873 + 503 35721 + 1618
10 pg mL™! 14941 + 136 36629 + 680
100 pg mL™' 15696 + 60 32322 + 533
1000 pg mL™! 6419 + 82 17597 + 130
Gelatin solution 0.01 wiv% 2599 + 12 14133 + 30
0.1 wiv% 967 + 1§ 12368 + 14
1.0 wiv%e 704 + 16 12010 + 17

“ Averaged impedance values (n = 3) at 50 kHz.

bacteria and two yeast strains. Microbial strains were selected
based on their differences in size and morphological composi-
tion. For instance, Gram-negative bacterial cell walls consist of
a second outer membrane of different complexities while yeast
cells are 5 to 10 times bigger than bacteria. In a series of
experiments, cells cultivated using an incubator shaker were
harvested in the exponential phase, centrifuged and re-
suspended in saline buffer prior to use. Aliquots of 1 uL
buffered sample solutions were injected into the proliferation
chamber (90 nL volume) and impedance data were recorded
after cells were allowed to settle for 20 min prior to measure-
ment. Fig. 3(A) shows impedance values from three microbial
strains where absolute impedance signals increased/decreased
rapidly as soon as cell concentrations reached a minimum
detectable level and plateaued following complete coverage of
the entire sensing volume (~16 nL). In all cases microbial
concentrations above 1000 cfu L' showed significant signal
changes, with decreasing impedance values for E. coli K12
(Gram-negative), S. fonticola (Gram-negative) and C. albicans
(yeast) and increasing signals in the presence of B. subtilis
(Gram-positive), S. xylosus (Gram-positive) and P. pastoris
(yeast) strains. Table 2 lists results of all six strains in the pre-
sence of low and high cell concentrations. Although the much
larger yeast cells yielded measurable signals at low concentra-
tions, highest signal changes are obtained with the smaller
bacteria S. xylosus and B. subtilis. These results contrast
existing and commercially available dielectric sensors where
measured relative permittivity (Ae,) is directly proportional to
cell radius, capacitance of the cell wall and volume fraction.?®

The above findings led us to investigate the ability of the
contact-less dielectric microsensors to directly distinguish and
identify individual strains in a nanovolume setting in the
absence of any labels or indicators. In a series of similar
experiments, five microbial strains were cultivated in shake
flasks, harvested in the exponential phase and the untreated
cell suspension (pure culture) was directly injected into the
biochip. As indicated in the above section (see Table 2), cell
concentrations above 108 cfu mL~! were used to guarantee
saturation of the sensing region. Next, chemometric PCA was
applied to dielectric spectra of untreated samples in order to
apply pattern recognition methods to classify microbial
strains. Fig. 3(B) shows score plots using raw data (phase
angle) of four replicate measurements of five microbial strains.
Results show that variances between microorganisms
appear high enough to allow classification, while replicate
measurements possess enough similarities to cluster together.
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Fig. 3 (A) Averaged impedance signals (|Z] at 50 kHz) of increasing
concentrations (n = 3) of (A) B. subtilis, (O) E. coli K12 and (W)
S. fonticola. (B) Pattern recognition plot generated from dielectric
spectra (5-500 kHz) obtained in the presence of S. fonticola (V),
S. xylosis (O), E. coli K12 (), B. subtilis (W), and C. albicans (@).
Inset shows pattern recognition plot of cell fre¢ media extract of
exponential phase cultivations.

In comparison, generated pattern recognition plots of cell free
media extracts showed only random distribution as seen in the
inset of Fig. 3(B). These results clearly indicate that the
identification of organisms is not affected’ by media compo-
nents or metabolites generated during microbial cultivation.

Table 2 Dielectric microsensor response to increasing microbial
concentrations

Averaged background subtracted
impedance values (at 50 kHz)”

Strain At 10° cfu mL™! At 10® cfu mL™!
E. coli K12 (Gram-neg) =254+ 10Q 325+ 50Q

S. fonticola (Gram-neg) —476 + 65Q —1838 + 105 Q
B. subtilis (Gram-pos) 72+ 22Q 6143 + 352 Q
S. xylosus (Gram-pos) 900 + 110 Q 12152 + 260 Q
C. albicans (yeast) —-1150 + 145 Q —-2368 + 378 Q
P. pastors (yeast) 1962 + 250 Q 2653 £ 350Q

¢ Triplicate measurements.

Table 3 Comparison between live, dead and plasma membrane
disrupted yeast strains using cellular dielectric spectroscopy

C. ablicans P. pastoris

Background subtracted impedance signals
in Q and corresponding phase angle values

Treatment (6) measured at 50 kHz (n = 3)°

Untreated -210 + 28 -74° 372 + 16 -76°

Amphotericin B 1651 + 43 —80° 1105 + 38 -78°
(s ngmL™")

Sonication 2160 + 9 -81° 1999 + 28 —82°

“ Average of triplicate measurements.

Overall, impedance signals and phase angle values of 501
frequencies were recorded during each measurement and used
to generate pattern recognition plots. In principle, not all
frequencies are necessary for the clear distinction between
microbial species. Analysis of impedance and phase angle data
using bacterial strains show highest standard deviations
between 72-75 kHz and 19-21 kHz, respectively. In turn,
highest variances between C. albicans and P. pastoris are found
at frequencies of 74 and 75 kHz using impedance signals and
between 20-26 kHz, at 32 and 75 kHz using phase angle
values. However, further investigation needs to be conducted
to link the above listed frequencies to specific morphological
differences of microbial cells.

The effects of cell morphology changes on sensor perfor-
mance were further investigated using C. albicans and
P. pastoris. Both strains were grown under standard conditions
and harvested in the exponential phase. Aliquots of in-buffer
re-suspended cell suspensions were either exposed to the
plasma membrane disrupter amphotericin B (5 pg mL™! for
4 hours at 37 °C) or subjected to sonication treatment
(2 hours). Results of this study are listed in Table 3 including
impedance and phase angle values of live, dead and plasma
membrane disrupted cells. It is evident that a brief exposure to
the antimicrobial agent amphotericin B can be readily detected
using the present sensor geometry. Additionally, pre-treated
cell suspensions were also plated on agar plates confirming
the high killing efficiency of the sonication treatment,
while significant cell growth was observed with samples of
amphotericin B treated yeast samples. The demonstrated
ability of the contact-less dielectric microsensors to rapidly
detect differences and alterations in- cell morphologies is
fundamental for a high-sensitivity, real-time cellular dynamics
detection technology. While complete cell coverage of the
sensing layer can be used for identification, introducing a small
number of cells into the proliferation chamber, in turn, allows
for a continuous and non-invasive monitoring of cell growth,
viability and morphology changes.

Effects of microfluidics on fungal biofilm growth

Initially we assessed the effects of fluid shear stress on biofilm
growth rates and dynamic responses using C. albicans and
P. pastoris, because of their importance in medicine and
biotechnology. Growth rates were initially determined by
calculating area expansion rates of individual colonies over a
5 hour period using time-lapse microscopy.*? Fig. 4(A) shows
a comparison of calculated expansion rates of C. albicans
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Fig. 4 (A) Calculated colony area expansion rates using time-lapse
microscopy of single C. ablicans microcolonies grown in proliferation
chamber in the absence (@) and presence (¢) of 0.12 uL min~! fluid
flow. (B) Growth profiles ({Z] at 75 kHz) of (a) P. pastoris, (b) cell-free
growth media and (c) C. albicans before and after shear stress increase
(solid arrow) and subsequent decrease (dashed arrow) from 0.12 to

0.5 pL min~! to 0.12 uL min~1,

microcolonies in the absence and presence of fluid flow
(0.12 pL min™?Y). In the absence of continuous media supply,
surface expansion rates followed known growth characteristics
of liquid batch cultures. In the presence of fluid flow, however,
cell growth was significantly influenced exhibiting linear
growth rates (colony diameter in flow direction) of 8.3 and
12.5 pm h™!, respectively (see ESIt). Furthermore, Candida
colonies exhibited no difference in expansion rates (data not
shown) in the absence and presence of an applied +15 mV
AC field.

Dielectrometry measurements were then used to con-
tinuously monitor dynamic responses of the biofilms to shear
stress following a four fold increase in flow velocities. Fig. 4(B)
shows growth profiles of C. albicans and P. pastoris in the
presence of alternating flow rates. Following cell seeding, cell
populations of both strains increased steadily over a period
of 8 hours until a flow rate increase (solid arrow) from
0.12 pL min™! to 0.5 pL min~! caused an initial loss of cells.
However, while with Pichia cell population remained constant
over a period of 6 hours by washing out newly formed cells

.C. alibicans continued to spread until it completely covered the

proliferation chamber. Furthermore, visual inspection showed
the establishment of filaments and hyphae of C. albicans (see
ESIt). This phenomena is also observed in standard shake
flask cultures where increased agitation leads to Candida
biofilm formation. It is known from the literature that to infect
host tissue, the usual unicellular yeast-like form of C. albicans
reacts to environmental cues and switches into an invasive,
multicellular filamentous form.** Consequently, C. albicans
undergoes a process called phenotypic switching or morpho-
genesis, in which different cellular morphologies are generated
in response to increased shear stress.** The ability to fine-tune
growth characteristics represents an important tool for
complex cell analysis where external stimuli such as toxins,
activators, receptors, carbon sources etc. are introduced o a
specific phenotype.

On-chip monitoring of fungal biofilm dynamics

To further investigate the dynamic response of C. albicans,
sub-lethal doses of the fungicide amphotericin B were
added during on-chip cultivation. Amphotericin B is a polyene
macrolide antibiotic that is widely used for its antifungal
activity and acts by forming ion channels in the presence of
sterols (cholesterol or ergosterol) in the membrane.*® Tnitial
experimentation involved the study of sub-minimum inhibi-
tory concentration (MIC) effects on biofilm growth rate and
morphogenesis. After 14 hours on chip cultivation at 30 °C
in the presence of 0.12 uL min™! flow rate, the Candida cell
population was perfused with medium containing 0.05 pg mL™!
amphotericin B. No change in apparent growth rate,
morphogenesis or long-time effects was found in the presence
of sub-MIC (0.07 ug mL™!) concentrations (data not shown).
Consequently, temperature setting, flow rates and antifungal
concentration were increased in subsequent experiments.
Visual inspection confirmed the presence of hyphae and
filament formation throughout the Candidu biofilm at 37 °C
and 500 nL min~! flow rate culture conditions. Fig. 5(A)
shows the dynamic response of the Candidu biofilm before and
after the administration of 0.5 pg mL ™! amphotericin B (arrow
in graph). Prior to administration, the biofilm was allowed to
establish over a period of 6 hours covering almost 90% of
the proliferation chamber. Following the supply of media
containing the fungicide impedance signals started to increase
linearly at an initial rate of 30 Q h™* (first 2 hours) followed by
10 © h™! (at 50 kHz) over a period of 10 hours suggesting a
decrease in cell population (see ESIT). However, correspond-
ing pictures taken every 30 min during the same time period
showed that the Candida biofilm actually continued to spread
at very low rates.

Previous studies of Candida interaction with amphotericin B
under standard cultivation conditions have shown concentra-
tion dependent responses leading to a range of physiological
states (high/low/no viability and vitality).*® By investigating
cell growth, membrane integrity and potential as well as
intracellular ATP the study showed that in the presence of 0.5
to 1.0 pyg mL™! AmB Candida loses the ability to replicate, but
maintains the ability to repair occurred membrane damage
after a period of 10 hours. Our results indicated that biological
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Fig. 5 (A) Candida biofilm response to addition of 0.5 pg mL™!
amphotericin B where (i) impedance signals and (ii) phase angle values
obtained at 50 kHz are plotted against cultivation time. (B) Candida
growth curves (solid symbols correspond to left y-axis) and cell
viabilities under standard cultivation conditions (shake flasks) in the
absence (M, [J) and presence of (@, O) 0.5 pg mL™! and (A, A)
2.5 ug mL~! amphotericin B.

processes are taking place at two different rates in the cell
membrane during the exposure of C. albicans to AmB. We also
performed viability (growing) and vitality (alive) estimations
using standard Candida cultures. Fig. 5(B) shows optical
density and membrane staining measurements confirming the
strong growth inhibiting effect of the fungicide at 0.5 and
2.5 pg mL™!. However, assessment of membrane integrity
performed over 6 hours after Am B administration yielded
above 95% and 90% vitality in the presence of 0.5 and
2.5 pg mL™}, respectively. In other words, the administration
of 2.5 pg mL™! AmB renders the Candida nearly incapable of
initiating replicative processes while maintaining membrane
integrity and metabolic activity (repair mechanism) over a
period of 6 hours. These results clearly indicate that the
on-chip monitored-dielectric changes are caused by morpho-
logy changes induced by the incorporation of amphotericin B
into the plasma membranes.

Conclusion

We have developed a novel microfabricated biofilm analysis
platform that provides quantitative results of the continuous
monitoring of the adaptive phenotypic changes of the entire

life cycle of a cell population. The precise control of critical
electrode characteristics, such as size, shape and passivation
composition, as well as thickness makes microfabrication an
attractive tool for the development of contact-less dielectric
microsensors. An important feature of the sensor design is the
application of electrical insulation making non-invasive, stable
and robust measuring conditions possible. The introduction of
a dielectric layer above the electrodes allows for the study of
cellular dynamics in the absence of background effects. We
evaluated the SiN/SOG/SU-8 multi-passivation layer of
550 nm thickness and characterized the detector configuration
utilizing various bacterial and yeast strains. Additionally,
obtained phase angles (8) of —84° in the presence of saline
buffer indicate that the system behaves almost like an ideal
capacitor (8 of —90°). We successfully demonstrated that
microorganisms can be readily identified and that any
morphological changes induced by external stimuli can be
continuously monitored using dielectric sensors. We have also
shown that induced shear stress has significant effects on
biofilm formation and that, by controlling fluid flow and
temperature, growth rates as well as fungal phenotypes can be
adjusted and used for cell analysis. Using the developed
technology we have monitored Candida biofilm dynamics
and response to the antifungal agent amphotericin B.
Administration of the fungicide at physiological relevant
serum concentrations triggered an immediate reaction in
Candida leading to a stress-induced inability to replicate, while
repair mechanisms cope with membrane damages. We also
observed time dependent signal changes during AmB
administration suggesting two different dynamic responses of
Candida. The ability to monitor sub-cetlular components with
high resolution within a cell population is expected to open
new insights into cellular dynamics. Extension of this work to
quantify biofilm dynamics and its application to a wide range
of external stimuli is underway.

Abbreviations

CDS Cellular dielectric spectroscopy
uIDES Microfabricated-Interditigated electrode structures
MRD Maoadified Robins Device

MIC Minimum inhibitory concentration
MEMS Micro-electromechanical-systems
PCA Principal component analysis
SOG Spin-on-glass

AmB Amphotericin B
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