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The original goal of the field of µ-TAS and microfluidics was to create “sample-
in, answer-out” devices for chemical analysis, leveraging microfabrication 
techniques to perform multiple sample-handling steps on a device with a small 
footprint. More scientific disciplines have come to recognize the advantages 
of miniaturized experimental systems over the years, especially researchers 
involved in the development of in vitro biological systems.1,2  However, as the 
complexity of the systems and their applications increases, partially fueled by 
the advancement of microfabrication techniques, the desired “lab-on-a-chip” is 
often more a “chip-in-a-lab”. Usually, peripheral instrumentation is necessary to 
perform liquid handling through microchannels (pumping, sampling) or quantify 
relevant parameters off-chip (biochemical assays, microscopy). The research in 
this thesis focused on the integration of sensing technology for the performance 
of real-time, on-chip measurements, and on the overall improvement of the user-
friendliness of microfluidic devices for biological and analytical applications. 

9.1 Sensor integration in organ-on-a-chip devices
Although the number of compounds under investigation in the pharmaceutical 

industry is ever increasing, the average number of novel drugs that is allowed 
each year on the market has been declining since the 1990s. Many compounds 
that reach phase I of clinical trials (testing on human subjects) still fail at this 
late stage of development, with the likelihood of eventual approval being only 
around 10%.3,4 Clinical testing is more expensive than initial in vitro screening of 
drug candidates. Obtaining strong predictions of the in vivo pharmacodynamics, 
pharmacokinetics and toxicology of novel compounds is therefore of great 
interest. Developing in vitro systems that allow researchers to do this is one of 
the aims of the organ-on-a-chip field. Here, microfabrication techniques and 
microfluidic perfusion are used to create highly in vivo-like environments for 
tissue and cell (co-)cultures to mimic drug responses and (patho)physiological 
phenomena, or are used for regenerative medicine and tissue engineering 
research.1,2,5–8 However, many of these devices still rely on the external, off-chip 
analysis of samples, for example in collected fractions of medium from incubated 
cell or tissue cultures. Integration of sensors is a step in the direction of real-
time monitoring of the status of the cultures under study, ultimately allowing 
a larger degree of control over the incubation experiments. One parameter that 
is of paramount importance in all cell and tissue cultures is oxygen. Not only 
is it essential for various metabolic processes in cells (95% of ATP, the main 
transporter of chemical energy, is formed through mitochondrial oxidative 
phosphorylation, for which oxygen is the primary electron acceptor9), it also plays 
an important role in regulatory processes in both cells and tissue.10,11 This makes 
control and monitoring of oxygen (gradients) very important in organ-on-a-chip 
devices. Various ways to realize this through the use of rational system design 
and integrated sensing technology were reviewed in Chapter 2 of this thesis. In 
this review, some examples of monitoring oxygen consumption of cell cultures 
in organ-on-chip devices were discussed. In one of the examples, Eklund et al. 
related the metabolic state of cell cultures to changes in their oxygen consumption 
rate, allowing real-time measurements without the use of multistep biochemical 
assays.12 In Chapter 4, a similar approach was taken, and a system was designed 
that allowed monitoring of the oxygen consumption by precision-cut liver slices 
(PCLS), perifused in a microfluidic culturing device. PCLS are a well-established 
model for the study of metabolism and toxicology of pharmaceutical compounds. 
Though traditionally incubated in well plates, van Midwoud et al. successfully 
established the microfluidic incubation of slices under flow.13 This device, 
made of the gas-permeable elastomer poly(dimethylsiloxane) (PDMS), did not 
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feature integrated sensors. In the research presented here, a gas-impermeable, 
polycarbonate (PC) device was developed and used for the perifusion of rat PCLS. 
Viability of the slices in the system was confirmed for incubation up to 24 hours. 
Optical, fiber-based oxygen sensors were integrated in this PC device. Using the 
system, oxygen consumption measurements were performed and used to detect 
changes in the metabolic state of the slices. In the future, it would be interesting 
to look at the effect of pharmaceutical compounds on the oxygen consumption 
rate of PCLS. This can serve as a real-time assessment of the metabolic state of 
the slice, and possibly hepatotoxicity. The slicing technology used to prepare 
PCLS is broadly applicable. Many other organ types can thus be used for slice 
preparation, as well as human material, healthy or diseased. The developed 
system could potentially be used to study pathophysiological processes where 
oxygen consumption measurements are of interest, e.g. diabetes in kidney tissue14 
or cystic fibrosis in lung tissue.15 Furthermore, the data gathered using this and 
similar systems can be used for further tailoring of in vitro cell and tissue culture 
systems.

9.2 Nanosensor integration in a microfluidic device for (chemical) 
analysis

As alluded to throughout this thesis, the use of microfluidics has many benefits. 
However, integration of sensors in small volumes can be quite cumbersome, as 
the detectors will need to be miniaturized as well. For the work described in 
Chapter 5 and Chapter 6, nanoskiving was used to create millimeter-long 
gold nanowires. Nanoskiving allows facile production of nanostructures that 
can be manipulated and placed with great ease. Gold nanowires were placed 
over glass/PDMS microchannels, perpendicular to the flow and in the center 
of the flow channel. This allowed measurement of flow (hot-wire anemometry) 
and the study of protein-DNA interaction, by tethering DNA molecules to the 
wires in the channel. In Chapter 6, the first use of suspended nanowires as 
electrochemical sensors in a microchannel was described. Due to the positioning 
in the flow profile, very efficient mass-transfer of analyte towards the electrode 
surface occurs. Combined with the small scale of the electrode, which does 
not influence the flow profile, this opens up many possibilities for sensing 
applications in microfluidic devices. Cyclic voltammograms of ferrocene were 
obtained at various flow rates. In the future it would be interesting to assess 
the compatibility of the relatively fragile wires with biological systems. Due to 
the size of the wires, they can potentially be used for localized, highly sensitive 
measurements in cell cultures; e.g., neurotransmitters, oxygen or other analytes 
of interest.16–18 Another useful potential application for the presented suspended 
nanowire device lies in the study of fast electron-transfer kinetics. In contrast 
to nanowires deposited on microchannel surfaces, suspended nanowire yielded 
voltammograms in which the sigmoidal curve shape progressively distorted as the 
flowrates of the electroactive solution increased. Moreover, at higher flow rates 
the onset of the limiting current shifted to higher potentials. This phenomenon is 
traditionally exploited for Koutecky-Levich studies with rotating disk electrodes, 
in which kinetic parameters or diffusion coefficients can be assessed.19,20 Using 
the nanowire-based device, this type of analyses would become much easier to 
perform, potentially even in-line with separation or synthesis systems. Moreover, 
even analytes exhibiting fast kinetics (such as ferrocene) exhibit this behavior, 
indicating a broad applicability. The use of the microfluidic device with suspended 
nanowires for this and other applications will be further explored in future work. 
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9.3 Increasing the user-friendliness of microfluidic systems
One recurring problem associated with microfluidic in vitro systems is their 

lack of user-friendliness. Very complex systems are designed, engineered and 
used for a specific cell or tissue culture; the biological model dictates the design, 
and generic systems are rare.21 In Chapter 3 a generic perfusion system for the 
culture of tissues and cells is demonstrated. A clamp allowed facile operation 
when inserting or removing cultures. Two different biochip systems are used 
in conjunction with the clamp: a gas-permeable, PDMS biochip and a gas-
impermeable, PC biochip. Both biochips consisted of two halves, with each halve 
being fixed in a jaw of the clamp. The system also accommodated a peristaltic 
pump, medium reservoirs and waste/sample containers on a 3D-printed 
platform. The system was used to incubate PCLS and hydrogel-embedded 3D 
HepG2 cell cultures under flow. PCLS were incubated in the gas-permeable, 
PDMS biochips (which allowed for efficient equilibration of the medium with 
high oxygen concentrations) and HepG2 cultures in the PC biochip. Both cells 
and tissue were found to be viable up to at least 70 and 24 hours, respectively. 
However, the main advantage of this system lies in their manufacturing and 
operation during experiments. The PDMS biochip was created by casting the pre-
polymer mixture in hollow, micro-milled, PC moulds. The fabrication of previous 
PDMS devices used for PCLS incubation involved soft lithography, and consisted 
of multiple layers that had to be aligned and bonded by hand. Moreover, the use of 
the clamp allowed swift opening and closing of the system, resulting in a shorter 
exposure of PCLS or cells to (harmful) ambient conditions. The PC biochip used 
for HepG2 incubation, which was fabricated mainly using micro-milling, was 
later used in Chapter 4 for the incubation of PCLS and oxygen consumption 
measurements with integrated sensors, further showing the generic nature of 
the system. Future experiments with different tissue types or cell (co-)cultures 
would be very interesting. Although the two presented biochips allow versatile 
applications involving both tissue and cells, the designs could be easily adapted 
to allow sensor integration or specific mechanical microfeatures. 

Some parts of the system presented in Chapter 3 were made using fused 
deposition modeling (FDM) 3D printing. While 3D printing is a great asset to 
any lab, opening up the possibility of making custom peripheral equipment 
for experimental set-ups (like the system in Chapter 3), its use in the actual 
fabrication of microfluidic devices themselves is still in its infancy.22 In Chapter 
7, we present a compartmentalized device consisting of a glass slide, around 
which a poly(lactic acid) (PLA) structure is fabricated using FDM. By applying a 
superhydrophobic coating, microliter-sized droplets could be sequentially actuated 
over the surface using mere gravity. With remarkable precision, a sequence of 
droplets could be moved towards an integrated electrochemical microsensor, 
which was ultimately used to measure the glucose content of rat serum droplets. 
The use of digital microfluidics (DMF) is mostly limited to specialized labs, due 
to the high technical requirements for fabrication and operation of these devices. 
Using the presented device, DMF becomes more accessible. Customizing of the 
design or integration of different sensing technologies is facile, due to the 3D 
printing techniques involved. DMF has great potential for the development of 
diagnostic tools23, which could now also become more applicable in resource-
limited settings.24 Future experiments will focus on the use of this and similar 
gravity actuation-based DMF devices for other analytes, using various sensor 
methodologies. Interfacing between continuous flow-based instruments (e.g. 
a sampling method or analysis instrument) and the discrete volumes on DMF 
devices will also be investigated. 

Although heavily relied on in the chapters alluding to it, Chapter 8 clearly 
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demonstrates the power of FDM 3D printing in a microfluidics lab. Strategies 
for additive manufacturing of microfluidic devices are discussed, and a 
comprehensive overview of the autofluorescence, biocompatibility and solvent 
compatibility of common materials used for FDM is provided. This chapter aims 
to serve as a guide for researchers with an interest in microfluidics, looking for 
facile fabrication techniques with a high degree of customizability. In our labs, 3D 
printing has become an integral and inseparable part of the design, engineering 
and operation of microfluidic devices, and we, and others22, expect that this will 
be a persisting trend.

9.4 Towards true labs- and organs-on-a-chip
The presented research in this thesis covers many different facets of the 

microfluidics research field. Yet, in all cases, the systems are designed with a holistic 
approach in mind. Sensors were integrated for on-chip quantification, generic 
systems were designed for increased user-friendliness and applicability, and 
facile technologies were employed for increased accessibility and customizability. 
Through these combined efforts, the control over perfusion-based in vitro 
systems aimed at drug development or tissue engineering can be improved, and 
new total analysis systems can be realized. Although the benefits of microfluidics 
are being recognized and embraced by scientists in an increasing number of 
research fields, universal acceptance still depends on the overall accessibility of 
microfabrication techniques necessary to design and make the devices, as well 
as a true transition from the “chip-in-the-lab” to the “lab-on-a-chip”. Through 
the integration of sensors and miniaturized peripheral instruments necessary for 
experiments, this transition will become reality and microfluidics will ultimately 
fulfill its potential.25
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