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Chapter 1

Introduction, scope of the thesis
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Evidence suggests that hominins started making stone tools about 2.5 to 3 
million years ago.1–3 Over the millennia, simple chopping and cutting tools have 
evolved into the great myriad of inventions modern humans have at their disposal. 
Some of these are specifically designed to be used in research. As the state of 
scientific knowledge progresses, more and more sophisticated tools are employed 
in an effort to quantitatively answer increasingly complex physical, chemical and 
biological questions. Sensors are particularly suited for this, as they detect changes 
and events, providing a corresponding output dependent on their sensitivity. 
Researchers can thus achieve quantitative measurements of experimental 
parameters, often in real-time. As biological and chemical phenomena frequently 
involve processes occurring on very small scales, it follows that miniaturization 
of the tools used to study these processes is of great interest. The scaling down 
of experimental tools allows for enhanced mass transport and control over flow 
conditions, parallelization of experiments to increase throughput, and even the 
mimicking of in vivo biological environments. The multidisciplinary field that 
aims to design, engineer and operate these miniaturized systems is microfluidics. 
The goal of this thesis was to pursue integration of sensors into different 
microfluidic systems for biological and analytical research. In this introduction, 
the concept of microfluidics and some of its applications will be described, and 
some of the microfabrication techniques used to manufacture them will be 
introduced. Furthermore, a brief general overview of the detection methods used 
in this thesis and their integration into microfluidic devices will be provided. 

1.1 Microfluidics
The concept of miniaturized total chemical analysis systems (µ-TAS) was 

first presented by Andreas Manz et al. in 1990.4 It was originally proposed as 
a means to perform chemical analyses in a “sample-in, answer-out”, on-line 
fashion. Using microfabrication techniques, features were integrated into “labs-
on-a-chip”, facilitating multiple sample-handling steps on analytical devices with 
a small footprint.5,6 At the core of microfluidics lies the ability to control minute 
µL, nL and even aL scale fluid volumes.7–9 The use of these small volumes offers 
a range of benefits for analytical applications. Less sample and reagents are 
necessary, a high throughput can be obtained by running parallel experiments on 
the same device, and less time is necessary to perform analyses (seconds rather 
than minutes).10 Due to the size of the microchannels used in microfluidic devices, 
laminar rather than turbulent flow is prevalent. This means that fluid streams 
flowing through the same channel will not mix, except by diffusion.11 However, 
diffusional path lengths are also much shorter than in macroscale flow systems4,11, 
allowing designers to integrate microfluidic structures that lead to the generation 
of well-defined concentration gradients, e.g. for the exposure of cell cultures to 
a drug compound.12 Microchannels are usually applied for the manipulation of 
fluids, including two-phase immiscible systems with microdroplets dispersed in 
a carrier stream.13 A related branch of the field, known as digital microfluidics 
(DMF), features open surfaces over which microliter-sized droplets are actuated 
with great accuracy and flexibility.14,15 Here, the use of small, well controllable 
discrete volumes leads to improved mass transfer and reaction rates.15,16 Chapter 
7 of this thesis describes the development of a DMF system, exploiting gravity to 
actuate aqueous microdroplets controllably over a “slippery”, superhydrophobic 
surface. 

Whereas the initial development of microfluidics was fueled by an aim to 
improve the field of analytical chemistry, other disciplines have recognized the 
advantages that miniaturization of research tools has to offer, such as (chemical) 
synthesis17–19, biology12,20, pharmacy21,22 and tissue-engineering23–25. However, 
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the technologies that allow the design and fabrication of these systems share a 
common origin. 

1.2 Microfabrication
The advent of microelectromechanical systems (MEMS) in the 1970s and 

1980s sparked innovation in the field of microfabrication techniques. Many 
of these techniques originated in the world of microelectronics, but have now 
become successfully established for the fabrication of microfluidic channels. 
The first µTAS devices were made in silicon, as this semiconducting material is 
traditionally used in the fabrication of integrated circuits using lithography.5,10 
However, specific etching and bonding techniques were developed to allow 
the creation of microstructures in three dimensions, such as channels.10,26 As 
microfabrication techniques advanced, the use of other materials such as glass and 
plastics became possible. This increased the range of applications for microfluidic 
devices, as optical interrogation of the developed systems now came within reach. 
In this thesis, several different devices are presented, made by employing a wide 
range of microfabrication techniques. Each will now be briefly introduced.

1.2.1 Soft lithography and replica moulding with PDMS

Figure 1: Soft lithography (not to scale). After a layer of photoresist is deposited onto 
a silicon or glass wafer (negative resist in this case), the resist is exposed to UV light 
through a photomask. This transfers an image of the desired structures onto the resist, 
which polymerizes when exposed. After removal of the unexposed photoresist and a 
silanization step to facilitate lift-off, PDMS pre-polymer mixture is poured over the wafer 
and left to cure. When the PDMS is polymerized it can be peeled off the mould.

Nowadays, one of the most-used materials in microfluidic devices is the 
elastomer poly(dimethylsiloxane) (PDMS).27 It has several advantages over the 
use of glass or silicon, as it is cheap, optically transparent, gas-permeable and 
non-toxic.28,29 Reproducible fabrication of microfluidic devices by replication in 
PDMS is facile, as it can be cast on moulds as a prepolymer mixture, cured and 
released. These moulds can be manufactured using soft lithography (see Figure 
1). Here, a thin layer of a photoresist is deposited on a glass or silicon wafer. 
An image is transferred to this photoresist by exposing it to UV light through a 
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photomask. The mask is opaque, with the exception of the channel layout, which 
is transparent. If a positive photoresist is used, the illuminated areas will become 
soluble, and be removed when immersed in a developing solution. In our lab, we 
generally work with the negative resist, EPON SU-8, an epoxy-based resin, for 
PDMS molding. After removal of unexposed SU-8, a positive relief is left. PDMS 
can now be cast onto this mould, cured and peeled off the wafer. Alternatively, as 
described in Chapter 3 of this thesis, moulds can be prepared from plastics using 
micro-milling techniques. Replication is then performed by pouring or injecting 
uncured PDMS in this mould, and removal of the mould after curing. Permanent 
sealing of PDMS devices can be done in several ways. Exposure to oxygen plasma 
facilitates covalent bonding of planar PDMS structures to each other to make 3D 
microstructures (such as culture chambers for cells or tissue30) or of PDMS with 
planar glass surfaces, e.g. to allow imaging of cell cultures using a microscope.31

1.2.2 Micro-milling
One of the major drawbacks of PDMS is its absorption of hydrophobic 

compounds.32,33 However, many other (thermo)plastics can be used for 
microfluidic devices (the suitability of some of them is discussed in Chapter 2 and 
8 of this thesis). One of the techniques that can be employed to fabricate these 
devices is micro-milling.34 Using small milling-bits, microchannels and other 
features can be created in polymer wafers. Bonding of several layers can be done 
in various ways, for example using solvents or thermal fusion.35 In Chapter 3 of 
this thesis, a polycarbonate (PC) device is presented which is fabricated using 
micro-milling. 

Figure 2: Isotropic wet etching (not to scale). After deposition of chromium and positive 
photoresist layers on a glass wafer, the resist is exposed to UV light through a photomask. 
This transfers an image of the desired structures into the resist, and alters the resist 
chemically to make it solublev in developing solution. After the chromium directly under 
this photoresist is etched away, the wafer is (partly) exposed. The wafer is transferred 
to an etchant (usually a mixture of HF and HNO3), which etches the wafer at equal rates 
in all directions (isotropic etching). After the etching, the remaining photoresist and 
chrome are removed, leaving a wafer with etched structures.
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1.2.3 Isotropic wet-etching
Where soft lithography creates moulds that can be used for replica moulding, 

photolithography can also be employed to create channels in silicon or glass 
wafers if this is desired. Here, photoresist-coated wafers are again exposed to 
UV-light through a partially transparent photomask. However, now the desired 
channel structure is patterned into the resist layer by removing resist during 
development to expose the underlying glass. Various etching techniques exist, 
both dry (e.g. reactive-ion etching10) and wet, to etch down into the substrate 
surface in the exposed area. In Chapter 5 and 6, microchannels are created in 
glass using isotropic wet etching with a mixture of hydrofluoric acid and nitric 
acid. The exposed glass is exposed to the etchant, which etches isotropically (i.e. 
at equal rate in all directions). This results in channels with rounded side walls, 
and wider than they are deep (see Figure 2).

1.2.4 Fused deposition modeling 
A relatively novel fabrication method that is gaining more attention in the 

field of microfluidics is 3D printing using fused deposition modeling (FDM).36,37 
This additive manufacturing technique employs a heated nozzle to deposit 
molten polymer onto a surface. The movement of the nozzle can be controlled 
in such a way that new layers are deposited on top of the previous layers, over 
time resulting in a complete object. FDM can be performed with a wide variety of 
thermoplastics. In general, the technique is a great asset to any laboratory, as it 
allows the fast and facile creation of custom peripheral hardware for experimental 
setups (e.g., holders, clamps). Not all commercially available printers will be able 
to deliver the resolution (often <100 µm) necessary for the fabrication of high-
resolution, high-precision microfluidic devices. However, in Chapter 7 of this 
thesis, a digital microfluidics-based device is presented, largely fabricated using 
FDM. Chapter 8 of this thesis extensively discusses the potential use of FDM for 
the fabrication of microfluidic devices, and evaluates the applicability of a range 
of materials compatible with the technique.

1.3 Organ-on-a-chip
Biological and pharmaceutical research now stands to benefit greatly from the 

use of microfluidics. The great amount of control over fluids and their constituents, 
combined with the ability to create physical features on the microscale, allows 
researchers to carefully mimic the in vivo environment of cells and tissues. The 
field that uses microfluidics to create these systems is called “organ-on-a-chip”. 
A major driving force behind this field is the high attrition rate of novel drug 
candidates in late-stage development. All drug candidates are tested in vitro 
before they are tested in vivo (in humans and other animals). In vivo testing is 
relatively expensive compared to in vitro screening, and therefore an improved 
predictability of the efficacy, metabolism and toxicity of drug candidates at an 
early in vitro stage of testing is of great interest.22,25 Moreover, being able to replace 
in vivo tests with better, more predictive in vitro assays to reduce animal testing 
is a major motivation of new technology development for the pharmaceutical 
industry. Microfluidics and microfabrication allow researchers to develop highly 
in vivo-like in vitro systems based on tissue or cells. These systems can be 
exposed to (concentration gradients) of compounds, often with high throughput. 
The pharmacodynamics and pharmacokinetic results can then be observed, 
ideally on-chip using optical or electrochemical interrogation. In general, two 
approaches to organ-on-a-chip can be distinguished: 1) a “bottom-up” biological 
approach, which employs 3D cell (co-)cultures, and 2) a “top-down” approach, 
which is based on the incubation of organotypic tissue.20 In Chapter 2 and 3, a 
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range of these organ-on-a-chip devices published in the literature are reviewed. 
In Chapter 3 and 4, “bottom-up” and “top-down” liver-on-a-chip devices are 
presented. In the latter system, precision-cut liver slices are the biological model 
used, and they are incubated under flow.

Figure 3: Preparation of (rat) PCLS. After excision, cores are taken from the liver with a 
hollow drill bit (a). The cores are transferred to a mounting device (b-d). The mounting 
device is placed in a Krumdieck slicer, after which PCLS are cut. The slices end up in 
ice-cold preservation fluid (e,f). The slices are carefully transferred with a spatula (g) to 
avoid damage and incubated in 12-well plates (h) or microfluidic biochips. Reprinted by 
permission from Macmillan Publishers Ltd: Nature Protocols (ref. 38), copyright 2010.

1.3.1 Precision-cut liver slices
One of the major challenges for in vitro drug development is mimicking  liver 

function in vitro, since many xenobiotic compounds are metabolized by this organ. 
In fact, many compounds or their metabolites display hepatotoxicity.39 Often, 
cell lines and isolated hepatocytes are used to mimic the metabolic processes 
in the liver, yet in general these approaches do not come close to reproducing 
the complex configuration of the different cell types and extra-cellular matrix 
in the original organ.40–42 The use of precision-cut liver slices (PCLS) – either 
from human or animal organs – has become a well-established technique for in 
vitro pharmacokinetics and toxicology research (see Figure 3).39,43–47 Here, the 
original configuration of the tissue and its cell types are preserved.43 Incubation 
of PCLS is traditionally performed in shaken well plates using highly oxygenated 
medium, where viability can be ensured for several days.47,48 The incubation of 
PCLS in a microfluidic device was successfully established by van Midwoud et al. 
in our labs.30 A PDMS biochip allowed the flow of medium through small culture 
chambers containing a PCLS. The slices were thus “perifused” (as the medium 
flows around, rather than through, the slice), replenishing nutrients and oxygen 
at a constant rate, while removing waste products. The biochip was used to study 
the formation of metabolites, initially by collection of medium fractions at the 
outlet of the system, later by directly coupling the outlets of the system to a HPLC 
system.49 The system was also used for the study of interorgan interactions50, 
showing the flexibility that microfluidics brings to this type of research. In 
Chapter 3 of this thesis, an improved version of the PDMS biochip for tissue 
slices is presented. Chapter 4 presents a gas-impermeable polycarbonate biochip, 
which is used to incubate and monitor the oxygen consumption of PCLS with 
integrated sensors.

1.4 Sensors and their integration intro microfluidic devices
As alluded to above, miniaturization of experimental devices has a number 

of benefits. However, an ongoing and possibly major challenge that needs to be 
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overcome for microfluidics to fully realize its potential, is the transition of the 
“chip-in-a-lab” to a “lab-on-a-chip”. Although microfabrication of channels and 
structures on-chip is becoming more and more advanced, many microfluidic 
systems still require large peripheral instruments to manipulate fluids (e.g., 
pumping and sampling) or perform analyses (e.g., HPLC, microscopes). The 
development and use of integrated electrical or optical sensors in microfluidic 
devices is one way to contribute to the realization of holistic, truly miniaturized 
experimental systems. They limit the use of off-chip, multistep (bio)chemical 
analyses, by providing information (often in real-time) about the status of the 
system. This is especially important in biological systems, as it is helpful to not 
only monitor the status of incubated cells or tissue, but to improve the control 
researchers have over relevant incubation parameters, such as oxygen. In order 
to effectively make use of on-chip quantification, a rational evaluation of these 
relevant parameters should first be made. In devices for analytical purposes this is 
usually relatively straight-forward, whereas in biological systems this relies very 
much on the type of cell(s) or tissue that is being investigated. Furthermore, the 
choice of detection method is highly dependent on the application. In this thesis, 
two of these detection techniques are used for a variety of analytes: voltammetric 
electrochemical detection and luminescence-based optical detection. In 
voltammetry, quantitative information is gathered by controlling the potential 
between a working and reference electrode, and measuring the current generated 
by the oxidation or reduction of analytes at the working electrode.51,52 Although 
electrodes for electrochemical measurements are relatively easy to miniaturize 
using microfabrication techniques (even to the nanoscale, see Chapter 6 of this 
thesis), not all relevant parameters are electroactive. Furthermore, electrochemical 
detection methods are notoriously sensitive to (bio)fouling over time, which can 
increase the response time and interference at the electrode. However, non-
electroactive species can often be made detectable by employing an enzyme-
based conversion step (as is done in Chapter 8 of this thesis to electrochemically 
detect glucose in rat serum droplets), and the detrimental effects of (bio)fouling 
can be (partially) mitigated by coating permselective membranes over electrode 
surfaces.53 

One parameter that is of ubiquitous importance in almost all cell or tissue 
culture devices is oxygen.29,54 Although direct electrochemical detection of 
oxygen is possible,55 this method consumes oxygen as it is measured. This can 
be problematic, especially in microfluidic cell and tissue culturing devices, 
where high surface-area-to-volume ratios are the norm. In Chapter 4 of this 
thesis, a luminescence-based optical detection method for oxygen using fiber-
optics is employed. This method relies on the quenching effect oxygen has on 
a luminescent (fluorescent or phosphorescent) probe or dye; in the presence of 
oxygen, excited dye will, instead of emitting a photon, transmit energy to oxygen, 
resulting in lower luminesce.56 Luminescent dyes (for oxygen or other analytes) 
can be employed and interrogated in microfluidics in various ways (see Chapter 
2 of this thesis). However, both the instruments necessary to measure responses 
(e.g. fiber-based optics, microscopes) and the optical probes are relatively 
expensive, especially when they are dyes dissolved in medium flowing through 
a device for an extended amount of time. Careful evaluation of the advantages 
and disadvantages of different technologies is of paramount importance when 
designing a microfluidic device with integrated sensors. This thesis presents 
a number of these devices and their applications. The work therein also aims 
ultimately to aid researchers in making informed decisions to successfully 
develop new systems when leveraging microfabrication and sensing technologies 
to effectively engineer the in vivo niche, or create analytical labs-on-chips.
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1.5 Scope of the thesis
The aim of the thesis was to integrate sensing technologies in microfluidic 

devices for biological and analytical applications. Both the quantification of 
relevant parameters was pursued, as well as utilization of this quantitative 
information to increase control over experimental and incubation conditions. 
A secondary goal of the presented work was the improvement of the user-
friendliness of microfluidic systems. 

The benefits and importance of miniaturization research tools are presented 
in Chapter 1. It provides an introduction of microfluidics, microfabrication 
techniques  and the sensing technologies used in this thesis. The concept of 
organ-on-a-chip, microfluidics employed in the context of cell and tissue culture, 
is also discussed. 

Chapter 2 reviews the role and importance of oxygen in cell and tissue 
cultures, and how its concentration can be effectively controlled and monitored 
in microfluidic devices. The theoretical background of oxygen solubility and 
monitoring is extensively discussed, as are methods to control oxygen gradients 
on-chip, using different materials and supply methods. 

Many microfluidic devices for cell and tissue culture applications are complex 
to manufacture and difficult to operate. Chapter 3 presents a generic microfluidic 
perfusion system for incubation of both 3D HepG2 cell cultures and PCLS under 
flow. These are both well-established models used to mimic liver function in 
drug development. Cell cultures were cultured in gas-impermeable PC biochips, 
whereas gas-permeable PDMS biochips were used for PCLS. An easy-to-operate 
clamp allowed swift and leakage-free opening and closing of the biochips to insert 
cells or tissue, and medium perfusion of the system was performed using an 
integrated, peristaltic pump.

In Chapter 4 PCLS are incubated in the gas-impermeable PC biochip 
presented in Chapter 3. Optical fiber-based oxygen sensors were integrated in the 
device to measure oxygen consumption by the slices. The oxygen consumption 
measurements were correlated to the metabolic state of the slice, opening up 
potential development of on-line and on-chip monitoring without the need of 
multistep biochemical assays.

The second part of the thesis focuses on the use of nanosensing technologies 
in microfluidic devices for analytical purposes. Chapter 5 introduces the first 
reported use of suspended gold nanowires bisecting a microfluidic channel. Using 
the facile technique, nanoskiving, millimeter-long nanowires were fabricated and 
placed perpendicular to the flow in a glass-PDMS microchannel, in the center 
of the flow profile. Several different applications were demonstrated, such as 
the study of protein interactions with DNA molecules tethered to the nanowires 
under flow and the use of the nanowires as flow meters (hot-wire anemometry). 
Chapter 6 presents the first reported use of suspended gold nanowires as 
electrodes in a microchannel. Due to their position in the flow profile, suspended 
nanowires show marked signal amplification as compared to nanowires placed on 
the bottom of the channel. Not only is the use of nanoscale electrodes of interest 
to researchers looking to incorporate sensors inconspicuously in microfluidic 
systems, but the electrodes also exhibit responses at higher flow rates which 
could perhaps be employed for the study of fast-rate electron-transfer kinetics. 
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Chapter 7 presents a novel approach to DMF, where microliter-sized 
droplets are actuated over surfaces using gravity only. A largely 3D-printed, 
compartmentalized device was developed, onto which a commercially available 
superhydrophobic coating was applied. This facilitates sequential actuation of 
droplets of aqueous and/or biological fluids over surfaces with great precision 
and control, and without the high technical requirements usually associated with 
DMF. An electrochemical microsensor was integrated to detect glucose in rat 
serum droplets using a standard addition method. 

FDM 3D printing is an accessible form of additive manufacturing with great 
potential for applications in microfluidics. Chapter 8 focusses on the practical 
implementation of this technique in microfluidics-oriented labs. Strategies 
for the printing of a wide variety of suitable polymers are discussed, and a 
comprehensive overview of their compatibility with different solvents is provided. 
Their applicability for biological research is also evaluated by assessing their 
autofluoresence and incubating the different materials with human endothelial 
cells and rat PCLS. 

Chapter 9 provides a summary, general conclusions and future perspectives 
of the presented work in this thesis.
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