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1 INTRODUCTION

1 Introduction

December 2019. For the third time in history a Nobel Prize was awarded for a scientific discovery
in which oxygen (O2) plays a central role in a physiological process [1]. For centuries it is known
that oxygen is an essential parameter for life in mammals, but still, a lot of its functions has
remained secret. Although it is well established that most multicellular eukaryotes are aerobic,
which means that they need oxygen to obtain their energy efficiently [2], many prokaryotes have
developed anaerobic mechanisms to survive.

In the gut the two species live in symbiosis: the aerobic intestinal cells sustain the gut homeostasis
together with the anaerobic microbiota. An imbalance between the two is associated with a great
variety of pathological disorders, including Crohn’s disease, diabetes, colorectal cancer, hepatic
steatosis and rheumatoid arthritis [3],[4]. In the past years, investigation of treatment methods
(drugs, nutrition, e.g.) for these diseases and the understanding of physiological host-microbiota
interactions relied on suboptimal research techniques that did not represent the human’s gut effec-
tively. The animal studies that have been done were found unrepresentable for the results in human
[5] due to differences in physiology [6]. Additionally, they are costly, require a lot of work and time
and they are ethically issued [6], [7]. An alternative to the animal model, is the 2D in-vitro model
that can cost- and time-effectively predict a cell’s behavior against a certain additive. Although
this model can provide a solid solution for mono cell culturing studies it is not suitable as a model
that represents the systematic physiology of a complete organ in which many cell types interact
with each other to sustain its homeostasis [8].

The introduction of intestine-on-a-chip (IoaC) devices promises to overcome these deficiencies in
order to create a micro-organ that contains the organ’s architectural 3D structure and represents
its functionalities to the fullest [9]. The design of the device allows the implementation of multiple
cell lines and is based on microfluidic technology in which key parameters, such as concentration,
pH, dynamic mechanical stress and cell patterning [7], can be regulated and measured. Despite
the advancements aforementioned, there is still a need for development in controlling the culture
conditions [10]. Especially for IoaC devices in which controlling the oxygen gradient has appeared
to be an essential requirement in order to mimic a gut microenvironment in which the aerobic
intestine cells and anaerobic microbiota can live in symbiosis [11].

In order to control the oxygen gradient along the channel of the chip, detection of the oxygen
concentration is needed. Currently, various oxygen detection methods can be integrated in the
gut-on-a-chip. Conventional methods are optical detection and electrochemical detection [12].
Optical detection uses oxygen-sensitive probes from which the luminescence is related to the oxygen
concentration. This method is very sensitive, but lacks in selectivity [13]. Also, the use of probes
can be very toxic to living cells [2]. Electrochemical sensors are usually based on redox reactions
in which the electron generation is related to the oxygen concentration [12]. Characteristic for
electrochemical sensors is its high sensitivity. Depending on the kind of measurement, also a high
selectivity can be obtained. A repercussion of the detection method is the local depletion of oxygen
around the electrode [14]. Additionally, physical contact of the sensor and the chip’s used solution
is required [2].

This thesis elaborates on the current status and development of oxygen sensors for IoaC devices.
The physiology of the human intestine will be discussed in the second chapter. In the third chapter
the architecture of the IoaC device will be explained, consisting of its several components. The
fourth chapter provides a more detailed overview of the most frequently used sensor types for
oxygen detection in IoaC devices. The fifth chapter sketches the requirements an ideal oxygen
sensor for IoaC application must full fill, followed by two innovative proposed solutions in the sixth
chapter. Finally, those solutions will be evaluated and future perspectives on promising techniques
will be discussed.
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2 PHYSIOLOGY

2 Physiology

2.1 Physiological architecture and function

The gut, as being a part of the gastrointestinal (GI) tract, consists of several organs that are
specialized in digesting food and absorbing nutrients [15]. Among these organs is the small intestine
in which nutrients and water is absorbed. This important function can only be provided due to the
adapted anatomy of the small intestine (Figure 1) perpendicular organized muscle layers result in
peristaltic movement in any dimension, so that the intestine’s content is optimally kneaded. The
surface of the lumen is maximized by the folded structure of mucosal and submucosal tissue, the
circular folds, which has again a folded structure, called the villi [16]. The monocellular mucosal
epithelium of the villi mainly consist of tight junction bounded absorptive cells, the enterocytes,
that play an important role in the barrier function of the mucosal epithelium [17]. When those
cells absorb water and nutrients, it will directly be transported to the blood capillaries and lacteal
where it is abducted to the rest of the body. The lumen side of the villi is fully covered with
microvilli that form a brush border in which enzymes finish the digestion of carbohydrates and
proteins [15]. Microvilli are about 1-1.3 µm [18]. Another important function of the small intestine
is protecting the body from pathogens and contributing to the immune system [19]. As described,
the architecture and mechanisms of the human intestine tissues are specialized for its functions
to optimize both the absorbing of nutrients and the protection against pathogens. Evolution has
learned that a symbiosis with microbiota results in a even more efficient way of digesting, producing
energy and protecting the body against foreign bodies.

Figure 1: A graphic representation of the small intestine. (a) Perpendicular organized muscle layers
contribute to optimal peristalsis. The circular folds and villi maximize the absorption surface within
the lumen. (b) The anatomy of a single villus shows the epithelium that separates the in- and
external milieu. The epithelium mostly consist of enterocytes which have additionally microvilli
on the lumen side. The enlarged enterocyte is indicated by the red arrow. Figure from: [15]

2.2 Microbiota

With trillions of individual microbes, the human intestine is the most densely microbiota packed
area of the whole body [20]. Most of the microbes use anaerobic pathways for their metabolism,
which differs from the aerobic pathways used in the surrounding intestinal cells. Due to this
difference in metabolism, microbiota contribute to the digesting processes and play a major role
in the immune system. The symbiosis of the intestinal cells with microbiota have proven to be
beneficial for the natural homeostasis of the intestine [19]. Quantitative or qualitative changes
in their composition can result in a intestine dysbiosis which is associated with a broad range of
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2.3 Oxygen gradient 2 PHYSIOLOGY

diseases [21]. Additionally, microbiota are also considered to serve as a predictive parameter of
response to certain drugs [22]. More investigation on the human intestine-microbiota interaction
would therefore not only provide essential information on the derivation of several diseases, but
also on drug evaluation. Finally, since every person has a different composition, diversity and
function of the microbiota in their intestine, more insight into this topic could potentially lead to
personalized treatment methods [19].

2.3 Oxygen gradient

Off all human tissues, the intestinal tissue experiences the steepest oxygen gradient [23]. Since
most of the microbiota are anaerobic, a low oxygen concentration is required on the top of the villi.
Studies evaluated these strict anaerobic conditions holding a partial pressure of oxygen of only
<0.13 kPa [24]. Comparing this to the partial oxygen pressure of 7.1-9.5 kPa at the submucosa
[25], a significant increase is observed along the radial axis from lumen to submucosa. In Figure
2 the decrease in partial oxygen pressure is imaged. Figure 2B reflects the change in the slope
of the gradient during digestion, showing that this gradient is not a constant value. Despite the
different metabolism of the intestinal cells and microbiota, both have evolved several mechanisms
to maintain gut homeostasis independently from the local partial pressure of oxygen.

Figure 2: Two graphs reflecting the slope of the oxygen gradient in the intestinal tissue. On the
y-axis the partial pressure of oxygen is given and on the x-axis the specific location in the tissue is
given. A. Under normal conditions. B. In digesting modus. [23]
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3 INTESTINE-ON-A-CHIP

3 Intestine-on-a-chip

3.1 Functionalities

Like described earlier, many diseases are associated with the cross-talk between the microbiota
and human tissue in the human intestine. Despite of the number of pathological studies that have
been performed to map out these interactions, many of the exact mechanisms are still unknown,
mainly due to the use of methods that poorly represent the physiological architecture and function
of the human intestine. These methods include animal models, two dimensional in vitro models
and the recently introduced intestine-on-a-chip (IoaC) model. The IoaC model seems a promising
method since their major advantages include obtaining three dimensional structures and the ability
to control several parameters during the experiments.

(a) Realistic representation of the IoaC,
showing the channels and membrane. Fig-
ure from: [26]

(b) Schematic representation of the
Intestine-on-a-Chip model. The mem-
brane (yellow-black striped) separates
the intestinal epithelium in the up-
per compartment from the vascular en-
dothelium in the lower compartment.
Both side compartments provide a
peristalsis-like strain to mimic the me-
chanical function of the intestine. Fig-
ure from: [27]

Figure 3: Two representations of the Intestine-on-a-chip

IoaC’s are microfluidic devices which objective is to mimic the physiological processes of the human
intestine. Despite many IoaC devices have been evolved, some characteristics apply to the most
of them. The fabrication methods that are used highly rely on the materials that are selected.
The materials that are selected, are commonly easy-to-use and optical transparent to allow for
optical detection methods. Secondly, most materials are gas permeable to create diffusion pos-
sibilities for the metabolic gasses that exist due to the physiological processes of the embedded
cells. The general architecture of the devices are two hollow microchannels separated by a mem-
brane (figure 2a). The membrane allows the transport of compounds, e.g. immune cells, from the
bottom channel, representing the adjactent vessel, to the upper channel, representing the lumen
(figure 2b). Recently, the integration of a physical membrane has been questioned since it does
not mimic the in vivo like structure optimally [28], impeding progress in the understanding of un-
derlying mechanisms in the barrier function. This has resulted in a shift towards devices without
a separating membrane in order to represent the epithelial barrier [29]. To replicate the natural
peristaltic movement in the intestine, the design implemented two side compartments that apply
mechanical force. The model allows flow rate control and offers the possibility to experiment with
a wide range of cells, microbes and compounds that could be found in either the bloodstream or
lumen. Other parameters as pH, chemical gradients, mechanical forces can also be controlled and
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3.2 Fabrication 3 INTESTINE-ON-A-CHIP

measured using a IoaC model, making the model applicable for various studies on the intestine
and host-microbiota interactions. However, the IoaC model is still being developed and optimized.

Currently, a major drawback of the model is the short culturing time due to the limited diverse
oxygen regulation that is a prerequisite for the cocultures of intestinal cells with microbiota to sur-
vive [27]. As described earlier in Chapter 2, creating an environment in which oxygen homeostasis
can be maintained is a crucial requirement in a microfluidic chip mimicking the human intestine.
Providing the right conditions for the aerobe epithelial cells and the complex anaerobe microbiota
using a feedback system with an accurate oxygen sensor could serve as a solution.

3.2 Fabrication

IoaC’s are produced by micro fabrication involving many different techniques. Standardized proto-
cols can be found online [30]. Methods such as photolithography and soft lithography are generally
used to mold the components of the chip [31]. Photolithography uses optical radiation (UV light
exposure) to crosslink the photoresist, step c-d in Figure 4. Protecting a part of the photosen-
sitive material with a mask, results in a pattern after removing the non-crosslinked photoresist
[32]. Using the obtained master, soft lithography is performed to fabricate a polymeric unit with
integrated micro structures and sensors. (step e-f in Figure 4).

Figure 4: A photoresist is placed upon a silicon wafer. A masked with hollow structures is placed on
the photoresist. After exposure to UV light, a master is obtained for soft-lithographic applications.
Figure from: [33]

As described above, the common methods to fabricate a chip are based on various steps of litho-
graphic processes, which makes the process time-consuming. Currently, much potential is seen
in bioprinting methods. Micro-extrusion, inkjet printing, stereolithography and fused deposition
modeling are the bioprinting methods that could be very useful in microfluidic chip development
[34].

6



3.3 Materials 3 INTESTINE-ON-A-CHIP

3.3 Materials

Polydimethylsiloxane (PDMS) is undoubtedly the most frequently used material to create IoaC
systems. PDMS is a thermoplastic polymer that is appreciated for its ease of manufacturing and
its cell-friendly properties [28]. PDMS offers a bio-inert, non-toxic low adhesive surface, allowing
intercellular interaction. Its optical transparency allows the application of optical measurement
methods [35]. Despite the fact that PDMS is widely used for IoaC systems, the material has its
disadvantages. PDMS is a hydrophobic polymer, attracting lipophilic compounds to its surface.
When using optical detection measurements, the luminescent signal can be contaminated by these
compounds, resulting in incorrect results. Many studies have been performed on the surface modifi-
cation of the PDMS in order to reduce the hydrophobicity resulting in less nonspecific adsorption of
contaminating compounds. Segregation of smart polymers polyethylene glycol (PEG)-PDMS has
proven to reduce the hydrophobicity of the PDMS surface material resulting in less contamination
of other compounds [36]. Another disadvantage of PDMS, and specifically for IoaC application,
is that it is a gas-permeable material, allowing gas compounds and water vapor to escape from
the microchannels. Creating and monitoring the physical hypoxia in the channel can therefore
become very challenging. Other materials used in the fabrication of IoaC are glass, polymethyl
methacrylate (PMMA) and hydrogels.

3.4 Sensors

Several kind of sensors can be integrated in the chip in order to measure and regulate all kinds
of parameters within the microenvironment of the IoaC. Changes in oxygen, temperature, pH,
cytokines, nutrients and metabolites can provide valuable information about the mechanisms and
interaction of the embedded cells and microbiota. A lot of tissues have an important barrier
function to protect the body from pathogens and to transport selective compounds. Especially
in drug studies, the barrier function and integrity of an epithilial or endothilial layer can provide
cruxial information. Using transepithelial electric resistance (TEER) the barrier integrity and
tightness is quantified. It is a widely applied technique for non-invasive assessment of drug toxicity
and barrier permeability preditions [37]. Ideally a multi-integrated sensor will be created to limit
the total of unknowns, providing optimal monitoring possibilities.

3.5 Cells and microbiota

Generally, at least three types of cultures need to be included in the IoaC device: cells representing
the vascular layer, cells representing the intestinal layer and finally, the microbiota for the host-
microbiota interaction. Commonly used cells for modeling the vasculature are vascular endothelial
cells lines. These include the human umbilical vein endothelial cells (HUVECs) and the human
intestinal microvascular endothelial cells (HIMECs) [8]. For the intestinal cell layer the most fre-
quently used cell line is the human epithelial colorectal adenocarcinoma, referred to as Caco-2 [38].
Despite Caco-2 cells are widely embedded in IoaC devices, due to their simplicity, reproducibility,
comparable functionalities of intestinal epithelial cells and desired villi-like architecture, the cells
are unable to produce a significant mucosal layer [39]. As described earlier in Chapter 2, the
mucosal epithelium plays an important barrier function in vivo. A limited mucosal layer produced
by the Caco-2 cells can therefore not replicate the exact physiological microenvironment of the
intestinal epithelium, resulting in insufficient information on the barrier function.
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4 SENSOR TECHNOLOGIES

4 Sensor Technologies

Several papers indicate the demand for the monitoring of cell conditions, especially the control of
the oxygen gradient [40], [4], [8]. Besides the different methods that are used to detect oxygen,
it appears that real-time monitoring has a great interest, because of the direct monitoring and
controlling cellular processes. [40], [26], [41]. A lot of the IoaC’s nowadays use commercially
available sensors, that comprises of either optical or chemical techniques. Because IoaC uses liquid
flows through the channel, the oxygen that is detected is dissolved oxygen (DO).

4.1 Optical Sensors

In the past decade, optical sensors has gained a lot of interest. A frequently used method for
oxygen detection are the non-invasive sensor spots consisting of luminescent microprobes that
produce phosphorescent or fluorescent signals that are calibrated to a certain level of oxygen
saturation. The signals are detected by a camera and converted to the oxygen concentration [4].
The technique is characterized by non-invasive. Despite these advantages, optical measurement
comes with a couple of disadvantages. Often the technique is time-consuming, because it requires
manual sample collection, but more importantly, the results are easily manipulated [40]. Probes
can be influenced by surrounding elements and change their luminescence properties by binding
with interfering molecules [2]. Also the toxicity of the probe needs to be taken into account to
favor the viability of the embedded cells and present microbiota.

4.1.1 Fluorescence

Figure 5: Excitation of an electron from its ground state to higher energy levels. When the
compound returns to its ground state, the electron will be emitted as a photon. Short-life emis-
sion indicates the green arrow, is fluorescence. Long-life emission, indicates the yellow arrow, is
phosphorescence. Figure from: [42]

Luminescence-based probes for oxygen detection can be categorized in fluorescent and phospho-
rescent probes. The theory behind luminescence relies on the Stokes shift principle in which the
absorption of light with a specific wavelength causes emission of light with larger wavelength [14].
The Jablonski diagram in Figure 10 is used to sketch the different energy states of a single atom
and to support the understanding of this principle. If light strikes the probe, light of a specific
wavelength is absorbed, resulting in an electron that is exited from its ground state S0 to the
higher energy state, S1. From this state there are two pathways to return back to the stable
ground state. When the probe returns directly from S1 to S0, a photon of a larger wavelength
than the absorbed light will be emitted, since the electron has lost some energy due to vibrational
relaxation in the excited state. This process is called short-lived emission and the emitted photon
correlates to fluorescence. In the second process intersystem crossing causes the probe firstly to be
in an energy state that is more energetically favorable (T1) than S1. From here the probe slowly
relaxes to the ground state by emitting a photon of an even longer wavelength than in the first
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4.1 Optical Sensors 4 SENSOR TECHNOLOGIES

described pathway. This photon correlates to phosphorescence. The time it takes for a compound
to return from its excited state to its ground state is called the quenching time. Short-lived emis-
sion has a quenching time between 10−9 to 10−7 seconds, while long-term emission can take up to
10 seconds [42]. As mentioned earlier, IoaC devices focus on real-time measurement, so fluoresce
measurements are preferred, reflecting changes more rapidly. Also, due to their longer quenching
time, phosphorescent are more like to suffer from contamination by other compounds.

An oxygen sensitive luminophore transfers its excited state energy to neighbouring oxygen instead
of emitting this energy as a luminescence photon. Therefore the total luminescence intensity will
be decreased. The exact luminescence intensity can be linked to the total occurring transfers, so
the total of oxygen molecules the energy is transferred to. The following equation shows how the
partial pressure of oxygen is related to the luminescence intensity. The equation is known as the
Stern-Volmer equation [43]:

τ0
τ

=
I0
I

= 1 + kQτ0pO2, (1)

with pO2 as the partial pressure of oxygen, kQ the quenching rate constant, I0 and τ0 the lumi-
nescence intensity and the excited state lifetime in the absence of oxygen, respectively and I and
τ the luminescence intensity and the excited state lifetime at the partial pressure of interest.

In recent studies, the oxygen concentration is often measured using fluorescence emitting sensor
spots or optodes. The sensor spots are sprayed on the in- and outlets of the channels in the chip.
The HuMiX device, a device that consists 3 chambers, seperating the microbiato from the intestinal
tissue, uses integrated optodes to monitor the oxygen concentration in each chamber. In another
study from Shin et al. inert platinum dendrimer-encapsulated nanoparticles (Pt-DENs) catalyse
the oxidation of Amplex Red, which produces the highly fluorescent resorufin in the presence of
molecular oxygen. The fluorescent signal was analyzed with confocal microscopy in the XZ-plane
and calibrated to obtain a quantitatively measurement of the concentration of oxygen [44].
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4.2 Electrochemical Sensors 4 SENSOR TECHNOLOGIES

4.2 Electrochemical Sensors

Electrochemical sensors used for oxygen detection in bioassays are based on a sub-class of the
voltammetry technique, namely amperometric sensors [45]. Amperomeric sensors rely on the redox
reactions of electroactive species. During this redox reaction, an electrical current is generated and
measured, which can be related to the concentration of the species in the sample. Below the redox
reaction is given for acid and neutral solutions, because those are most often used in as electrolyte
in the sensor:

O2 + 2H2O + 4e− −→ 4OH− (2)

The basis of the amperometric sensor lies within the Clark-type sensor. This type incorporates a
noble metal electrodes [46],[47]. Often a platinum electrode as working electrode (cathode),which
potential is set around -800mV [48] and a silver/silverchloride reference electrode (anode).

For years the Clark-type sensors have been used as the oxygen sensors due to its reliability [14].
Despite the commercial version of these sensors are still widely used for several applications, it
doesn’t seem the optimal method for microdevices due to its bulky appearance. Also, as can be
seen in figure 6 the electrodes needs to be in physical contact with the solution for detection [2].
The redox reaction that is needed for detection of the oxygen concentration is causing oxygen
depletion along the cathode which can cause errors. The generated electrical signals also influence
the cultured cells in in vitro application, which can result in inaccurate data. Finally, the sensor
is sensible for biofouling which can impede oxygen from being reducted at the working electrode
and therefore decrease the sensor’s sensitivity. Bossink et al. applied surface modification of the
sensor to offer a solution to this biofouling. Using the polymer poly(hydroxyethyl methacrylate)
(pHEMA) they designed a biocompatible sensor that could be placed in direct contact with the
cells [46]. Wu et al. proposed on of the first miniaturized Clark-electrodes for microfluidic devices
[49].

Figure 6: Schematic representation of the Clark electrode. The electrodes need to be in contact
with the electrolyte for detection. Figure from: [47]

Inkjet-printing has introduced a new method of the printing of electrical sensors, which miniaturizes
the sensor’s appearance. It has the desired sensitivity that can be provided by the Clark-type
sensor, but is also applicable to microdevices and easily implementable in its production process[26].
Using biocompatible inks, it can be an interesting method for oxygen detection in IoaC’s [50]. In
Figure 7 shows the production process of inkjet-printed electrochemical sensors. The process
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4.3 Overview Sensor Technologies 4 SENSOR TECHNOLOGIES

Figure 7: Representation of the inkjet printing process. Figure from: [50]

uses a combination of conductive inks (mostly metals) and a dielectric material that protects
the conducted path and forms an area for the active sensing area. Inkjet-printed sensors can be
produced very thin (100-500 nm) and can be easily integratable in IoaC devices. Different from the
traditional Clark-electrode (Figure 6), the printed sensor consists of three electrodes: a working
electrode, reference electrode and a counterelectrode which closes the current circuit. Moya et al.
produced an inkjet-printed DO sensor for real-time measurement that only used a small amount of
oxygen. However, the method is still depletes oxygen, which is not favorable in cultures that need
to maintain an anoxic environment. Recently, a new Clark-type oxygen microsensor was proposed
for integration in organ on a chip devices. This sensor doesn’t consume analytes and therefore
conquers the disadvantage of oxygen depletion along the electrode [51].

4.3 Overview Sensor Technologies

Sensor Technology Compatible with IoaC Sensitivity Biocompatible Response time
Electrochemical

Miniaturized Clark-sensor [49] yes (18 x 26 mm) - Yes 6.8 seconds
Zero-consumption Clark-type [51],[52] Yes 121 nA*cm2∗1 Yes < 7 seconds

Inkjet-printed DO [50] Yes, easily integratable 28 nA*L*mg−1 Good 60 s
Optical

Optode [26],[53] Yes (5mm diameter) 0.03% Good <40 seconds
Fiber Optic [54],[55] Needle 0.007% Good <10 seconds

Pt-DENs + Amplex Red Yes (integrated in culture medium) - Yes <10 seconds

Table 1: In this table a small overview is given of the technologies that were mentioned in the
Chapter. The features will be used to set the requirements of an oxygen sensor for IoaC applica-
tions.

11



5 REQUIREMENTS OXYGEN SENSOR

5 Requirements oxygen sensor

In order to compose the ideal sensor for intestine-on-a-chip applications the most important re-
quirements can be derived from the knowledge described in Chapters 3 and 4. The architecture of
the chip must be taken into account. The purpose of the sensor is to measure the oxygen concen-
tration within the chip to determine and control the oxygen gradient. Like described in Chapter 2
different oxygen concentrations should be obtained for the human epithelial cells comparing to the
microbiota. This comprises the measurement of at least two different locations: at the layer of the
microbiota and at chip’s membrane. In Figure 8 the dimensions of the desired chip are visualized.
The following requirements are ranked from most important to less important.

1. Bio-compatibility
If the sensor uses/contains compounds that could be toxic to either the cells or the microbiota,
measures should be taken. Cell viability studies should be 95% at least.

2. Sensor placement in the IoaC
Deduced from the intestine’s physiology at least two sensors are needed for the oxygen gra-
dient control within the chip. The first sensor should be able to measure the oxygen con-
centration in the upper channel. The second sensor should be able to measure the oxygen
gradient of the bottom channel. However, this placement has proved to limit the control
oxygen gradient over the radial axis of the tissue, since intestinal crypts and local accumula-
tion of microbiota can manipulate the data obtained by only one sensor. Ideally, a sensor is
needed that can measure the oxygen concentration over the radial axis of the tissue. Multiple
sensors can be used over the total length of the channel.

3. Dimensions
As can be seen below, the surface area of the membrane that separates both microchannels
is 100 x 1 x 0.02 mm. To measure the concentration over the full length of the membrane,
this means that the sensor should be able to measure over the area 100 x 1 mm.

The height of a villi varies from 0.5-1.6 mm (including the microvilli layer of 1mum). Addition
of a microbiota of several layers of bacteria (50 mum), the upper channel’s vertical dimension
would be 2 mm. The second chip can therefore only measure up to 0.4 mm vertically.

Figure 8: For the design of the ideal oxygen sensor for IoaC applications, the model was sketched
representing the desired dimensions. On the left a top view of the chip is given and on the right
the vertical intersection of the microchannels is enlarged indicated by the yellow arrow. Also the
desired oxygen concentrations are stated at the specific location in the upper channel. The upper
and lower channel are separated by the porous membrane in blue. The placement of the sensors is
visualized in orange, the size of the sensor can vary.
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5 REQUIREMENTS OXYGEN SENSOR

4. Response time
The sensor must be able to perform real-time measurement in order to create a chip in which
the oxygen gradient can be continuously controlled. To limit the amount of data, time-
intervals of 10 minutes can be chosen for oxygen concentration measurement. This is in line
with earlier performed studies monitoring the oxygen concentration [26]. The response time
of the sensor must be 10 seconds.

5. Endurance of regular deformations
The sensor must endure the mechanical stress that mimics the peristaltic movement in the
chip. According to the human intestinal model presented by Kim et al. an in vivo like
mechanical microenvironment can be obtained by applying a cyclic stretching regimen of
10% in mean cell strain with a frequency of 0.15 Hz [3]. The maximum applied pressure for
characterizing the parameters was 45 kPa. The pressure applied in order to obtain the 10%
cell strain during the study was much lower, around the 18 kPa.

6. Sensitivity
The sensitivity of the sensor is of great importance in this application, since any small
change in oxygen concentration can lead to cell death or death of the microbiota. Since the
microbiota are living under strict anoxic conditions (<0.13 kPa O2), small changes need to
be detected. Therefore the ideal sensitivity of the sensor needs to be 0.01 kPa O2.

Nice to have:

1. Concurring current development, the proposed solution also needs to be able calibrate itself[10].
Especially in long-term measurement studies, biofouling, reduction of the electrodes conduc-
tivity or a probe’s fluorescence intensity can manipulate the data. Recalibration is therefore
needed. Time will be saved and data will be more trustworthy when the sensor doesn’t need
to be calibrated again.

2. The detection methods needs to be easily implementable in the fabrication of the chip.

3. Data for acquisition, visualization and storage.
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6 Proposed solutions

6.1 Oxygen sensitive microbeads integrated in hydrogel

With the introduction of 3D printable hydrogels for biomedical scaffold applications ECM con-
structs for the epithelial intestines layer could be fabricated [56]. As earlier described in Chapter
3, one of the disadvantages of the use of Caco-2 cells is that thy are incapable of creating the
intestinal mucosal layer [57]. A scaffold that mimics the architecture of the biological tissue can
support the Caco-2 cells in order to form a more stable and in vivo like structure. Creff et al. have
succeeded in fabricating a 3D hydrogel-based scaffold on which cells are printed. The results show
a 3D culture model that mimics the intestinal epithelium that supports the tissue for 3 weeks [58].
Although a scaffold can be fabricated in which intestinal cells can be embedded, there is also the
possibility to simultaneously print the cells, the hydrol and the microbeads [59]. Microbeads could
possibly serve as an alternative for the optical spots, as the fluorescent particles can be gradually
dispersed over the complete membrane area, providing spatial information about the oxygen con-
centration. This method can also pave a way to the artificial membrane-less IoaC model that is
investigated right now.

6.1.1 Oxygen sensing microbeads

Figure 9: The oxygen sensing microbead fabricated by Wang et al. Containing a silicon core and
PDMS shell. The oxygen sensing dye used was Ruthenium(II)Dichloride and the reference dye was
Nile blue chloride. Figure from: [60]

.

The microbeads that will be dispersed in to the hydrogel needs to be non-toxic and permeable to
oxygen for probe detection. Wang et al. have accomplished to fabricate optical oxygen sensing
microbeads for real-time monitoring of the oxygen concentration within cultivated Caco-2 cells
[60]. In figure 9 the design of an individual bead is visualized. The bead consists of a silicon
core, which causes the particle to be large, resulting in a large surface for oxygen detection by
the probes [61]. The fluorophore Ruthenium(II)Dichloride is found to have a high sensitivity for
oxygen, with a sufficient biocompatibility [62]. As described in Chapter 4 Ruthenium is one of
the most frequently used luminophores in optical oxygen detection methods, which has proved
its functionality and biocompatibility. Cytotoxic assays with the reference fluorophore Nile Blue
have provided high cell viabilities [63], allowing it to be a sufficient compound for applications
within living tissues. Nile Blue is insensitive to oxygen and is therefore not quenched during the
measurement. It provides a constant fluorescent signal during the measurement with a different
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wavelength (Ex/Em = 636/656 nm) than that of Ruthenium (Ex/Em = 470/610 nm), so their
response signals can be easily distinguished. The fluctuating fluorescence caused by Ruthenium
is reflected to the reference dye as a measure of change. The shell of the microbead consists of
PDMS which is, as already mentioned in Chapter 3 a biocompatible and gas-permeable material,
allowing oxygen to diffuse through the shell.

6.1.2 3D printed scaffold

Inkjet-printing needs fluidic ink, which makes it an ineligible method for printing the intestinal
scaffold [64]. The combination of microbeads, hydrogel and Caco-2 cells are expected to cause
a too high density of the printing material for this method. Kim et al. fabricated an intestinal
villus epithelium using the extrusion printing method with a cell-laden collagen bioink [59]. The
embedded cells obtained an initial cell-viability of ¿90% and were cultured for 30 days. Extrusion
is the most frequently used 3D printing technique and uses thermoplastic materials to print. In
order to print these materials, the nozzle contains a heating element that causes the thermoplastic
material to semi-melt [65]. This, initially static, scaffold with villi like structures (Figure 10) will
be printed along the total length of upper channel on top of the membrane as described in the
proposed dynamic model of Chapter 5.

Figure 10: The desired 3D printed scaffold for the IoaC. The scaffold will exist of hydrogel, oxygen
sensing microbeads and living Caco-2 cells. The model was earlier fabricated by Kim et al. using
a cell-laden collagen bioink. Figure from:[59].

6.1.3 Fabrication

In order to create a hydrogel that has integrated oxygen sensing microbeads, different procedures
must be performed. All protocols can be found in Chapter 9, the Appendix. In the first step,
the microbeads are fabricated. This fabrication process takes 2 days. After this process the
microbeads can be characterized by Dynamic Light Scattering for their seize distribution and by
Scanning Electron Microscopy to inspect their physical appearances. Before the microbeads can be
integrated within the hydrogel, the beads need to be added to cultured cells for a cytotoxicity assay.
After adding the microbeads to the embedded cell culture, it takes 2 days before the cytotoxicity of
the beads can be analyzed. When the microbeads show biocompatible results, the microbeads can
be integrated in the hydrogel. This process takes 4 days in total. Next,the hydrogel with integrated
microbeads can be printed in the upper channel and the standardized production process of the
chip (as decribed in Chapter 9) can be finalized.

6.1.4 Detection methods

First of all the sensing beads are calibrated, using a fluorescence intensity assay between the
DO concentration range of 0 - 18 kPa. A confocal microscope in the XZ-plane is used for the
spatiotemporal detection of the fluorescence. With the Stern-Volmer equition from Chapter 4, the
calibration curve can be used to obtain the queching constant:

15



6.1 Oxygen sensitive microbeads integrated in hydrogel 6 PROPOSED SOLUTIONS

I0 − I
I0(f1 − 1) + I

= kQpO2 (3)

In which I0 and I are respectively the intensities of IRuthenium divided by INileBlue at 0 kPa and
18 kPa. The linear regression is indicated by f1 and the quenching constant by kQ. This step is
also important to normalize the eventual difference in distribution of the microbeads within the
scaffold.

The penetration depth of confocal microscopy is limited by 100 µm. This means that for the de-
scribed in vivo like dimensions described in Chapter 5, it would be impossible to measure through-
out the length of a villi of 1.6 mm. This means that either the architecture has to be minimized
or the detection method needs to be chosen differently.

The resolution of bioprinting using extrusion is in the range of 50-500 µm [66], which means that
the villi like structure can be minimized. However, the diameter of a single Caco-2 cell is about
a 100 µm [67], so the architecture needs to be at least 1 mm in order to create a 3D dimensional
villi-like tissue.

Deeper penetration depths can be obtained by using low frequency light, Near Infrared (NIR).
The penetration depth of NIR is in the range of 700-900 µm [68], which would make it possible to
detect the fluorescence in a miniaturized villi model.
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6.2 Using evolutionary evolved oxygen sensors

One of the main drawbacks of the use of probes for optical oxygen detection is the selectivity.
In healthy human cells this oxygen detection must be selective. Zooming in on the physiological
processes in the human body that are responsible for the maintenance of the oxygen homeostasis,
two groups of enzymes seem to play a major role: Prolyl hydroxylases (PHDs) and NADH oxidases
[69] [70]. Both groups have different interactions with oxygen as PHDs require molecular oxygen
for their activation, while NADH oxidases reduce oxygen reactive species (ROS). For the design
of the oxygen sensor is chosen to elaborate on the PHDs, since the interactions of PHDs can be
directly linked to molecular oxygen consumption.

6.2.1 Prolyl Hydroxylase

In the human body, there exist three prolyl hydroxylases (PHD1, PHD2 and PHD3). PHDs are
known for their role in the hypoxia regulating pathway [71]. In normoxic conditions they target
the oxygen-sensitive terminus of the hypoxia-inducible factor (HIF) subunit α to hydroxylate and
thereby diffuse the HIF protein. Of all three, PHD2 is the critical oxygen sensor setting the low
steady-state levels of HIF-α in normoxia [72]. HIF is a basic helix-loop-helix transcription factor
with subunits α, which is oxygen-sensitive, or β, that regulates the oxygen homeostasis in almost
all cell types [24]. In figure 11 the HIF pathway is schematically visualized in normoxia and
hypoxia environments. In normoxia HIF-α is degraded by the Von Hippel-Lindau (VHL) protein
after its hydroxylation due to PHDs. In hypoxia the oxygen concentration is too low for PHDs
to hydroxylate the HIF-α, which allows the protein to translocate to the nucleus where it forms a
complex with HIF-β and p300 in order to transcript the HIF target genes for hypoxia response.

Figure 11: Schematical representation of the HIF pathway. Figure from: [24]
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6.2.2 Methods

The suggested method for detecting the real-time oxygen concentration is by using fluorescent
labeling of the active enzyme prolyl hydroxylase. In the past years several techniques have been
evolved to target and monitor specific proteins in various cellular processes [73]. Ning et al. [74]
presented a strategy in which they developed an two-photon fluorescent probe for the oxidative
target enzyme CYP3A4. Their strategy showed a high selectivity and specificity and could be
used for real-time measurement. Two-photon microscopy has a limited background signal and can
reach a penetration depth of 600-800 µm, using NIR. Therefore it is superior to the traditional
fluorescence microscopy techniques [75]. Probing PHDs using dealkylation, comparable to the
targeting strategy as performed by Ning et al. and implementing them in the fluid flow of the
upper and lower channels of the chip, provides a distribution within the chip of the enzyme.

However, it should be noted that this approach will not result in quantitative data on oxygen
concentrations, it would only provide information of normoxic cell conditions vs. hypoxic cell
conditions.
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7 Discussion

Over the past decades, a broad spectrum of organ on a chip devices have been developed. Still,
there is a lot ongoing research to different components of the chips, like chip material, embedding
cell cultures and sensory systems. It must be noted that the current materials used in the fabri-
cation of the IoaC seem inadequate to mimic the intestine tissue and its functionalities regarding
host-microbiota interaction. 3D printing techniques seem promising techniques for exact tissue
replication.
von Martel et al. questioned GoaC for being eligible for maintaining anaerobic conditions in the
small diameter of the channels [76].

For IoaC devices a major challenge is to include microbiota and sustain and regulate the oxygen
gradient over the radial axis of the intestinal tissue. Frequently used detection methods, including
optical and electrochemical sensing have been insufficient in their application to regulate oxygen
gradient control in the IoaC.

While no experiments have been performed, the oxygen sensing microbeads integrated in a hydro-
gel for 3D printing and the Prolyl Hydroxylase probes, can be evaluated using existing papers on
comparable applications.

Biocompatibilty
The biocompatibility of the microbeads is tested before integration in the hydrogel. Silicon and
PDMS are well studied on their biocompatiblity, especially for the application in microfluidic
devices [77]. The use of the fluorophores Ruthenium(II)Dichloride and Nile blue chloride are also
found biocompatible by various studies, like described earlier. The visualized 3D model that was
fabricated by Kim et al., showed a cell viability of <90 % [59]. Implementing the model in a
dynamic IoaC that has an improved in vivo like environment, may result in a higher cell viability.

The biocompatibility of the PHDs is expected to be high. PHDs are enzymes that are produced
by the cells. The probes have proven a good cell viability in the study of Ning et al.

Sensor placement in the IoaC
The oxygen sensing microbeads are located in the microstructures of the intestinal cell scaffold.
This allows spatial oxygen sensing over the total intestinal surface. However, the rate of dispersion
of the microbeads over the ECM can deviate, due to the fabrication process of the hydrogel
(insufficient mixing) or the printing nozzle. Calibration of the model will offer a solution to this.
What could be a problem is the penetration depth of the used detection method. The choice to
use NIR does increase the penetration depth, but it won’t be sufficient enough to measure over the
in vivo like structure of 1.6 mm. Therefore the intestinal tissue model needs to be miniaturized.

The PHDs are freely distributed over the surface of the chip. It does provide information about
hypoxic vs. normoxic conditions, but no more.

Dimensions
Using extrusion bioprinting, structures in a range from 50-500 µm can be fabricated. This is
needed, since the model needs to shrink in order to make it applicable for fluorescence assay. The
maximum dimensions of the villi can be 800 µm. Although the Caco-2 cells can not be adjusted
in diameter, the villi would still contain up to 8 cells in height.

The PHDs can flow in the constant fluidic flow of the IoaC, so the dimensions are equal to the
chip used.

Response time
The microbeads have been used in the study of Wang et. al for real-time measurement of the
oxygen level [78]. Using NIR, the response time can take up to 60 seconds. This time is longer
than the required time of 10 seconds. The same applies to the use of the PHDs.

Endurance of regular deformations
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About the endurance of regular deformations due to the applied mechanical stress on the hydrogel
structure can only be speculated. Hydrogels are characterized as flexible structures [79]. PHDs are
expected to endure the deformations. Probably the deformations let them be able to distribute
themselfs easier over the surface.

Sensitivity The sensitivity of the microbeads in impeded by the shell and the integration in the
hydrogel. Despite the high sensitivity of the Ruthenium(II)Dichloride for oxygen, the sensitivity
of the construction would be not that high. The sensitivity of the probe in the Ning et al. study
was high. However it can not be concluded if the same applies to this application.

Mircobeads PHD probe
Biocompatibility Good Good
Sensor Placement Integrated in the tissue Integrated in the tissue

Dimensions Insufficient Good
Response time 60 seconds 60 seconds

Endurance deformations Good Good
Sensitivity Insufficient Good

Table 2: This table provides an fast overview of the potential of the proposed solutions meeting
the requirements set in Chapter 5

Additionally to the main requirements, there are some queries that are very important to mention.
Regarding to the nice-to-have features, the sensor system wouldn’t be able to calibrate itself, since
the microbeads need to be fabricated every time again. Every time the fluorescence intensity of
the microbeads can be different, resulting in a standard calibration of the chip before measuring.
Looking at the integration of the sensor system, the system is easy integratable when using a
bioprinter that can integrate several materials.

Finally, despite meeting the main requirements, there are a lot of additional disadvantages of
the sensor system that need to be mentioned. Regarding to the detection method, fluorescence,
it could be possible that background signals are generated by surrounding proteins, leading to
an overestimation of the oxygen concentration [80]. NIR can overcome this disadvantage. The
fabrication of the sensor system is very time-consuming and labor-intensive. It also requires a lot
of equipment and is expected to be very expensive. The sensor can not be used for off-the-shelf
production, which makes it not able to commercialize.

It is not known if the functionality of the PHDs is changed during the probe treatment, which can
cause the enzym to dysfunction. Further investigation needs to be done.
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8 Conclusion

The integration of optical sensing microbeads in a printable hydrogel has already been performed.
However, the concept of printing a scaffold for the intestinal tissue in which these optical sensing
microbeads were integrated, is to our knowledge a new application. Important for reliable results
is an equally dispersion rate over in the scaffold. Connecting multiple detection sites over the
radial axis of the intestinal layer and providing real-time information on the exact oxygen concen-
tration,the oxygen gradient can be locally obtained. However, the technology is not found to be
the ideal sensor for oxygen detection in IoaC application.

The PHDs are not found to fit the requirements of quantitatively measurement of the oxygen level,
which makes them insufficient for the use a oxygen sensor in IoaC devices.

The most promising technique is the zero-consuption Clark electrode, providing a high selectivity
for DO and it can be easily integrated within the IoaC.
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9 APPENDIX

9 Appendix

9.1 Protocol microbead integrated hydrogel production

This protocol includes the total fabricating process for the production of a microbead integrated
hydrogel. This protocol is based on the fabricating processes described in [81].

9.1.1 Fabrication of the microbeads

Day 1

1. Stir a suspension of 2 g of silica gel (Davisil 710, 9.5–11 µm-diameter) and 40 mL of 0.01 N
NaOH for 30 min.

2. Add simultaneously 10 mL of a 0.5 mm solution (in ethanol) of the oxygen-sensitive ruthe-
nium (II) dichloride and 10 mL of a 0.5 mm solution (also in ethanol) of the oxygen-insensitive
Nile blue chloride.

3. Stir the mixture for another 30 min.

4. Centrifuge the solution for 20 min at 1900g to remove the supernatant.

5. Wash the remaining particles and centrifuged three times in 30 mL of deionized water and
once in 30 mL of ethanol. After removal of the supernatant, dry the particles at 70 °C
overnight.

Day 2

1. Vortex a solution of 0.2 g of the dry luminophore-bound silica gel particles, 700 µL of hexane,
1 g of PDMS pre-polymer, and 0.1 g of curing agent for 1 min.

2. Heat a 2 w/v% solution of sodium dodecyl sulfate (SDS) in water (300 mL) in a hot-plate
to 70 °C and magnetically stir the solution at 1200 rpm using a 3.81cm stir bar.

3. Pour the silica gel/PDMS solution into the SDS solution and heat and stir the resulting
oil-in-water emulsion for 7–8 h.

4. Strain the emulsion twice; first through a 0.5-mm sieve and then through a 25-µm sieve.

5. Wash the particles collected by the 25-µm sieve and centrifuge three times in 30 mL of a 0.2
w/v % bovine serum albumin (BSA) in phosphate-buffered saline (PBS) solution with 0.1%
methyl-4-hydroxybenzoate for 20 min at 1900 g.

6. After the final washing step, re-suspend the particles to a density of 50 particles/µL in 0.2%
BSA in PBS and store in the dark at 4 °C.

9.1.2 Fabrication of the microbead integrated hydrogel

Day 1

Dry 10 g of PEG of adsorbed water using azeotropic distillation in toluene (4 mL/g PEG), con-
centrated, and then dried overnight under vacuum.

Day 2

1. Add dry pyridine (3 mL/g PEG) under an argon purge to dissolve the PEG.

2. Cool the solution to 0 °C in an ice bath.

3. Add methacrylic anhydride (4 molar excess to the moles of PEG) slowly with a syringe to
the PEG/pyridine solution still in the ice bath.

4. Mix the new solution in an ice bath for 10 min and then allow to react for 48 h in the dark
at room temperature.

Day 3
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1. Work in minimal light and dilute the reaction 10–15× with dichloromethane and wash twice
with 1 m HCl to neutralize the reaction byproducts.

2. Dry the dichloromethane/PEG-DM solution was dried with sodium sulfate, filter and concen-
trate to 50 mL, precipitate in ice-cold diethyl ether, filter, and dry overnight under vacuum
in the dark at room temperature. Store the PEG-DM product with desiccant at 20 °C.
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