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1 Introduction
1.1 Motivation
Oxygen is not only one of the most abundant elements surrounding us, it is also
essential for most life forms on earth. When we breath in air, oxygen is taken up
into our bloodstream and from there distributed down to the cellular level. Then
the oxygen is used to produce energy for the basic processes of each individual cell.
This prominence leaves no doubt about the significance of the ability to measure
the quantity of oxygen in a wide range of aspects and applications. In ecological
systems, the oxygen content of marine or freshwater is a measure of water quality
and has a significant impact on ecological populations and communities [1, 2]. In
chemical processing of pharmaceutical and biotechnology industries oxygen probes
can be an inportant part of the process control [3]. Oxygen in grocery packages
promotes microorganism growth and thus spoilage [4]. Hence, the measurement of
oxygen in food packages allows the evaluation of the packages performance regarding
food preservation. Likewise, in brewing and beverage industry, oxygen influences
the outcome and therefore is strictly monitored and regulated [3].
In cell biology, especially applications in cell culture have emerged as a field, where
oxygen measurement plays a very important part. Cell culture experiments are used
for research on living cells, extracted from their usual environment and cultivated
for studies under controlled conditions on individual cell types. Knowing oxygen
concentrations makes for better understanding of cellular metabolism or the cellular
differentiation process. It has been shown that insufficient oxygen (hypoxia) has
severe influence on the behavior and viability of cells [5]. Hypoxic conditions occur
in cancer and are linked with resistance to radio- and conventional chemotheraphy,
as well as metastasis and the thereby resulting reduction of patient survival [6].
The reduced success of treatment is believed to be due to a decreased amount of
oxygen-free radicals [7]. These aspects provide incentive to integrate oxygen control
and measurement to cell culture as a fundamental standard and to hypoxic cancer
experiments in particular.
Current cancer drugs are typically tested on two dimensional (2D) cell cultures.
However, recent research has shown, that current cancer drugs show less effect on
three dimensional (3D) cell cultures [8]. This evokes the desire to improve the
current 2D to a 3D cancer model for more realistic simulation of in vivo conditions
and better comparability to in vivo observed cell reactions on drug treatment. The

5

Chapter 1

Introduction

cultivation of 3D cancer models, called microtumors or cancer spheroids has already
been demonstrated in alginated beads wihtin a microfluidic environment [9].
The development of a (cancer) drug is a long process and includes extensive testing on cells and animals. These tests are often performed on cell culture in petri
dishes and flasks, which is time consuming and cumbersome. Microfluidic technology is known for precise handling and exhibits high potential for automation. The
combination of the earlier mentioned 3D cancer models in alginated beads with
microfluidics is in an early stage but could prove as a promising high-throughputsystem for drug screening. Furthermore, the addition of control and measurement
of oxygen could help to make progress on hypoxic cancer treatment by the development of drugs specficically targeting tumor hypoxia, such as hypoxia-activated
drugs [10].
Dip-in probes, as they are still commonly used in cell cultures for the measurement
of oxygen, will not be practical on the scale of alginated beads (250 μm in diameter)
in a microflidic device. Other formats of optical oxygen sensors, such as thin films,
are not suitable either, since they rely on the diffusion of oxygen through the film,
which would not necessarly be in direct contact with the beads. For measuring
oxygen in 3D cancer model compartments, new methods have to be developed. One
approach could be the usage of a water dissolvable oxygen sensing fluorescent probe.
The fluorescent probe would be introduced into the compartments where it would
interact with oxygen and its fluorescence signal could be correlated to the oxygen
concentration of the whole sample. Research in this area is described in [11], where
oxygen concentrations were measured in water droplets used for sickling of red blood
cells.
By introducing dissolved fluorescent oxygen probes into cell culture compartments
the cellular respiration, 3D growth, differentiation and response to drug treatment
could be observed simultaneously, while correlated with the compartments individual
oxygen concentration. Such comprehensive observations of 3D cancer models could
prove itself as promising platform for future drug screening.

6
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1.2 Objectives
The goal of this thesis is the control and measurement of oxygen in nanoliter sized
water droplets within a microfluidic chip using a dissolvable oxygen sensing fluorescent probe. This entails the design and fabrication of a microfluidic chip and the
characterization of the oxygen measurement. Furthermore, the applicability of this
oxygen measurement method to droplet encapsulated cell culture shall be assessed
based on the gathered findings.
To reach the goal of this thesis, the following objectives were formulated:
• State of the art review of oxygen measurement in microfluidic devices with
emphasis on droplets and cell culture applications.
• Simulation of oxygen concentration change in stationary water droplets
• Design and fabrication of a microfluidic device based on design considerations
from models or simulation.
The device has to
– generate nanoliter water droplets,
– enable longterm observation of single droplets,
– be optically transparent
• Characterization of a water dissolvable oxygen sensing fluorescent probe with
respect to its ability to determine dissolved oxygen concentration in nl droplets,
photostability and temperature influence.
• Demonstration of oxygen control and measurement in nanoliter droplets onchip
• Theoretical applicability assessment of proposed work for droplet encapsulated
cell culture application
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1.3 Dissemination
The following publications have resulted from this work:
Accepted submissions:
• J. B. Erhardt, V. Nock, J. Kieninger and G. Urban, “Non-Invasive Characterization of Dissolved Oxygen Dynamics in Water-in-Oil Droplet Microfluidics - Towards 3D Micro Tumor Spheroids for High Throughput Cancer Drug
Screening”, Proceedings of MicroTAS (2013)
The work described in this thesis has also been presented in various forms:
• Oral presentation, “Oxygen Measurement in Microfluidic devices”, 1st National Conference on Fluids in New Zealand (FiNZ) (Christchurch, NZ, February 2013)
• Oral presentation, “Improving body mimic for drug testing”, University of
Canterbury, Department for Electrical and Computer Engineering: Thesis in
3 Minutes competition, second place (Christchurch, NZ, August 2013)
• Oral presentation, “Oxygen Measurement in Droplets”, University of Canterbury NanoLab User Meeting (Christchurch, NZ, September 2013)
• Oral presentation, “Oxygen Measurement in Droplets - Improving body mimic
for drug testing”, MacDiarmid Institute Bionano/Nanobio and Soft MatterTheme Meeting (Wellington, NZ, September 2013)
Upcoming:
• Poster presentation, “Non-Invasive Characterization of Dissolved Oxygen Dynamics in Water-in-Oil Droplet Microfluidics - Towards 3D Micro Tumor
Spheroids for High Throughput Cancer Drug Screening”, 17th International
Conference on Miniaturized Systems for Chemistry and Life Sciences (MicroTAS) (Freiburg, Germany, October 2013)
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2 State of the Art
In this chapter are the two most common oxygen measurement principles, the amperometric and the optical method, introduced. Due to progress in miniaturization
of oxygen sensing and an increase in recognition of oxygen as a key parameter of cell
metabolism and viability, the significance of oxygen sensing in biological applications
is addressed. With the oxygen measurement in cell biology applications, a change
of oxygen measurement environment is entailed, which with progressive miniaturization often leads to microfluidics. After a brief introduction to the microfluidic
environment, with focus on droplet microfluidics, some examples of oxygen control
and measurement in microfluidic devices for cell culture applications are presented.

2.1 Oxygen measurement principles
The measurement of dissolved oxygen (DO) can be achieved based on several different principles. An analytical chemistry principle called the Winkler test, the oldest
method of DO measurement, is still used in some laboratories, despite its cumbersome and time consuming operation. However, it is not suitable for continuous
measurement [12] nor integration into confined space.
Typically the measurement of DO is undertaken with either the amperometric principle or an optical oxygen measurement method, most commonly based on fluorescence.

2.1.1 Amperometric oxygen measurement
Leland Clark, known as originator of bio-sensors and for the invention of the Clarkelectrode, achieved the electrochemical oxygen measurement in 1954. The oxygen
probe, an electrochemical cell, consisted of a two electrode system immersed in an
electrolyte and was separated from the analyte solution by an oxygen permeable
membrane. After diffusing through the membrane, the oxygen was reduced at the
cathode, resulting in an electrical current [13].
The Clark-electrode can be calibrated by a one-point-calibration due to the current
being zero in case of no available oxygen at the cathode. Their striking disadvantage
though, is that the measurement process consumes oxygen. A commercially available
oxygen electrode is displayed on the left of Fig. 2.1.
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2.1.2 Optical oxygen measurement
There is very little oxygen measurement technology based on light absorption. The
very common pulse oximetry, where the absorption of two different wavelengths
transmitted through blood vessels is compared, measures only the oxygen saturation
of hemoglobin. The difference in absorption caused by varying oxygen concentrations is very small and thus makes the detection even with extraordinary optical
equipment very hard. An oxygen measurement principle based on absorption is
discussed in [14].
Most optical oxygen measurements are performed based on fluorescence-quenching
due to collision. A relation between a fluorophore and oxygen that can quench
the excited state of the fluorophore and thereby inhibits the emission of light is
harnessed. The light intensity and the lifetime of the fluorophore in excited state
depends on the partial pressure of surrounding oxygen. This enables two methods
of measurement : the intensity-based method and the time-resolved lifetime measurement. Since the lifetime measurement is independent from excitation intensity
variation and photobleaching it is the preferred method, despite its requirement for
more sophisticated measurement equipment [15]. The lifetime is in most cases determined by a phase difference measurement. The fluorophore is thereby excited
with sinusoidal modulated light for example from LEDs. The resulting fluorescent
signal is also sinusoidal, but exhibits a time shift which allows the determination
of the phase shift between excitation and emission and thereby the corresponding
partial pressure of oxygen [16].
The sensitivity of fluorescence oxygen measurement depends on the lifetime of the
fluorophores excited state. Metal-ligand complexes (MLC), especially Ruthenium
MLCs exhibit relatively long lifetimes of 100 ns - 10 µs [15]. Further advantageous
properties of MLCs are: their excitation spectrum is in the visible range, they have
a high quantum efficiency ΦF , a large stokes shift and show little photobleaching
[17]. As the diffusion of oxygen to the fluorophore plays a key role in the quenching
mechanism, the second influence on sensitivity of fluorescent based oxygen sensors
is the medium the fluorophore is in. Depending on the sensing environment, for
example the pressure at which oxygen is measured, choosing the right material
around the fluorophore can help adjusting its sensitivity to the specific conditions.
Dissolved fluorescent sensor dye as used in the proposed research is rare compared to
the wide variety of fluorophores immobilized in materials such as cellulose acetate,
polystyrene (PS), polymethyl methacrylate (PMMA), polydimetylsiloxane (PDMS)
[16].
A common appearance of commercially available optical DO meters are fluorophores
immobilized in a coated layer at the end of an optical fiber. The excitation of the
sensor dye is performed by LED through the fiber and the returning emission signal
is evaluated by a detector such as a photo diode. Examples are shown in Fig. 2.1.
The applications for this kind of sensor format reaches from freshwater ecology
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Figure 2.1: The left picture shows an amperometric oxygen electrode in a flowthrough cell by Lazar Research Laboratories [18]. The middle picture shows an
“Oxygen Dipping Probe” consisting of a polymer optical fiber coated with oxygensensitive foil at the tip, by Presens [3]. The right image shows a similar product
from Ocean Optics [19].
research over long-term measurements in soil to in-line oxygen measurements in
process control of industrial beverage and biotechnology [3].
Since the signal of oxygen sensing fluorescent probes is never zero, the calibration
requires two points. Furthermore, for optical sensors where the fluorophore is immobilized in a membrane, the Stern-Volmer relation between oxygen concentration
and fluorescence signal can be non-linear [17]. The advantages of the optical sensing
include that no oxygen is consumed during measurement and that the measurement
signal is transmitted via light, enabling non-invasive measurements. The latter is
probably the greatest advantage of the optical sensing principle compared to the
amperometric measurement, especially with regard to miniaturization.

2.1.3 Oxygen measurement in biological applications
As a key role in respiration, oxygen is important to each of the approximately1013
cells a human body consists of [20]. The normal oxygen tension in the alveoli of the
lungs is 14 %, from there the oxygen concentration drops while being distributed in
the body. The normal oxygen concentration in mammalian organs ranges from 12 %
to less than 0.5 % oxygen tension [5]. In the field of stem cell cultivation, it has been
shown that proliferation can be enhanced and cell death reduced by keeping the oxygen tension lower than 20 %. Furthermore, the differentiation patterns of stem cells
are also highly dependent on oxygen concentration [21]. Increased cell production
was observed when oligodendrocyte progenitor cells were initially cultured at 5 %
oxygen and then differentiated in 20 % oxygen [22]. Another prominent example is
cell behavior under hypoxic condition. Hypoxia is a reduction in the normal level
of oxygen in tissue and occurs during cancer. When exposed to hypoxic conditions
cells undergo a variety of responses, where changing to anaerobic metabolism is one
[6]. Furthermore, it has been shown that hypoxic conditions are linked to increase
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of metastasis, resistance to radio- and chemotherapy and thus poor patient survival
[23, 6, 7]. These examples highlight the influence of oxygen on biological systems and
suggest the importance of controlling and measuring the oxygen concentration in
cell culture applications. Consequently, there has been large interest in the integration of oxygen sensing in cell culture which was often accompanied by the promising
environment of microfluidics [16].
When oxygen measurement is performed in cell culture environment more challenges
arise for the sensor. The saline cell culture media contains nutrition and accumulates
waste products, which cause change of pH-value over time. For amperometric oxygen
sensors exposed to organic matter a sensor lifetime decrease was observed due to
fouling. However, Kieninger et al report long time stability of their electrochemical
oxygen sensor in a cancer cell culture monitoring device (Fig. 2.2 left) for more than
four days due to a chronoamperometric pulse protocol. This protocol additionally
minimized the inherent oxygen consumption of the sensor due to long off-times [24].

Figure 2.2: On the left: Sensing Cell Culture Flask: ordinary cell culture flask
with sensor chip for on chip cultivation and amperometric oxygen measurement
in direct vicinity of the cells [24]. On the right: microfluidic cell culture device
with amperometric oxygen and glucose sensors at the in and outlet. The gold
electrodes were covered with an oxygen selective, bio-compatible polymer called
Nafion, to protect the electrodes from contamination [25].
This cell culture monitoring device, called Sensing Cell Culture Flask, is an example
for the transition of conventional cell culture techniques and the trend to “micro total
analysis systems” (µTAS). While maintaining the typical volume and format of cell
culture, progress towards automation, continuous monitoring and higher standards
like peri-cellular oxygen measurement are demonstrated.
Another example of amperometric oxygen measurement is given in right picture of
Fig. 2.2 and shows a microfluidic chip for cell cultivation with amperometric oxygen
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sensors at the inlet and outlet, to measure the metabolic oxygen consumption of
the cells. The research group claims reproducible 12 hour real-time monitoring in
cell culture without observing any degradation of electrodes due to the application
of an anti fouling membrane made out of a bio-compatible polymer material called
Nafion [25].
The trend of miniaturization of cell culture towards µTAS and small experimental
platforms developed for very specific applications known as lab on a chip (LOC) is
typically based on microfluidics.

2.2 Microfluidic environment and benefits
The study of fluids in confined space of dimensions in micrometer became known
as the field of microfluidics. The physical behavior of most fluids on this scale is
non intuitive, as capillary forces and viscous forces that are usually negligible in the
“macrofluidics” become suddenly the predominant forces. As a result, the laminar
flow regime becomes almost inevitable. Some major advantages of microfluidics are
the small volume of reagents and waste and allowing the analysis of small samples
[26]. It is exactly these properties that make the microfluidic “tool box” the ideal
platform for drug testing on cells, especially since the characteristic dimensions of
microfluidics are on the same order of magnitude of cells.

2.2.1 Droplet microfluidics
A specialization of microfluidics is the separation of one phase into compartments
such as droplets. This separation can be achieved by employing two immiscible
fluids. Thereby one problem of conventional microfluidics is solved, as the parabolic
velocity profile (Taylor dispersion) which can lead to undesired side effects has no
impact and thus contamination between different compartments can be averted. Furthermore, precise control of droplet volumes and reliable manipulation of individual
droplets such as coalescence, mixing of their contents, and sorting in combination
with fast analysis tools allow to perform chemical reactions inside the droplets under
defined conditions [27]. These droplet operations can be rendered programmable and
reconfigurable and thus droplet microfluidics exhibits great potential for automated
high-throughput applications in biomedical research and applications [28].
2.2.1.1 Droplet generation
Droplet based microfluidics are based on the technology of forming uniform droplets
with fine control over size, shape and their monodispersity. Although different techniques for droplet generation exist, the same basic principles apply. One of the most
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common techniques is forming droplets in an emulsion of two immiscible fluids like
water and oil [28].
Droplet generators can be distinguished by active and passive conduct. Active
droplet generators allow each droplet to be individually manipulated, for example
by using electrowetting or dielectrophoresis. Passive droplet generators are based
on externally created flows which are varied in the device by channel geometry or
surface treatments that change the wetting properties [29].
In the following only the passive droplet generation is addressed, as for this work
the approach of minimal parameters contributing to the droplet formation was more
desirable.
Passive, two phase droplet generation According to [26] the first droplet-generating
microfluidic device is credited to Quake et al in 2001 [30] which was based on a Tjunction geometry as shown in Fig. 2.3 on the left. The right image shows a second
principle for droplet generation, based on so called flow focusing through a nozzle
and was presented in 2003 by Stone et al. [31]. In both cases impinging flow shears
off the other phase and thereby separated volumes are created which then form
droplets due to surface tension. Encapsulation of biological entities such as cells
in droplets for biomedicine and biotechnology applications can be done by simply
adding them to the corresponding phase [28].

Figure 2.3: The two commonly used passive droplet generation principles. Left:
Quakes pioneering T-junction geometry [30]. The water phase is sheared off by
the oil phase creating mono-dispersed droplets. Right: Stones pioneering flow
focusing nozzle [31].
The droplet size is mainly determined by channel geometry of the junction where
both phases meet and the ratio of (water/oil) flow rates. The generation frequency
solely depends on the overall flow rate and can easily reach 10,000 droplets per
second [26].
Three phase systems: Surfactants Surfactant originates from “surface active
agent” and is an amphiphilic molecule with different groups, each having affinities
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for different immiscible phases such as water/oil. Naturally the molecule attains to
the interface and reduces the surface tension between the two phases. With these
properties, surfactants are often used to stabilize the droplet interface and prevent
coalescence of droplets [32]. The addition of surfactants results in a three phase
system.
In a two phase system, such as the one studied in this work, colliding droplets merge
to plugs and then fill out the channel more than the initial droplets generated. The
larger plugs travel faster than droplets which get surpassed by carrier fluid in the
corners of the channel profile. As the faster plugs catch up with droplets ahead of
them, plug formation threatens the monodispersity of the droplets.
The formation of plugs can either be avoided by carefully controlling the flow rates
during droplet generation and thus creating sufficient space between droplets or by
adding surfactants. However, the addition of surfactant has tremendous impact on
a microfluidic system and thus adds significant complexity. Affected aspects are
the fluid-mechanics, bio-compatibility and the exchange rate of molecules between
droplets [32].

2.2.2 Control and optical measurement of oxygen in microfluidic
devices
The combination of not only measuring oxygen but also controlling it has many
applications as pointed out in Section 2.1.3. Therefore a brief introduction to control
of oxygen concentration in microfluidic systems is given. Thereafter, some examples
of oxygen control and measurement are given.

2.2.2.1 Control of oxygen concentration and oxygenators
The solubility of oxygen in liquids is expressed by Henry’s law. It states that the
dissolved gas concentration in a liquid depends on the partial pressure of the gas
around the liquid and the ability of the solvent to solve the specific gas (more detailed
explanation in Section 3.1.1). This means that the DO concentration of a liquid can
be controlled by the exposure of the liquid to a certain oxygen partial pressure.
For microfluidic experiments similar to the proposed work, the fluids are often delivered to the microfluidic chip by syringe pumps. By choosing a gas permeable
tubing and putting this tubing into a container with defined oxygen concentration,
perfusing the tubing for sufficient amounts of time with the liquid will result in the
equilibration of the liquid in the tubing with the partial pressure of the gas in the
container. This approach is especially easy to use for the extremes of oxygen concentration where either pure oxygen or pure nitrogen is put into the container. An
example of such a gas exchanger is shown in Fig. 2.4 on the left.
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Figure 2.4: On the left: Gas Exchanger: glass bottle with gas permeable tubing for
liquid perfusion [33]. On the right: Two layered microfluidic gas exchanger with
optical oxygen sensors at the in and outlet. Gas is flown through the top layer,
while the liquid in the bottom layer equilibrates to the gas partial pressure [34].
To control the oxygen concentration over the entire range, Vollmer et al developed
an “integrated microfluidic platform for dynamic oxygen sensing and delivery in a
flowing medium”. The oxygenator shown in Fig. 2.4 was introduced as a low cost
and ease of fabrication device for precise establishment of oxygen concentration for
further microfluidic use. The microfluidic component of the device is made out of two
soft lithography PDMS layers which are covalent bonded to each other. The identical
channel geometries of each layer are stacked and then bonded on a microscope glass
slide with integrated optical oxygen sensors. The oxygen sensor was implemented
by pipetting 1-2 µl of the luminophore dye into HCl etched grooves and subsequent
evaporation of the solvent. The acquisition of the optical signal was performed by
LED excitation and silicon photo diode detection while applying the phase-based
measurement method. The stated results were a flow rate dependent oxygen sensing
resolution of 0.94 % - 0.14 % where the lower value corresponds to higher flow rate.
This relation is assumed to be due to effects caused by the PDMS walls in the fluid
channel. An oxygen sensor lifetime test revealed that the luminescent dye would
last for about 72 hours of measurement at a sampling rate of 0.2 Hz. This time span
is considered by the author as long enough for any biological application involving
cell growth or monitoring over several days [34].
2.2.2.2 Optical oxygen thin films
The oxygenator presented in the previous section is an example of a microfluidic
device with optical oxygen sensor in thin film format. Typically, the fluorophores
are mixed with a dissolved polymer which forms a film after the solvent is evaporated.
The polymer has to be permeable to oxygen, as the oxygen molecules have to diffuse
to the fluorophore to get the quenching effect, which then can be related to the
oxygen concentration. The diffusion length of the oxygen to the fluorophore in the
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film defines the reaction speed of such a sensor and thus the film has to be thin.
Nock et al report of spin-coated film layers of 600 nm. Subsequently to depositing
a layer of the dye Platinum(II) octaethylporphyrin ketone (PtOEPK) in PS on a
glass slide, the sensor layer was patterned by reactive ion etching with a sacrificial
intermediate metal layer. With a reported feature size down to 3 µm, the process
has the potential to enable integration of sensor patches underneath single cells in
cell culture applications [35].
2.2.2.3 Dissolved optical oxygen probes in cell culture applications
As mentioned earlier, amperometric oxygen sensors have been used for monitoring
oxygen in cell cultures. However, they suffer from disadvantages including: consumption of oxygen, sterilization problems, difficulty of adaptation to continuous
monitoring, automation, and high-throughput measurement [36].
Optical sensors on the contrary, are suited for small volumes, are minimally perturbing, do not consume oxygen[36] and do not need a physical connection such as
wires to the analyte.
Therefore, in the following examples of dissolved optical oxygen probes applied in
cell culture applications are presented.
Mehta et al have shown the quantitative measure of DO concentration in a continuously perfused microfluidic channel containing living C2C12 (mouse myoblasts,
ATCC, CRL–1772) cells. The oxygen concentration was measured with 1.0 mg/ml
tris (2,20-bipyridine) ruthenium (II) chloride hexahydrate (RTDP) dissolved in phosphate buffered saline solution, using the fluorescence lifetime measurement method.
Justified by the cell respiration, it was found that the oxygen concentration gradient
along the channel decreased with increasing cell density and decreasing perfusion velocities. This result was unexpected since the used bioreactor was mainly made out
of PDMS, which is highly permeable to oxygen and exhibits high oxygen solubility.
This shows that oxygen diffusion through PDMS was not sufficient to avoid oxygen
concentration gradients along the length of the bioreactor, despite using mammalian
cells with much lower oxygen uptake rates compared to bacterial cells [36].
By this experiment, it can also be concluded that cell respiration can be harnessed by
manipulating the operating variables such as media flow rates, to effectively achieve
the desired oxygen tensions inside a bioreactor [36].
Abbyad et al demonstrated DO measurement in a microfluidic three phase system
consisting of water, perfluorinated oil and a surfactant. Droplets were generated
with flow focusing nozzles of two different channel widths, henceforth referred to as
narrow (120/200 µm) and wide (250/400 µm) where the widths are before and after
the nozzle, repectively, and both designs had the same height of 38 µm [11].
Due to the 10-20 times higher oxygen solubility of the oil phase compared to the
water, it was possible to demonstrate the use of the oil phase as an oxygen reservoir
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Figure 2.5: Schematic of the flow focusing nozzle used for the sickling of red blood
cells in droplets [11].
or sink. The DO concentrations of oil and water were predetermined prior to chip
entry to either air-saturated or oxygen-depleted by gas exchangers. After the predetermination of the DO levels in oil and water, the liquids were processed in glass
syringes and oxygen impermeable tubing. The microfluidic channels were made of
an oxygen impermeable photocurable glue sealed with a microscope glass slide. The
fluorescent oxygen probe RTDP was added to the water phase with a concentration of 1.0 mg/ml. Oxygen measurements were performed based on the fluorescence
lifetime method, using a commercial frequency domain setup from Ocean Optics.
The oxygen concentration change was investigated before, during and after droplet
formation. This revealed that hardly any change in DO concentration occurs before
droplet formation, approximately half during oxygen formation and the rest after
droplet formation. The result of a large oxygen concentration change during droplet
formation was justified by the occurring convection and the larger surface area of the
droplet due to deformation. Furthermore, was convective flow that emerged from
the presence of the immiscible interface mentioned as an additional factor.
The deoxygenation time of water droplets in this system depended on droplet size
and flow speed. For droplets between 130 and 370 µm in diameter a deoxygenation
time of 50 to 200 ms was observed. The flow speed ranged from 2 to 18 mm/s. Most
of these measurements were taken with the intermittent mode where measurements
are taken every 2 s with an integration time of 0.5 s while 2 - 25 droplets passed,
depending on the flow conditions. Some measurements were taken in continuous
mode, where the excitation source was on at all times and the lifetime was determined every 0.1 s. The system was calibrated before every measurement using 1-2 µl
droplets [11].
This system was used to investigate the sickling of red blood cells through rapid
oxygen change, while the red blood cells were encapsulated in the droplets. The
deformation of the red blood cells is illustrated in Fig. 2.5.
In [37] Abbyad et al show the trapping of droplets in the main flow of a microfluidic
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device by etching fine patterns into the microfluidic channel’s top surface.
2.2.2.4 Oxygen radicals and phototoxicity
When oxygen molecules act as fluorescence quencher, the intake of energy by collision with excited fluorophores results in a change of electronic state where the
oxygen is turned into highly reactive free radicals and indications of the formation
of singlet oxygen have been reported [38]. These radicals are known to harm cells
and find application in cancer treatment where they are responsible for killing cancer
cells [39]. Brahimi-Horn et al. [7] state the importance of oxygen radicals during
radiotherapy of cancer to cause enough DNA damage to induce cell death.
Dobrucki investigated the phototoxicity of the florescent sensor dye RTDP on single
cells by counting cell illuminations until the loss of the plasma integrity allowed dye
to enter the cells. It was found that in case of no present oxygen 500 illuminations
had not caused visible damage to the plasma membrane of cells, where as under
standard conditions cell damage occurred already after 100 illuminations [38].
The formation of such oxygen radicals in the process of oxygen measurement especially in a cell culture environment presents a serious problem. The extend to which
oxygen radicals exist long enough to harm cells before returning to their more inert
state after release of temperature to the environment is unknown. To counter the
effects of oxygen radicals on cells, one possibility is to add oxygen radical scavenger
molecules to the solution, which are more likely to react with the oxygen radicals
and thus decrease this lifetime significantly [38]. However, the influence of such a
scavenger substance on the oxygen measurement would have to be examined.
Zhong et al. [40] show the measurement of oxygen intracellular with the fluorescent
oxygen probe RTDP. This suggests, that it is possible to keep the effects of cell
damage caused by oxygen radicals under control, even within the confined space of
a single cell.
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This chapter gives an overview of the relevant theoretical background of the DO
measurement in a microfluidic two phase system investigated in the proposed research. The objective to measure the DO concentration in a 1 nanoliter (nl) droplet
demands fundamental understanding of relevant properties and transport dynamics
of the analyte and its environment. First, basic gas laws and fundamental equations
of diffusion and mass transfer used to predict the dimensions, units and quantities
expected in this work are introduced. Then a brief insight on droplet formation and
droplet size prediction is given in Section 3.2, fundamental to design considerations
of the microfluidic channel geometry. Finally the principle of fluorecent based oxygen measurement is explained in Section 3.3, relating the DO concentration to the
fluorescent light intensity.

3.1 Key properties of dissolved oxygen
) of the gas in the atmosphere is molecular oxygen, the amount
While 20.9 % (209 ml
l
of oxygen dissolved in liquids is typically much smaller. One liter of air saturated
water at 30 ºC holds only 5.3 ml (∼ 2.38 · 10−4 mol) of oxygen which is about
0.5 %. Expressed in proportions of weight, one kg of air saturated water (at room
temperature and atmospheric pressure) has 7.6 mg of oxygen dissolved [41]. Scaled
down to a water droplet of 1 nl volume the expected DO content is 7.6 pg, which
is approximately 3 · 1010 oxygen molecules (or 2.375 · 10−13 mol). In the following,
the physical chemistry of gas solubilty in liquids is presented. Then fundamental
equations of diffusion and mass transport are introduced and used for time resolved
estimations of diffusion processes.

3.1.1 Oxygen solubility in water and oil
Solubility is a way of quantifying the amount of a species that can dissolve in another
substance under specific circumstances (pressure, temperature, etc.). The solubility
of a substance, also called solute, depends firstly on the substance it is solved in,
the solvent . Since gas is highly compressible compared to liquids and solids the
solubility of gas depends also heavily n its partial pressure. This basic relation
is derived from the perfect gas law and expressed by Henry’s law. The Bunsen
coefficient is one of many other expression for Henry’s law and due to its common
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appearance in scientific literature mentioned in this section. As gas solubility in
liquids is affected by solvent, temperature and other dissolved species such as ions,
these characteristics are explained as well.
3.1.1.1 Henry’s Law
As one of the basic gas laws of physical chemistry, the ideal gas law is expressed as
[42]:

P
n
=
,
V
RT

(3.1)

where n is the amount of substance in moles, V the volume, P the pressure, R
the gas constant and T the absolute temperature. At the gas/liquid interface, a
dissolution reaction takes places, given by:

h

A(l)

i

i,
Keq = h
A(g)

rearranged to:
h

i

h

i

A(l) = Keq A(g) ,

(3.2)
h

i

h

i

where Keq is the equilibrium constant of the dissolution reaction, A(l) and A(g)
are the concentration of gas in the liquid and gas phase respectively. The unit of
can
be substituted into equation 3.1.
the latter is moles per unit volume Vn and
h
i
P
Combining equations 3.1 and 3.2 replaces A(g) with RT
and results in:

h

i

A(l) =

Keq
P.
RT

(3.3)

eq
The term K
can be summarized as the Henry’s law constant kH so that Henry’s
RT
law is stated as:

cl = kH pgas ,

(3.4)

where pgas is the partial pressure of the gas, kH is the Henry’s law constant and cl
the concentration of gas in the liquid. Henry’s law states: the concentration of a
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gas in a saturated liquid is proportional to the pressure at which the gas is supplied
outside of the liquid.
There are various forms and units commonly used for the concentration and Henry’s
. It
constant, one prominent example for the units of the Henry’s law constant is lmol
atm
has to be taken into account that the Henry constant is specific to one temperature,
solute and solvent. Example values for the Henry constant are displayed in Table 3.1.
Table 3.1: Literature values for oxygen diffusion coefficient and oxygen solubility
in different substances.
Substance
Air
Water
n-Hexadecane
Light mineral oil
Heavy mineral oil
PDMS
PMMA
PS
PC
PET

2

mol
D in cms
Henry constant in l·atm
2.3 · 10−1 [43]
2.11 · 10−5 [44]
1.298 · 10−3 [44]
2.49 · 10−5 [44]
10.64 · 10−3 [44]
10−5 [43] *
10−5 [43] *
3.4 · 10−5 [47]
8 · 10−3 [47]
0.27 · 10−7 [48]
1.9 · 10−7 [49]
0.56 · 10−7 [50]
0.04 · 10−7 [49]

Bunsen coefficient
0.0283 [45]
0.098 [46]
0.134 [45]
0.18

cm3 O2
cm3 P DM S

[47]

When considering these values it is important to be aware of the different circumstances under which these values were acquired. For example, the destinction of
mineral oils is based on molecular weight, but definitions are vague.
In the case of polymers one and the same name can refer to polymeresof different
molecular weight, chain lenght, degree of polymerization and so forth. For this
reason the values in Table 3.1 are to be considered as an estimate of the correct
order of magnitude.
* Despite extensive research, no diffusion constant for light and heavy mineral oil
was found, perhaps due to the vague definition of these substances. According to
[43], the range of diffusion coefficients for liquids is very narrow and most fall close
2
to 10−5 cms which allows at least a rough estimation.

Oxygen tension The amount of DO is often also referred to as oxygen tension, in
particular in biology and medicine. This term is used to state the DO concentration
as a hypothetical oxygen partial pressure which would be in equilibrium with the
water under these experimental conditions. An oxygen tension of 13 % oxygen in
solution is meant to be the amount of DO in water, in equilibrium with a gaseous
phase containing 13 % (volume) oxygen under standard conditions. To derive an
absolute concentration from an oxygen tension value, the temperature has to be
considered.
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3.1.1.2 The Bunsen coefficient

The Bunsen coefficient or absorption coefficient is a variation of Henry’s law and
also describes the solubility of gas in liquids with respect to the partial pressure. It
is dimensionless as it equals the ratio of unit volume of gas dissolved in unit volume
of solvent at a certain temperature:

α=

VG
,
VL

(3.5)

where α is the Bunsen coefficient, VG the volume of the dissolved gas and VL the
volume of the (solvent) liquid in the same unit as the volume of the dissolved gas.
The Bunsen coefficient can also be defined as the equilibrium concentration of a gas
expressed in ml
:
l

h

i

A(l) = β Pgas .

(3.6)

This representation of the Bunsen coefficient, written
h
i as β to distinguish from equation 3.5, shows the similarity to Henry’s law. A(l) is the concentration of gas in
ml
, and Pgas is the pressure of the gas A.
l
Some example values for the Bunsen coefficient are listed in Table 3.1.

3.1.1.3 Influence of temperature on oxygen solubility

From the derivation of Henry’s law in equation 3.3 it can be seen that the Henry’s
law constant is a function of temperature. The solubility of a gas, for example of
oxygen in water, thus decreases with increase in temperature. Fig. 3.1 shows a graph
illustrating the values of a publiction from the European Inland Fisheries Advisory
Commission (EIFAC) from 1986 [41].
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Figure 3.1: Change of oxygen solubility in water due to increase in temperature.

3.1.1.4 Influence of ion concentrations on oxygen solubility

Another parameter that influences the solubility of gases in liquids is the amount of
ions in the solvent. This relation is illustrated in Fig. 3.2, showing the solubility of
DO as a function of temperature in pure water and water with a salinity commonly
found in sea water of 35 permille. The solubility is plotted as Bunsen coefficient,
which was introduced earlier in section 3.1.1.2.
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Figure 3.2: Change of oxygen solubility in water and sea water as a function of
temperature. Adapted from [51].
These two example curves were derived from an equation which permits the calculation of the Bunsen coefficient as a function of temperature and salinity [51].
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(3.7)

,

where α is the Bunsen coefficient, T the absolute temperature in Kelvin and S the
salinity in per mille. The constants for oxygen in water are given in Table 3.2.
Table 3.2: Constants for the calculation of the Bunsen solubility coefficient according to equation 3.7. Adapted from [51].
A1
-58.3877

A2
85.8079

A3
23.8439

B1
-0.034892

B2
0.015568

B3
-0.0019387

3.1.1.5 Partition coefficient
The equilibrium constant Keq , Henry’s law constant kH and the Bunsen coefficient
α from equations 3.2, 3.4 and 3.5, respectively, all describe a ratio of concentrations
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during equilibrium and thus are very similar to a partition coefficient and are often
interchangeable.
The partition coefficient H, also known as the distribution coefficient is a dimensionless number gained from the ratio of concentrations of a chemical species dissolved in
two different solvents. Two substances in equilibrium can have different concentrations of the same dissolved substance due to their different solubility. The Henry’s
law constant can thus be understood as a partition coefficient between gaseous and
liquid phases.
A special partition coefficient is defined for the case where the two solvents are noctanol and water. This coefficient is refered to as p value or the logarithm of it log
p value and thus gives a distribution ratio of the chemical species solved in a two
phase solvent system consisting of n-octanol and water.
The log p value is used as a predictor of hydrophilicity and hydrophobicity or in
other words a measure of lipophilicity.
According to Leo et al. [52] the log p value of oxygen at room temperature is 0.65 or
in terms of the p value: 4.47. This indicates that n-octanol solves 4.47 times more
oxygen per volume then water. Despite octanol being a fatty alcohol and not an oil,
these values are similar to the solubility coefficients in Table 3.1 found for water and
mineral oil which were used in the proposed work.

3.1.2 Diffusion
In microfluidic devices the laminar flow (non-turbulent) regime is predominantly
due to the small dimensions, which lead to low Reynolds numbers (as discussed
in Section 3.2.1.1). As a consequence of laminar flow, mixing of different species
occures almost exclusively by diffusion [26].
Diffusion can be described by two principle theories: the more fundamental Fick’s
law of diffusion, which employs a diffusion coefficient and the mass transfer model
which involves a mass transfer coefficient. Depending on the situation, either of the
two models can be more suitable. Fick’s law of diffusion provides a more general
and fundamental description by giving a relation between concentration versus position and time. The mass transfer model can be more useful in conjunction with
experimental measurements and a phenomenological approach which can enable the
prediction of behavior in a slightly different setup [43].
In this section, the fundamental equations of diffusion and mass transfer are introduced. Furthermore, the from diffusion derived concept permeability is presented.
The oxygen depletion in water with sodium sulfite is an important method throughout the proposed research. The chemical background and its influence on diffusion
are addressed in this section.
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3.1.2.1 Fick’s laws of diffusion
How diffusion is driven by concentration gradients is described by the equation often
refered to as Fick’s first law of diffusion:

Ji = −D

∂Ci
,
∂x

(3.8)

mol
mol
where Ji is the flux of the solute i in m
2 s , Ci is the concentration of the solute i in m3
2
and D is the diffusion coefficient in ms . A list of diffusion coefficients is displayed
in Table 3.1.

The equation refered to as Fick’s second law of diffusion describes the phenomenon
where diffusion changes the concentration gradient over time:

∂ 2 Ci
∂Ci
=D 2.
∂t
∂x

(3.9)

A simple and prominent example of a one dimensional diffusion problem is a step
concentration, where the concentration suddenly changes to 0 at x = 0 and time
t = 0. Using these values as a boundary condition to solve the equation, given the
input step function, the solution can be written as [26]:

x
C(x, t) = C(0) erfc √
2 Dt

!

(3.10)

Where erfc is an integral often refered to as complementary error function.
Equation 3.10 can be understood as a difusion profile where the concentration is
displayed over time. In some cases the flux is of greater interest. For the particular
useful case of the flux across the interface at z = 0 (the beginning of the interface)
the flux is given by [43]:

s

Ji |z=0 =

D
(c10 − c1∞ ),
πt

(3.11)

where c10 and c1∞ are the concentrations of the diffusing species at the outside
interface (z = 0) and at z = ∞, respectively.
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Diffusion with fast chemical reaction In the case where a species diffuses across
an interface where a chemical reaction occurs, a radical change in the apparent
diffusion coefficient can be observed. It has to be recognized that the solute, once
reacted, is present in a second state: as reacted solute fixed at the point of reaction.
According to Cussler [43], in case of the reaction being reversible and faster than
diffusion:

c2 = K c1 ,
where c2 is the concentration of the reacted solute, c1 the concentration of the
unreacted solute and K the equilibrium constant of the reaction.
As a result (derivation shown in [43]) the diffusion coefficient D is simply replaced
D
.
by (1+K)
The concentration profile is now given by:


x



C(x, t) = C(0) erfc  q D 
2 (1+K) t

(3.12)

and the interfacial flux turns into:
s

Ji |z=0 =

D(1 + K)
(c10 − c1∞ )
πt

(3.13)

These two equations show how the chemical reaction slows down the observable
diffusion profile, while the flux of species diffusing across the interface is increased! In
case of an irreversible reaction, K becomes large and the general diffusion coefficients
2
of gases in ordinary liquids of about 10−5 cms can change. The observed diffusion
process thus is influenced tremendously by K.
This principle is fundamental to diffusion of oxygen into with sodium sulfite oxygen
depleted water.
Permeability As the name suggests, permeability is a quantity of how permeable
a material is to a species passing through and often reported experimentally [43].
The flux accross a thin membrane assuming steady-state conditions (flux does not
change over time) can be derived from Fick’s first law:

Ji =

[DH]
(c10 − c1l ),
l

(3.14)
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where Ji is the flux of solute i, l is the thickness of the membrane, D is the diffusion
coefficient, H is the partition coefficient between solvent and membrane and c10 and
c1l are the concentrations at each membrane interface. The expression [DH] is called
permeability.

Permeability (Barrer) For more application orientated use, a non-SI unit called
the Barrer has been defined. A Barrer is defined as a flowrate through a material
and depends on geometry and pressure difference. The definition in units is as
follows [53]:

1 Barrer = 10−10 cm3

cm
cm2 s cmHg

.

A suitable equation could be:

Ji =

ρ
· p,
l

(3.15)
3

where Ji is the flux in scm
, ρ is the permeability in Barrer, l is the thickness of
cm2
the perfused membrane and p is the pressure. Comparing the two equations 3.14
and 3.15, only the driving force changes from concentration difference to pressure
difference, which results in a volume flux in the latter case.

3.1.2.2 Oxygen depletion with sodium sulfite
Sodium sulfite Na2 SO3 is a strong reductant and is used to reduce DO in water.
The product of the reaction is sodium sulfate Na2 SO4 as shown in the following
equation:

O2 + 2Na2 SO3 → 2Na2 SO4

(3.16)

From the stoichiometry of this equation it can be calculated that 7.875 mg sodium
sulfite is required to react with 1 mg DO. As one liter of air equilibrated water at
atmospheric pressure contains ~7.6 mg oxygen, theoretically 120 mg of sodium sulfite
would fully deplete the oxygen from the water. Any surplus of sodium sulfite solved
in the water reacts with oxygen entering by diffusion. This way a solution can be
kept depleted over time.
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3.1.2.3 Mass transfer
The second fundamental way of analyzing diffusion besides Fick’s laws is by using
the mass transfer coefficient (MTC). While the diffusion description by Fick’s laws
is a fundamental and scientific approach, the MTC is an approximation commonly
used in engineering and often yields simpler descriptions. In most cases the mass
transfer model can be applied when mass transfer occurs across an interface. In
general the mass transfer model assumes that all substances are well mixed except
for their interface. The definition of mass transfer is:

N = k · (cintf − cbulk ),

(3.17)

where N is the rate of transfered mass per interface area, including diffusion and conmol
vection, in m
2 s , cintf is the concentration at the interface and cbulk the concentration
and k the mass transfer coefficient in ms .
in the bulk, both in mol
m3

3.1.3 Which model to describe diffusion?
After introducing both models, Fick’s law of diffusion and the mass transfer coefficient, for the description of diffusion, this section discusses the properties of the
models and applies each of them. to the task of
Cussler [43] describes Fick’s law of diffusion as the more fundamental and scientific
approach and commonly used when concentrations are needed versus both position
and time. The mass transfer model on the other hand is simpler and especially
useful when only average concentrations are involved [43].
The central problem, which is discussed in this work, is to obtain a good understanding of the oxygen dynamics in a small water droplet by measuring the concentration
resolved over time. The water droplet is surrounded by mineral oil, which defines
the problem as a two phase system of immicible substances. Each droplet has
a volume of approximatley 1 nl and due to surface tension is formed into spherical
shape, which, at these dimensions entails a great surface-to-volume ratio. Hence, the
surrounding oil provides the main volume and with an oxygen solubility five times
greater than that of water, the DO concentration in the oil will predominantly define
the DO concentration in the water.
In the following, both models are applied to estimate the time it takes for an oxygen
depleted water droplet to reach a DO concentration equal to air saturation.
3.1.3.1 Using Fick’s law of diffusion
To solve Fick’s law of diffusion, a numerical approach is necessary. To simplify
the model, the spherical droplet of 1 nl is modeled as a circle with an inital oxygen
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conentration of zero. To approximate the much larger volume of oil with a five times
greater oxygen solubility the border of the circle is regarded as constant source of
oxygen with a concentration equal to air saturated water. The air saturated water
concentration has been chosen to neglect the integration of the partition coefficient
at the interface of the two phase system, as the diffusion coefficient of oxygen in
both phases is similar.
As a result this model suggests a time lapse of 1 second for the center of the circle
to reach a concentration of 95 % of the concentration at the circle border.
Besides the already mentioned assumptions, this approximation also neglects any
effects the interface between the two phases might have.
3.1.3.2 Using the mass transfer coefficient model
On the contrary the use of the mass transfer model yields an average flux of oxygen
across the interface without consideration of the rapid change of concentration in
the small volume until equilibrium is reached.
To use the mass transfer model, assumptions for the mass transfer coefficient have
to be made.
A simple theory for interfacial mass transfer is to assume an unstirred film near
every interface. This hypothetical film was first introduced by Nernst and provides
a simple model for the interfacial region. By assuming diluted solutions, the approximation that the total flux equals the diffusion flux can be made [43] and the
mass transfer coefficient k can be expressed as:

k=

D
,
l

(3.18)

where D is the diffusion coefficient and l the characteristic length (thickness) of
the interfacial layer. This characteristic length is unknown and values have to be
aquired by measurments of k and D. However, according to Cussler [43], values
of 10−2 cm are typical. When comparing this typical characteristic length to the
diameter of the droplet, it has to be pointed out that both values are of similar size,
which renders the theoretical volume of the interface much greater than the one of
the actual droplet. At this point though, it has to be taken into account, that the
characteristic length includes variations in the mass transfer coefficient caused by
variables like viscosity and stirring [43].
Provided that the assumption k = 0.01Dcm can be made, an estimation of the time an
oxygen depleted water droplet takes to reach air equilibrated oxygen concentration
shall be calculated by the use of equation 3.17:
Droplet volume of 1 nl results in a droplet radius of 62 µm and yields the surface
area of
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Asphere = 4.84 · 10−8 m2 .
2

The diffusion coefficient of oxygen in water is: D = 2.1 · 10−5 cms [44], using the
described assumption, the mass transfer coefficient is

k = 2.1 · 10−5

m
.
s

.
A 1 nl air equilibrated droplet holds 2.5 · 10−13 mol oxygen, which is equivalent to a
concentration of

c = 0.24

mol
.
m3

The flux of DO in water from air equilibrated to oxygen depleted water is

N = k · 4c = 2.1 · 10−5

mol
mol
m
· 0.24 3 = 5.04 · 10−6 2 .
s
m
ms

Based on this N , the time it takes for a 1 nl oxygen depleted water droplet surrounded by oil, to saturate to air equilibrated concentration (2.5 ∗ 10−13 mol) is

t=

mol
−8
5.04 · 10−6 m
m2
N · Asphere
2 s · 4.84 · 10
=
= 0.98 s.
Amount of substance
2.5 · 10−13 mol

This calculation does not take the change of concentration in the droplet into account
and also neglects effects that might be caused by the spherical geometry.
These rough approximations stand in contrast to reported times of hundreds of milliseconds [11] in a fluidic regime also affected by convection and first measurements
of droplets depleted by sodium sulfite reaching air saturated equilibrium in little
over a minute presented in more detail in Section 6.4.2.

3.2 Microfluidics
The field of microfluidics refers to the technology of handling gases and liquids in
devices with dimensions typically on the scale of micrometers. The physical behavior

33

Chapter 3

Theory

of most fluids on the micro-scale is nonintuitive, as capillary forces and viscous forces
that are usually negligible in “macrofluidics” become suddenly the predominant
forces. As a result, the laminar flow regime becomes almost inevitable [26].
This section addresses the microfluidic environment, in which the oxygen measurement is taking place. First, dimensionless numbers, typical for the characterization
of fluidic systems are introduced. Then the droplet formation on the basis of a
T-junction droplet generator is explained. Based on this droplet formation process, a model for the prediction of droplet size is used on which further chip design
considerations were based.

3.2.1 Microfluidic environment
3.2.1.1 Reynolds number
The above mentioned regime of laminar flow can be predicted by using the Reynolds
number Re, a dimensionless number which expresses the ratio of inertial forces to
viscous forces. The definition for Re is:

Re =

ρuL
,
µ

(3.19)

where ρ is the density, u the average flow speed, L the characteristic lenght (for
example the channel width) and µ the viscosity.
As a rule of thumb, for values greater than 2000 the flow is in the turbulent regime
and below 2000, the flow is in a laminar flow. With the width of the channel as the
characteristic length of 200 µm and a flow speed ranging from 10−3 − 4 · 10−3 ms for
the water droplets, the Reynolds number is 0.2 - 0.8 and thus laminar flow conditions
can be considered predominant.
3.2.1.2 Péclet number
The Péclet number is another dimensionless number relevant in the study of transport in fluid flows. It relates the rate of advection, the transport by the fluid, to the
diffusion rate. It is defined by [26]:

Pe =

uL
advective transport rate
=
,
diffusive transport rate
D

(3.20)

where D is the diffusion coefficient. In the microfluidic environment, the Péclet
number is usually much closer to unity than in macroscopic flows, which highlights
the importance of diffusion for the mixing of species. For the same conditions as for
the calculation of the Reynolds number, Pe= 0.01 − 0.04.
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3.2.2 Droplet generator
Droplet microfluidics are based on the technology of forming uniform droplets with
tight control over size, shape and their monodispersity. Although different techniques for droplet generation exist, the same basic prinicples apply. One of the
most commonly used techniques is the formation of droplets in an emulsion of two
immiscible fluids such as water and oil [28].
In the following, the principle of droplet formation is explained based on a T-junction
droplet generator geometry. The T-junction geometry was chosen for its property to
reduce the number of contributing parameters and fabrication complexity of droplet
generation to a minimum.

3.2.2.1 T-junction droplet generation
The T-junction droplet generator is counted amongst the passive geometries and
thus relies on externally created flows which are varied in the device by channel
geometry.
The droplet generation occurs as an interaction between two phases which are distinguished into the continuous phase (in this work oil) and the dispersed phase (in
this work water).
At the intersection where the two phases meet, oil in the main channel and water in
the side channel, droplet formation takes places in two steps: filling and squeezing,
as shown in Fig. 3.3.

Figure 3.3: During the filling step, water (red) is erupting from the side channel
and fills the main channel until the latter is blocked. In the squeezing step, the
oil phase (blue) pushes the water volume downstream while applying shear stress
until pinch off occurs [54].
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3.2.2.2 Droplet size: a function of geometry and flow rates
To achieve droplet sizes similar to the ones reported on in [9], a “predictive model
for the size of droplets created in microfluidic T-junctions” [54] was used to decide
on design considerations for the device dimensions of this work.
According to VanSteijn et al. [54] the volume of the final droplet depends mainly
on the channel geometry and the ratio of flow rates of the dispersed and continuous
phase:
V
Vf ill
qd
=
+α ,
2
2
hw
hw
qc

(3.21)

where V is the volume of the droplet, h the channel height, w the main channel
width, Vf ill the volume in the main channel during the filling step, qd and qc the
flow rates of the dispersed phase and continuous phase, respectively and α a fitting
parameter. To predict droplet size with this model, the values for Vf ill and α can be
estimated with emperically validated expressions based on the channel width and
hight only.
The model is derived in more detail in [54]. When choosing identical width and
height for the main and side channel of the T-junction, the equations to calculate
Vf ill and α simplify to:
3π π
π
Vf ill
=
− (1 − ) = 0.841
2
hw
8
2
4

(3.22)

and

α=

1 − π4
0.9
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!

3
1
π
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3
1
+ √ −1
2
2

= 0.514.

(3.23)

Using 3.21 to 3.23, the droplet volume is predicted as:
qd
V = 0.841 + 0.514
qc

!!

hw2 .

(3.24)

To allow for enough space between the generated droplets, the flow rate of the
continuous phase is usually larger than the flow rate of the dispersed phase. Thus,
with a factor close to unity in equation 3.24, the desired droplet size can be chosen
by the channel geometry and later on adjusted by the ratio of flow rates. For chosing
the channel widths and channel hight as 100 µm:
hw2 = (100 µm)3 = 106 µm3 =1 nl

(3.25)

which results in good geometrical preconditions for the generation of 1 nl droplets
if the predictive model holds.
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3.3 Oxygen measurement based on fluorescence

The oxygen measurement performed in this work uses an optical method based on
a fluorescent substance (fluorophore) which is soluble in water and interacts with
oxygen molecules in the solvent. The particular fluorescent substance used in this
work is called (tris (2,20-bipyridine) ruthenium (II) chloride hexahydrate (RTDP),
a Ruthenium (metal-ligand) complex.

This section exemplifies the phenomenon of fluorescence and how the fluorescence
can be related to oxygen conentration.This relation can be based on fluorescent
intensity or the lifetime of the excited state of the fluorophore. After pointing
out the difference between these two, the temperature influence, which affects both
measurement principles is explained.

3.3.1 Fluorescence

The total energy of molecules can take only discrete values. The basic states called
singlet ground, first and second electronic states, usually designated as S0 , S1 , and S2 ,
respectively are different energy levels. The interchange between those energy levels (states) is often illustrated in a Jablonski diagramm, as can be seen in Fig. 3.4.
Generally the singlet states are too far appart to become populated by thermal excitation. This for example, is why light is used to induce fluorescence instead of
heat.
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Figure 3.4: One form of a Jablonsik diagram where the singlet ground, first and
second electronic states are depicted by S0 , S1 , and S2 , respectively. the thinner
horizontal lines represent higher virbational levels of the corresponding state. IC
stands for internal conversion and describes the less common relaxation of excited
states without emission of light. Adapted from [55].

Light absorption excites a fluorophore into a higher vibrational state of either S1
or S2 . There are several ways for the fluorophore to return to the ground state,
of which two are displayed in Fig. 3.4. IC is the less common relaxation of excited
states without emission of light. The energy released by the return to the ground
state results in most cases in the emission of a photon and is called fluorescence.
Since the energy of the emission is typically less than that of the absorbed light, the
emitted light is of a longer wavelength. This phenomenon is known as the Stokes’
Shift.
Molecules in the S1 state can also undergo a spin conversion to so called triplet
states. The return to the ground state from triplet states is a slower, less energetic
process and called phosphorescence and is of lesser interest for this work.
Important parameters for the characterization of fluorescence are the absorption
spectrum, the emission spectrum, the emission intensity and the fluorecent lifetime.
The lifetime is the time between absorption and emission of light and determines
the time available for the fluorophore to interact with or diffuse in its environment
and hence the information available from its emission [15].
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3.3.1.1 Quenching and the Stern-Volmer relation
The intensity decrease of fluorescence is called quenching and can be caused by a
variety of processes. Quenching due to collision occures when the excited-state fluorophore is deactivated upon contact with another molecule called quencher. During
this process the molecules are not chemically altered.
Quenching due to collsion results in a decrease in intensity and lifetime and is
described by the Stern-Volmer equation:
τ0
I0
=
= 1 + KSV · [Q].
I
τ

(3.26)

In this equation, I0 (τ0 ) and I (τ ) are the intensities (lifetimes) in the absence and
the presence of the quencher, respectively; [Q] is the quencher concentration and
KSV is the Stern-Volmer quenching constant [15]. The Stern-Volmer constant can
be understood as a degree of accessibilty of the excited fluorophore to a specific
quencher species . This explains why KSV is constant in a diluted solution, where
the accessibilty is homogenous. When compared to fluorophores embedded in a polymer membrane where each fluorophore expierences a different micro-heterogenous
environment it results in a non linear behavior of the Stern-Volmer relation due to
the non constant KSV [55].
3.3.1.2 Intensity vs lifetime
Fluorescence measurements can be classified into two types: the steady-state (or
intensity-based sensing) and the time resolved method. The steady-state measurement is performed under constant illumination whereby the sample reaches almost
instantaneously steady-state when illuminated and allows recording of the average
fluorescence intensity or the emission spectrum. This method is the most common
approach. The other method of time-resolved sensing requires a high-speed detection system since the time-scale of fluorescent processes is on the order of nano
seconds.
Is a high-speed detection system available, a time-resolved measurement can be
taken. For this kind of measurement, the sample is exposed to a pulse of light
usually shorter than the decay time of the fluorophore. Then, the intensity decay is
measured, allowing one to record the shape of the decay which can hold information
on the shape of the fluorophore molecule. This extra information is lost during the
averging measurement of the steady-state approach.
The results of the two methods are comparable, due to the steady state intensity is
proportional to the lifetime [15].
For the purpose of oxygen measurement, the use of long lifetime fluorescent probes
of the metal-ligand complexes (MLC) family have experienced increased use. The
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decay time of these MLC probes is in the range of 100 ns to 10 µs. During this long
lifetime the probability of colloidal quenching with oxygen molecules is increased
and results in higher sensitivity compared to shorter lifetime fluorescent probes.
The oxygen probe family of MLCs also exhibits the advantages of high chemical
and photochemical stability [15].
3.3.1.3 Temperature influence
With increase in temperature, the collision of fluorophores with quencher molecules
increases. This gives rise to the assumption that the deactivation of excited states
without emission increases with increase in temperature. As a result the intensity and lifetime decrease with rising temperature. According to [55] the following
relation has been observed in several experiments:

ln(

1
1
−1) ∝ ,
ΦF
T

(3.27)

where T is the temperature and the quantum efficiency ΦF is defined as the ratio
of emitted photons to absorbed photons.

3.3.2 Photobleaching
One disadvantage of the intensity-based sensing method is its susceptibility to photobleaching. Exposure to radiation like ultra-violet (UV) light can result in the
photochemical destruction of the fluorophore. In other words, the measurement
process itself can deteriorate the sensor substance. The influence of this property on
the measurement can be kept to a minimum by chosing fluorescent probes with high
photochemical stability and overall limited light exposure time. RTDP, the sensor
probe used in this work is an example of a MLC [15].
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4 Simulation
In this chapter simulations are presented which served as both, comparison to
analytical results and estimation for design considerations. The simulations were
conducted with a commercially available finite-element-method simulation software
called COMSOL Multiphysics1 , version 4.2.0.150.
First, the simulations of oxygen diffusing into a water droplet are shown, then a
simulation of the flow velocity in the trap geometry of the microfluidic chip are
presented.

4.1 Dissolved oxygen diffusion in droplets
To compare the approximation of a diffusion process calculated with the mass transfer model (Section 3.1.3.2), a simulation was run based on Fick’s law of diffusion.
Thereby, the diffusion process of air saturated dissolved oxygen concentration into a
oxygen depleted droplet the size of 1 nl was time-resolved simulated. The results are
shown in Fig. 4.1. The simulation in Fig. 4.2 shows the same process with a droplet
diameter equal to the droplets in the device presented in Section 6.4.2.

1

COMSOL Inc.: www.comsol.com
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Figure 4.1: Time resolved diffusion process of dissolved oxygen into a 124 μm in
diameter circle. This resembles the process of a 1 nl water droplet equilibrating
with air saturated dissolved oxygen concentration from an initially oxygen depleted
concentration. The oxygen concentration on the outside of the droplet is modeled
as an infinite source of 0.24 mol
equivalent to air saturated dissolved oxygen in
m3
2
water. As diffusion coefficient of oxygen in water the value 2.16 · 10−9 ms was
used. The concentration value in the center of the model is displayed in the
bottom right corner of every frame. Between each frame 0.25 seconds pass, as
displayed on the top left of every frame. The simulation shows, that after one
second, the concentration in the center equals 95 % of the outside concentration.
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Figure 4.2: 2D Diffusion simulation of a droplet of 164 μm in diameter, equivalent
to 2.3 nl as measured in the device in Section 6.4.2. Except for the model size,
the parameters are the same as in the previous simulation. The time intervals of
these frames is 0.4 seconds, resulting in a duration of 2 seconds until the center
shows a concentration of 97 % of the initial values.
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4.2 Trap geometry: Flow velocity simulation
Prior to proceeding to the fabrication of the microfluidic chip layout (in the next
chapter), the fluidic behavior of the trap geometry was simulated.
The trap geometry consists of a constriction of the main channel width and a bypass
branching off the main channel just before the constriction in the main channel.
This geometry allows rendering a droplet motionless under continuous flow in the
microfluidic device. The trapping of the droplet occurs by redirecting the main flow
through the bypass and thus stopping the flow of a droplet train that had just passed
through the constriction.
After varying bypass and constriction widths with applied flow, the geometry displayed in Fig. 4.3 shows a flow velocity simulation with the dimensions of the final
trap geometry layout.

Figure 4.3: Flow velocity model for the trap geometry in the microfluidic device.
Three trap geometries are subsequently linked with an inlet flow of 3 mm
at the
s
top left boundary. All bypasses are modeled as outlets as well as the output on
the right (illustrated with arrows). The flow velocity is illustrated by a color code,
displayed on the top. Additional flow velocities are highlight, showing the flow
velocity at significant locations. The main channel, the bypass and the constriction
were modeled with a width of 200 μm, 300 μm and 100 μm, respectively. The
bypass in the middle was directed upwards in the final layout to allow for more
space during interfacing with external tubing.
The initial flow velocity of 3 mm
at the inlet originates from a measurement of the
s
flow velocity in the fabricated microfluidic device. The distribution of the flow has
not changed compared to the initial value used before the device was fabricated.
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4.2 Trap geometry: Flow velocity simulation
The simulation in Fig. 4.3 shows that by redirecting the main flow, the flow velocity
in the middle of the channel after the constriction has dropped to 0.18 mm
equivalent
s
to 6 %. This is the first opportunity to render a droplet motionless, but the still
considerable flow velocity might be yet too high. The two subsequent locations
behind the corresponding constriction have dropped to 0.33 % and 0.024 % of the
initial flow velocity, respectively. These values correspond to the output streams
being open. By closing the outlet valves, the flow velocity drops to zero.
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5 Design, Fabrication and
Experimental Setup
In this chapter the design and fabrication of the microfluidic chips is described.
Furthermore, the experimental setups leading to the final measurement environment
and the equipment used for oxygen measurement in the microfluidic device are
shown.
The design of the microfluidic chips is based on the state of the art presented in
chapter two, the droplet size prediction model introduced in chapter three and the
flow rate simulations presented in chapter four. Initially the design of two chips will
be discussed with focus on the droplet generating chip and its T-junction, trap geometry and measurement channel. Then, the fabrication process of the microfluidic
chips is described in more detail.
A photomask for the subsequent photolithography is made by transferring the microfluidic chip layout onto a square glass plate by shaping its chrome layer. The
chip layout is then transferred to a silicon wafer covered with photoresist. This
process is called photolithography and is based on shining UV light through the
previously fabricated photomask and on to the photoresist. The exposed photoresist solidifies during softbake as a rigid polymer and is crosslinked using UV light
togive it the shape of the chip layout. After washing the unexposed photoresist
away, the obtained structure can be used as a mold for shaping a silicone elastomer.
By bonding the shaped silicone to a glass slide, the molded structures are sealed
and microchannels are obtained.
The experimental environment is focused on subsequently, introducing the hardware such as microscope, camera, syringe pumps etc. and the imaging software HC
IMAGE. Furthermore, three experimental setups are described in which the experiments discussed in the next chapter were performed. The first two experimental
setups were used to measure fluorescent light intensity in sensor solution samples
kept in a 96 micro well plate and a calibration curve was recorded. In the final
experimental setup the microfluidic chip was interfaced with syringe pumps. In the
thereby obtained microfluidic device DO concentration changes were recorded.
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5.1 Microfluidic chip design
The microfluidic chips are made of a silicone-based polymer polydimethylsiloxane (
Sylgard 184, Dow Corning) with replica-molded structures that form channels when
the PDMS slab is bonded to a glass slide. The structures molded into the PDMS
are designed in two steps. First, the two dimensional layout has to be designed.
Then the third dimension of the structures is defined by the photoresist thickness
during fabrication.
The two dimensional layout of the microfluidic chips was designed with the Win64
15.21 version of the layout editor L-Edit1 . The layout was used to fabricate a
photomask, as described in Section 5.2. The microfluidic chip layout holds two
different chip designs which are presented in more detail in the following subsections.

5.1.1 Straight channel chip
The chip design in Fig. 5.1 shows two inlets which from one divides into two channels
before joining the second inlet channel in a triple junction.

Figure 5.1: Straight channel chip design with divided first inlet joining up with
the second inlet in a triple junction.
This chip was designed to investigate diffusion coefficients of DO in liquids under
laminar flow conditions. Due to the success and priority of the DO concentration
measurement in the second chip, experiments in this chip were stopped despite
working as intended, as illustrated in Fig. 5.2.

5.1.2 Droplet generator with droplet trap geometry
The chip design of the droplet generating and droplet trapping chip is shown in
Fig. 5.3. All inlets and outlets which are used to interface the chip with tubing are
marked as red circles and designed as 1 mm in diameter. The main channel width
is 200 μm and constricts to 100 μm shortly after the oil and water inlets to form
a tapered T-junction. The reduction in channel width allows for higher flow speed
1

Tanner EDA, www.tannereda.com
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Figure 5.2: Triple junction: oxygen depleted water is hydrodynamically focussed
by air-saturated water. Brighter light indicates less oxygen. The diffusion of DO is
visible as the light intensity of the middle flow widens and the intensity decreases.
The single channels on the left are 200 μm wide and join to a 600 μm wide straight
channel.
during the droplet generation process. The following laps allow the formed droplets
to stabilize and their content is mixed during travel around the bends.
The three identical trap geometries consist of a bypass with the width of 300 μm
and a short constriction in channel width down to 100 μm each. By redirecting the
main flow through the bypass, a droplet can be trapped behind the constriction.
The main channel widens to a 500 μm measurement channel before the chip outlet
to reduce the flow speed and facilitate droplet observation thereby.

5.2 Microfluidic chip fabrication
This section describes the methods used for microfluidic chip fabrication based on
the principle of soft lithography as described in .

5.2.1 Photomask fabrication
The first step to fabricate a microfluidic chip out of a design layout, is to transfer
the layout to a photomask. This was done by using a μPG 101 Maskwriter from
Heidelberg Instruments. The complete photomask layout is shown in Fig. 5.4.
A blank photomask is a square glass plate with a chrome layer and photoresist
AZ1518 on top of the chrome layer. The photoresist is a light-sensitve chemical that
changes its properties with exposure to light. After inserting a blank photomask into
the μPG 101 Maskwriter, the layout is “written” with a laser into the photoresist.
The laser power was chosen as 8 mW. The exposed photomask was then developed in
MIF AZ326 for approximately 30-60 seconds and subsequently rinsed with DI-water
(deionized water) and dried by blowing compressed nitrogen over it. The photoresist
exposed by the maskwriter with laser light, had been dissolved by the developer.
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Figure 5.3: Chip design with tapered T-Junction, trap geometry and measurement
channel in more detail.
The exposed chrome was etched with Chrome wet etch for 30-60 seconds followed by
a Di-water rinse and dry step as before. The etching step success was verified under
the microscope where the removed chrome pattern resembled the chip design layout.
The remaining unexposed photoresist was then stripped by subsequent rinsing with
aceton, methanol and isopropanol.

5.2.2 SU-8 Photolithography: Fabrication of mold master
The next step in the chip fabrication is the fabrication of the mold on which the
PDMS will be cast.
A four inch silicon wafer was dehydrated at 185 o C for at least twelve hours. Once removed from the oven to cool to room temperature, the wafer was cleaned in a oxygen
plasma for 20 minutes at 100 W using an Emitech K1050X asher. Subsequently, the
wafer was placed on the vaccum chuck of a Laurell WS-400B-6NPP/LITE spinner.
After applying approximatly 5 ml of SU-8 2100 while turning the chuck by hand,
the wafer was spun at 500 rpm for 10 seconds with an accelaration of 84 rpm/s and
then at 3000 rpm for 30 seconds with an acceleration of 10030 rpm/s. Once the
spinning had stopped, the bottom of the wafer was carefully cleaned of resist with
acetone. The slightly higher resist layer close to the edge of the wafer resulting from
the spinning, called edge bead, was removed with a scalpel while turning the chuck
slowly by hand. The wafer was then left covered on an even surface for at least three
hours. Subsequently a softbake was performed on a Torrey Pines Scientific hotplate
where the wafer remained for 5 minutes at 65 o C which was then increased to 95 o C
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Figure 5.4: Complete photomask layout with two identical droplet generating and
trapping chip designs (top and bottom) and a triple junction straight channel design in the middle. The maskwriter exposes the blank photomask correspondingly
to the design highlighted in red. After developing the photoresist of the blank
photomask, the design is etched into the chrome layer so that the chrome layer
corresponds to the black area in the photomask layout.
for 20 minutes.
The photolithography was performed with a Suess MA-6 mask aligner. 20 minutes
after the UV-lightsource was switched on, its intensity was measured as 4.3 mW
cm2
through a PL-360 UV filter and a clear mask plate. Under this light intensity a
multi-exposure process of five times 10 seconds exposures with one minute break
between each exposure was performed. During the exposure the UV light was directed through the PL-360 UV filter and the photomask, fabricated previously, as
described in the preceding section, with the maskaligner set to the exposure program
VAC.
The wafer with exposed photoresist was then again put on the Torrey hotplate for
a post exposure bake of 5 minutes at 65 o C, then 10 minutes at 95 o C and was then
cooled down to room temperature at a rate of 15 o C per hour.
After the post exposure bake the wafer was developed in PGMEA for 10 minutes
with additional ultra sonic exposure. Subsequently, the wafer is rinsed in fresh
PGMEA, isopropanol and dried with compressed nitrogen gas blowing.
Finally, the wafer was again placed into the maskaligner to perform a flood exposure
without photomask for the same periode of time as the previous exposure. This was
followed by a hardbake where the wafer was placed on the Torrey hotplate for
10 minutes at 60 o C, then 15 minutes at 95 o C, then 20 minutes at 120 o C and was
then cooled down to room temperature at a rate of 15 o C per hour. The mold master
is shown in Fig. 5.5.
To evaluate the difference between design and actual outcome, the profile of the SU-8
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Figure 5.5: Four inch silicon wafer with ∼ 100 µm high SU-8 features used to
cast PDMS onto to fabricate microfluidic chips. The picture was taken in the
photolithography laboratorium which is illuminated by yellow light only to prevent
uncontrolled photoresist exposure.
structures were measured with a Vecco Dektak 150 profilometer. The measurements
are listed in Table 5.1. It can be seen that the width of the structures is slightly
wider then the intended design where only dimensions in hundreds of micrometers
were chosen and the intended height of 100 µm was not reached. The height of the
structures seems to have a slope on it, as the first two values were taken close to
each other and the three others where taken close to each other.
Table 5.1: Profilometer measurements of the SU-8 structures
SU-8 structure
T-junction
Main channel
Trap main channel
Trap constriction
Bypass

Width in µm
105.6
203.3
205.4
103.4
306.7

Height in µm
87.6
87.4
83.6
83.7
83.7

5.2.3 PDMS mold
With a mold master fabricated as described in the previous section, the PDMS
casting step follows.
To ensure that the PDMS peels off the mold master easily at the end, the wafer with
the SU-8 structures was treated with 1 ml evaporated TCMS over three hours. 44 g
PDMS were obtained by mixing 40 g Sylgard 184 base with 4 g corresponding curing
agent thoroughly and desiccated until all gas bubbles had disappeared. The wafer
was removed after the TCMS treatment and placed under a metal ring the diameter
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of the wafer. The ring prevents the PDMS from spilling while being poured and cast
on the wafer. Subsequently to pouring the PDMS on the wafer, it was dessicated
again, before being placed on a Stuart Scientific SH1D hotplate for 2 hours at 80o C.
The cured PDMS slab was then peeled off the wafer and placed on a Stuart hotplate
for additional 2 hours at 80o C.
To compare the replica molded channels with the intended design, scanning electron
microscopy (SEM) measurements were taken with a Raith 150 with LEOFESEM
column. Therefore, thin slices of the PDMS slab were coated with metal using a SEM
coating unit E5000 from Polaron Equipment Limited. The deposition parameters
were 3 minutes, at 40 mA and 0.15 torr, which results in an approximate layer
deposition thickness of 10 nm. SEM pictures of the T-junction channel and the
main channel are displayed in Fig. 5.6. The measurement of the T-junction channel
width resulted in 115 x 89 µm instead of 100 x 100 µm as designed and the main
channel was measured as 213 x 85 µm instead of 200 x 100 µm. The difference in
width at the top and bottom of the T-junction channel was less than 1 µm.

Figure 5.6: SEM images of PDMS channel profiles. The left image shows the Tjunction channel at 500x magnification which was designed as 100 x 100 µm. The
right images shows a slice of the lap region 50x magnified, which was designed as
200 x 100 µm.
The PDMS slab was devided into the single chips using a scalpel, allowing a 5 mm
distance from cutting edge to channel structures. Using Harris Uni-core coring tools,
a 1 mm core was cut 2/3 vertically through the slab starting in the round inlet and
outlet structures displayed in Fig. 5.3. The previously vertical core cut was joined
by a perpendicular cut with the same coring device, enabling the removal of both
cores. The horizontal interface channel was then enlarged by using a 2 mm coring
device. The PDMS slab and the coring devices are illustrated in Fig. 5.7.
After cutting interfacing channels to all inlets and outlets, the PDMS “chips” were
placed in the oxygen plasma Emitech K1050X asher for 90 seconds at 100 W together
with a pre-cleaned clear microscope glass slide. After the plasma ashing process, the
treated surfaces are joined, resulting in a strong bond. The microfluidic devices were
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ready for experimental use after filling the channels with Rain-X2 and evaporating
the latter on a hotplate for 20 minutes at 20o C to achieve hydrophobic channel
properties.

Figure 5.7: PDMS slab where the top chip was cut out. The reflecting channel
structures are covered with a polyethylene sheet to avoid contamination. The
right coring tool is shown while cutting the vertical interfacing channel to the chip
inlet.

5.3 Experimental setups and equipment
This section describes the experimental setups and the equipment used for the experiments presented in the following chapter. After giving a general introduction
of the measurement environment, the unique circumstances to the three different
experimental setups are described individually.
The measurement environment is for fluorescent light intensity measurements which
are linked to the corresponding DO concentration over the progress of several subsequent experiments. These experiments were performed in three different experimental setups, where the sample size was reduced by three orders of magnitude each
time and thereby the sample environment was refined correspondingly. The three
experimental setups are illustrated schematically in Fig. 5.8.

5.3.1 Fluorescent light intensity measurement equipment
As described in Section 3.3 the measurement of DO is performed by an optical
measurement method based on fluorescence. The fluorescent sensor dye used RTDP
and is referred to as
(Sigma) was dissolved in DI-water with a concentration of 1 mg
ml
sensor solution in the following. This particular concentration of RTDP was linked
2

Rain-X: http://www.rainx.com
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Figure 5.8: Schematic of the three experimental setups. a) 1. experimental setup:
A micro well plate well filled with sensor solution is used as sample. b) 2. experimental setup: Measurement of DO in a 1 µl water droplet with sensor dye, covered
with mineral oil. c) 3. experimental setup: Oxygen measurement in nanoliter sized
droplets with the microfluidic device.
with the best results among other concentrations in experiments of other research
groups with similar applications [11, 36].
The excitation of the fluorophore and the detection of the fluorescent light was
conducted with a Nikon Eclipse 80i fluorescence microscope. The standard accessory
HG-vapor lamp from Nikon provides a defined UV light source spectrum which is
then filtered by a 450 nm excitation filter to excite the fluorophore only with the
optimal wavelength and remove any wavelengths which would interfere with the
emission spectrum of the sensor dye.
After excitation the fluorescent light passes through a 590 nm emission filter to
exclude any wavelength which is not part of the fluorescent emission spectrum.
The microscope is connected to a digital camera (OrcaFlash4.0 V2, Hamamatsu3 )
to record the emission light intensity with gray scale images. A schematic of the
microscope is shown in Fig. 5.8. The software provided with the camera HC IMAGE
permits the evaluation and conversion of acquired images to intensity values.
5.3.1.1 HC IMAGE - image acquisition and intensity measurement software
The evaluation software HC IMAGE supplied with the digital camera allows for the
acquisition of a live view image filtered and magnified by the microscope. Once a
picture is taken, it can be analyzed with the same software. The analysis starts
with defining a field of interest (FOI) layer on the image. The image can be understood as a 2D array of pixels with individual intensity values in gray-scale. By
3

www.hamamatsu.com
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defining a minimum intensity value the droplet in the image is distinguished from
the background noise and highlighted, as illustrated in Fig. 5.9.

Figure 5.9: The top two pictures show the camera-acquired image of a droplet with
the intensity profiles in the left picture and the green highlighted field of interest in
the right picture. Below is the dialog shown for changing the range of the intensity
for defining the field of interest.
Once the field of interest is defined, measurements can be performed on the defined
area. In this work, the area, the minimum gray value, the maximum gray value and
the mean gray value of the field of interest were measured. The area of the measured
droplet gives information on size change during a sequence of measurements. The
minimum gray value is crucial to the sample area. If the recorded intensity is close
to the background noise, it is hard to maintain the same sample area and thus the
mean intensity measurement is compromised. The maximum intensity value helps
to verify that the intensity measurement does not reach saturation and thus the
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clipping of intensity values is not the case. The intensity detection range of the
camera is 0-65535. The camera exposure time is the time window in which light
intensity is summed up in every pixel of the detector. By adjusting this camera
exposure time in such a way that the brightest signal (no oxygen) is just below
saturation (65535), the weak intensity recordings can still be measured accurately.
The measurements of intensity presented are all mean intensity gray values over the
whole droplet area, unless stated otherwise.

Background noise reduction HC IMAGE allows the acquisition of an image which
is subtracted from the subsequently acquired images. That way the background
noise and artifacts caused throughout the optical path of the microscope were reduced to a minimum and resulted in an overall more homogeneous result. This
background noise reduction feature was used during all experiments presented here.

5.3.2 First experimental setup: Sensor solution in well
As an initial platform for the characterization of the RTDP sensor dye, experiments
were performed in 96 well plate wells. The use of micro-well plates reduces the
complexity of the experimental setup immensely by simply replacing the microfluidic
equipment with a well and the use of pipettes. A schematic is shown in Fig. 5.8.
Micro well plates are commonly fabricated by injection molding and are made of
polystyrene for cell culture standards. The shape of the individual wells exist in
different formats. A flat bottom well, a conical bottom well and a semi-circular
bottom well format were tested. While the non-flat bottom wells initially seem
more promising for the reproducibility of droplet dispensing in the middle of the
well, it turned out that the non-flat shape of the well bottom influenced the intensity
measurement in an inhomogeneous way. A 96 micro well plate with flat bottom wells
placed under the microscope is shown in Fig. 5.10.

5.3.3 Second experimental setup: Droplet with oil overlay in
well
With the same well plate based experimental setup as introduced and illustrated
(Fig. 5.8) in the previous section, this experimental setup differs only in the sample
size. The sensor solution volume was reduced to 1 µl. To prevent the small volume
from evaporation and to further approximate the measurement situation of the two
phase system in the microfluidic device, the sample was covered in mineral oil, which
shapes the sensor solution volume spherical. Another modification to the sample
was the predetermination of its DO concentration as described in the following.
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Figure 5.10: The illuminated well is filled with sensor solution and exposed to blue
light. The resulting red fluorescent light is of lower intensity and thus not visible
in this picture.
5.3.3.1 Predetermination of dissolved oxygen concentration
To relate different DO concentrations relative to each other, the samples were treated
in several different ways prior to measurement. The oxygen scavenger sodium sulfite
to remove the DO in
(Sigma), Na2 SO3 , was added with a concentration of 10 mg
ml
water. This concentration is recommended as calibration solution for commercial
optical oxygen probes by Presens [3]. The background and chemical reaction was
discussed in Section 3.1.2.2. The removal of DO in sensor solution will be referred
to as with-sodium-sulfite-depleted in the following.
For oxygen depleted sensor solution without long term depletion, the sensor solution
was bubbled through with nitrogen gas over a minimum of 10 minutes. For oxygen
saturated sensor solution, the sensor solution was bubbled through with pure oxygen
gas for a minimum of 10 minutes. To deplete or saturate the mineral oil with oxygen,
it was bubbled through with nitrogen and oxygen, respectively, in the same fashion
as the sensor solution.

5.3.4 Third experimental setup: On-chip measurements
In the third experimental setup (Fig. 5.8) the micro-well plate was replaced by the
microfluidic device. This modification also entails a further sample volume reduction
to ∼ 2 nl. The droplet generation is a pressure-driven process and thus requires
interfacing the device with external syringe pumps to provide the correct flow rates
of oil and water. The interfacing of the microfluidic chip with the syringe pumps is
presented in the following.
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5.3.4.1 Interfacing the microfluidic chip with syringe pumps
The PDMS chip and Tygon4 R-3603 tubing was interfaced with barbed connectors,
as visible in Fig. 5.11.

Figure 5.11: Microfluidic chip interfaced to tygon tubing with barbed connectors.
The two input streams on the left are connected to syringe pumps. The three
bypasses in the middle and the output on the right are leading to a waste container.
The channels are filled with blue food dye for illustration only.

The air in the device was removed before every experiment by filling all channels
with either oil or water. Furthermore, the two pieces of tubing for the two inputs and
the output were chosen of identical length with particular emphasis on having them
as short as possible. This measure was taken to reduce the back pressure caused by
the flexible silicone tubing and equalize it among the inputs and the output tubing.
The oil input stream was regulated by a Harvard5 PHD 2000 syringe pump. The
water input stream was regulated by a Sage6 model-M362 syringe pump. Generally
the input flow rates were reduced to the absolute minimum, to have the flow speed
in the device as low as possible for facilitated observation. To achieve this, the
syringe pump settings were adjusted to 60 ml syringes and the lowest possible flow
rate, while employing 5 ml Terumo7 syringes. This resulted in a total flow speed
, measured after the tapered T-junction. A flow-rate ratio of 1 unit of
of ∼ 2 mm
s
aqueous to 3 units of oil phase was maintained to insure monodispersity of the
droplets.
4

Tygon: www.tygon.com
Harvard Apparatus: www.harvardapparatus.com
6
Sage Instruments: www.sageinst.com
7
Terumo: www.terumomedical.com
5
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5.3.4.2 Droplet trap
To enable the continuous observation and measurement of droplets on-chip, these
have to be rendered motionless. This was achieved by the procedure illustrated in
Fig. 5.12.

Figure 5.12: Working principle of the droplet trapping on-chip. 1.) A droplet train
is moving through the trap geometry while the bypasses are blocked. 2.) The
continuous flow is redirected through the bypasses, leaving the previous droplets
that moved through the trap geometry motionless.
Initially, the continuous phase is moving the monodispersed droplets through a short
narrow section in the main channel. By opening a valve, the bypass, a wider channel
than the main channel, is opened and the continuous flow redirects through the
bypass with less fluidic resistance. The droplets that previously moved through the
narrow channel (trap geometry) are rendered motionless, as the main flow redirects
through the bypass. The droplets can now be observed and measured, while the
continuous flow passes through the bypass.
By introducing a small pressure pulse at the outlet, the stationary droplet gets
ejected through the trap geometry entry into the continuous flow and a new droplet
enters the trap.
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and Discussion
In the last chapter, the design and fabrication of the microfluidic device was described and the equipment used in the experimental setups was introduced. In this
chapter, the progress towards the final experiment, where oxygen concentration differences were detected in a time-resolved manner, is documented. To approximate
the final and also most complex experiment step-by-step, two simpler measurement
setups were previously used for the characterization of the sensor dye used. For
better understanding, the chapter is organized in such a way that each experimental setup is presented with the performed methods, its results and their discussion,
before the next experimental setup is addressed subsequently.
The three consecutive steps are a pure sensor solution sample, a single water droplet
with oil overlay sample and finally a measurement of a trapped droplet performed
in the device.
First the absorption spectrum of the fluorescent sensor dye was investigated. Then,
in the first experimental setup, the sample distance to the microscope and the temperature influence are addressed. The second experimental setup was used to examine the random error caused by focusing on a sample and the sample placement under
the microscope. Subsequently, measurement signals of water droplets with different DO concentrations were compared. The third experimental setup demonstrates
the feasibility of differentiated DO detection in 1 nl droplets within the fabricated
microfluidic device.

6.1 Absorption spectrum of RTDP
To analyze the absorption behavior of the sensor dye RTDP, a drop of sensor solution
was added to a cuvette of DI water. Another cuvette was filled with DI water only
and then both samples were inserted into the measurement chamber of a Varian
Vary 100 Bio spectrometer to measure the absorbance of RTDP over the UV to
visible light spectrum. By sweeping the incident light from 800 nm to 200 nm in
1 nm steps and measuring the light intensity after beam transmission through the
samples an absorption spectrum, as displayed in Fig. 6.1, was acquired. The pure
solvent values are deducted from the sample with sensor solution.
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Figure 6.1: Absorption spectrum of RTDP diluted in DI water over the UV-visible
light spectrum. The displayed curve shows the absorbance of the diluted RTDP
sample after subtraction of the pure solvent sample (DI water).
The absorption around 450 nm is clearly visible, which is consistent with the excitation of a UV lamp and a 50 nm bandwidth excitation filter at 450 nm. Also visible
is that the light emitted by fluorescence is not absorbed by the liquid before passing
through the 590 nm emission filter. During measurements, the radiation corresponding to the more distinct absorption peaks at lower wavelengths are filtered out by
the excitation filter to protect the fluorophore from excessive photobleaching due to
the greater energy shorter wavelengths exhibit.

6.2 First experimental setup: Sensor solution in well
In this section, the measurement setup presented in Section 5.3.2 and illustrated in
Fig. 5.8 was used to investigate the influence on intensity of sample distance to the
microscope and temperature.
The sensor dye was allotted to the individual wells manually with an Eppendorf1
pipette of the 10-100 µl range using a new polypropylene pipette tip for each well.
The following graphs were acquired during measurements of 200 µl sensor solution
RTDP in wells of a 96 flat bottom well plate. Inconsisting of DI-water and 1 mg
ml
dividual images were recorded using a 5x magnification objective and a camera
exposure time of 12 ms.
1

www.eppendorf.com
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6.2.1 Intensity as function of objective-to-sample distance
Light intensity from a point source decreases quadratically with increasing distance.
The sample droplets do not offer a distinct structure to focus the microscope on,
therefore it has to be suspected, that the position of the focal plane may vary from
droplet to droplet and that this might have an influence on the measurement of the
fluorescence intensity. To characterize the error of intensity due to variation in distance when having the sample out of focus, a measurement was performed where the
distance between microscope objective and sample was altered by 1 mm steps. For
every distance, the intensity was measured. To limit the influence of light exposure
on the temperature and the effect of photobleaching, the shutter of the microscope
was opened only for approximately two seconds for each measurement. One minute
was allowed to pass between each measurement to even out the temperature impact
of the short measurement light exposure. The measurement results are shown in
Fig. 6.2.

Figure 6.2: Fluorescence light intensity as a function of the distance between the
microscope objective and the sample. For the distance variation investigated, a
linear trend with a R2 value of 0.99 could be fitted to the measurement data.

6.2.1.1 Observations and results
The measured intensity decreases with increase in distance. For the investigated
distance variation a linear fit with a R2 value of 0.99 was found. The slope of the
linear fit predicts a drop of intensity by 842 per millimeter, which equals 3 %.
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6.2.1.2 Discussion
Despite the large investigated distance variation which extends beyond the practically relevant deviation from the liquid surface, a consistent linear relation was
found. The earlier mentioned squared intensity decrease with distance does not
seem to apply. One reason could be that the distance from the microscope light
source to the sample is to short to assume a point source. The excited fluorophore
molecules on the other hand could act as point sources individually, but the sum of
them are dispersed over the liquid surface area illuminated by the microscope and
thus no point source.
The linear relation could be explained by having a closer look at the illuminated area
which changes with the distance to the microscope in a squared manner and thus
might counter the squared intensity decrease with distance. If the distance between
the sample and the microscope is smaller, the fluorescent light source area (squared)
is smaller and less light can enter the objective aperture. However, the optical
distance between microscope and fluorophores is also reduced, thus the intensity
is greater (squared). The opposite would apply for a larger distance: the area of
excited fluorophores increases but the optical path length increases as well.
Without investigating this matter further, it can be concluded, that in the relevant
distance deviation of the focal plane from the liquid area a linear intensity change
with distance occurs. With the extremely high deviation of 1 mm an error of only
3 % is introduced. The relative location of the liquid surface to the focal plane,
which is imaged on the camera detector plane, does not seem to have an influence
on the the light intensity. Otherwise the intensity would drop drastically as soon as
no sensor dye is located in the focus plane.

6.2.2 Temperature influence on intensity
As introduced in Section 3.1.1.3 and Section 3.3.1.3, the oxygen solubility in water
and the fluorophore quenching efficiency both change with temperature. To characterize the influence of temperature on the fluorescent light intensity, a well filled
with sensor solution was continuously exposed over 1000 seconds while the emission
intensity was measured with the sequence function of HC IMAGE using 10 second
intervals. To acquire temperature measurements, a thermocouple connected to a
Digitech QM1538 multimeter device was used. The thermocouple was mounted on
the well plate so that the sensing tip was immersed directly at the liquid/gas interface. The excitation beam of the microscope illuminated the whole liquid surface
of the well, while the image area taken by the camera excluded the outer ring of
the liquid surface.Thus, it excluded the thermocouple tip and the inhomogeneities
it would have caused on the intensity measurement. The temperature was manually
recorded from the thermocouple simultaneously to the intensity measurement of the
fluorescent microscope and camera setup. The raw data is displayed in Fig. 6.3.
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Figure 6.3: Plot showing the measurement of intensity and temperature during
a 1000 second continuous exposure. Measurements were acquired in 10 second
intervals.
By normalizing the intensity in a Stern-Volmer fashion: II0 − 1, where the initial
intensity is I0 and the continuous measurement of intensity is I, the correlation
between the intensity drop and the temperature rise is shown in Fig. 6.4.

Figure 6.4: Same data as shown in Fig. 6.3 with the intensity normalized in SternVolmer fashion.
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6.2.2.1 Observations and results
Over the term of 10 seconds between the first and the second measurement the
intensity dropped by 5 %. Continuous exposure over 1000 seconds resulted in a
drop of intensity by 23 %. The distance between objective and liquid surface had
increased by 0.2 mm after the measurement.
The similarity of the two curves in Fig. 6.4 highlights a close correlation between the
temperature and intensity change. The fact that the two curves are not identical,
implies a systematical error caused by other effects. While the vertical difference
between the two curves increases over the first 100 seconds, the trend reverses there
after. It inverts compared to the start, and the difference appears to grow over time.
6.2.2.2 Discussion
At the beginning of this section, two different temperature effects were mentioned.
The decrease of oxygen solubility due to the temperature increase should result
in an increase of fluorescent light intensity since fewer oxygen molecules collide
with excited fluorophores. The predominant behavior observed in Fig. 6.3 does the
exact opposite. The increase of temperature causes more Brownian motion and thus
more oxygen molecules collide with excited fluorophores resulting in less fluorescent
emission. It can be concluded that the data displayed in Fig. 6.4 mainly shows
the temperature effect on quenching, with a small systematical error caused by
the decreasing solubility of oxygen in water. Unlike the temperature influence on
the Brownian motion, the change in solubility can be expected to take effect much
more slowly since the excess oxygen, which cannot be dissolved any longer, has to
disappears by diffusion. In case of more abrupt temperature (solubility) change,
the formation of oxygen bubbles could occur. Such formation of oxygen bubbles
was not observed. This would support the fact, that the intensity curve begins to
drop relative to the temperature curve after around 100 seconds while the difference
seems to increase over time.
The observed decrease of sensor solution in the well could be explained by evaporation, intensified by the illumination of the microscope. As derived in the previous
section, an increase of distance between microscope objective and sample results in
a decrease of intensity. The observed difference would results in an intensity change
of less than 1 %, applying the results of the previous experiment. However, this
influence acts on the data like the change of solubility and as the effect increases
over time, would support the observed increasing vertical difference between the two
curves.
The evaporation of solvent entails an increase of the concentration of fluorescent dye
in the remaining solution and thus a further increase in intensity. This effect agrees
with the intensity curve propagation after 100 seconds. The photobleaching effect,
likely to influence the dye during a continuous exposure over 1000 seconds, causes the
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overall intensity to drop and thus counters the earlier mentioned effects. The large
sensor solution volume (compared to later droplet volumes) allows the assumption
that most of the light is absorbed in only part of the sensor solution. This would
cause a temperature gradient in the solution which could cause convection and
thus distribute the photobleaching potential over all of the volume, and thereby
weakening the overall effect.
After considering all previously mentioned effects, the temperature influence on
fluorescence light intensity, caused by an increase of quenching due to collision,
exhibits by far the greatest impact. To validate this, the in Section 3.3.1.3 introduced
relation (Fig. 6.5) should hold and thus when plotting the natural logarithm of the
relative intensity over the inverted temperature, a linear relation should result. The
result of this validation approach is illustrated in Fig. 6.5.

Figure 6.5: Same data as in the previous graph plotted as logarithmic intensity
versus inverse temperature. The x-axis orientation was inverted to maintain the
orientation of the curve of the two previous graphs where the temperature increase
occurs from left to right. Since the curve shows two distinct sections of good linear
relation, two linear fits are illustrated.

The relation shows two distinct sections of linear behavior. Apart from the initial
increase of temperature, a good linear agreement is visible over the whole measurement which supports the hypothesis that the main influence of temperature is
caused by the increase of quenching.
This leaves the initial propagation of the intensity curve unexplained and further
investigations would be necessary.
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Despite the dramatic influence of temperature on potential oxygen measurements,
the graphs suggest that the measurement principle is capable of differentiating between the subsequent intensity changes. It also shows that the measurement deviation is small, highlighted by the smooth curve. As a final conclusion, this experiments suggests to avoid continuous exposure of the sample in future measurements
to keep the temperature influence to a minimum. A single intensity measurement
exposes the sample for less than two seconds. Compared to the initial drop of 5 %
over ten seconds in this experiment, the influence of the less than two second exposure with every measurement introduces a small systematical error which can be
neglected at this early stage of the research.
Since not only the temperature change caused by illumination changes the influence, but changes in ambient temperature have the same impact (but are expected
to change slower) the temperature during longer term measurements in particular
should be monitored. In this experiment an intensity change of 550 units per degree
Celsius was encountered.

6.3 Second experimental setup: Droplet with oil
overlay in well
After investigating fundamental behavior of the sensor solution in the previous section, the measurement environment was modified to resemble the final experimental
setup closer. To avoid sample evaporation, as encountered in the previous experiment, the sample was covered. Also, to approximate the two phase system of water
and oil in the microfluidic device, the water droplet was covered with a mineral
oil overlay in a micro well plate well. Heavy mineral oil (#330760, Sigma) was
used as cover oil, as it has previously served for this purpose in cell culture applications [46, 56].
The water droplet was allotted using an Eppendorf pipette of the 1-10 µl range set to
1 µl. Immediately after dispensing the water droplet into the well, a heavy mineral
oil overlay was dispensed with a 10-100 µl range Eppendorf pipette set to 100 µl.
The setup is illustrated in Fig. 5.8.
After covering the droplet by dispensing the oil overlay, the sample was immediately
placed under the microscope and focused on for subsequent measurement.
All measurements with this experimental setup were taken with a 10x microscope
objective and a camera exposure time of 9 ms unless stated differently.
To evaluate potential sources of error the processes of focusing on a droplet and the
placement of a sample under the microscope were investigated more closely. Then
a measurement with different predetermined oxygen concentrations was performed
to verify if samples of different concentrations can be distinguished by intensity
measurement.
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6.3.1 Error evaluation of sample focusing
Whenever a sample is placed under the microscope, the sample has to be focused
on to minimize the error caused by deviation from the focal distance presented in
Section 6.2.1. While the placement under the microscope can be performed when
the microscope shutter is closed and the sample not exposed to light, the focusing
inevitably exposes the sample and thus induces an increase in temperature and
causes photobleaching. The impact of focusing on sensor solution of 1 µl volume and
the introduced uncertainty for every focusing process is presented in the following.
A droplet sample C6 was dispensed and covered with oil as described in Section 6.3.
From the beginning on, the DO concentration of the oil and water phases were in
equilibrium with air and thus no oxygen concentration change was to be expected.
The sample was placed under the microscope. Then for each measurement, the
microscope was focused on the outline of the droplet from an unfocussed position.
After focusing the shutter was closed for one minute to compensate temperature
increase. The measurement results are displayed in Fig. 6.6.

Figure 6.6: 10 consecutive intensity measurements of droplet C6 after focusing and
a one minute exposure break before each measurement.

6.3.1.1 Observations and results
The consecutive recording of 10 intensity measurements of the droplet C6 shows
little irregularities (random error) and a systematic trend which is characterized by
a linear fit with a slope of 33.1 units of intensity decrease per measurement.
In addition, the area of the droplet on the measurement images was also recorded
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and resulted in a mean area for droplet C6 of 2.21 · 106 pixels with an insignificant
standard deviation of 1 · 103 pixels over the 10 performed measurements.
6.3.1.2 Discussion
The systematical trend highlighted by the fitting line could be caused by a linear
influence such as temperature change or photobleaching. From the previous section,
the observed intensity change would correspond to an increase of temperature of
more than half a degree Celsius over the period of 10 minutes. As all equipment,
including sensor solution and oil used, were stored in the same room where the
measurement was recorded, it can be assumed, that everything had the same ambient temperature (neglecting the experimenter). The previously used thermocouple
was not suitable to measure the temperature inside the 1 µl droplets. Instead the
ambient air temperature was monitored during the measurement while the average
temperature fluctuating between 21.2−21.7 o C with no significant trend. The liquids
would be expected to change temperature slower, but since no trend was observed
temperature influence is unlikely to be the cause.
Assuming the systematical error is caused by photobleaching only, the process of focusing and measuring, as performed for each measurement point, entails an exposure
to illumination of two seconds each, totaling to 4 seconds exposure per measurement.
This permits to expect an average intensity decrease of approximately 16.5 units for
every time a sample is focused on or a measurement is taken. Compared to the absolute value of more than 16000, the influence of single measurements is negligible.
To evaluate the random error made by focusing on a sample, which this experiment
was initially performed for, the photobleaching effect was compensated for, resulting in a horizontal trend line. The mean fluorescent intensity of droplet C6 was
16241 units and the standard deviation of the measurements is calculated to be 16.4
if the photobleaching effect is statistically compensated for.
This result allows the conclusion, that the random error introduced by focusing is
smaller than the average decrease of intensity due to photobleaching. Both are on
the order of 0.1 % and thus irrelevant for measurements on samples with limited
measurement points.

6.3.2 Error evaluation of sample placement
As the influence of focusing on the sample was discussed in the previous section,
subsequently (on the same day) the influence of sample placement was investigated
under the exact same conditions on a different droplet C5.
To find out whether the location of the droplet under the microscope, while still
fully displayed on the screen, makes a difference to the measurement outcome, the
focus was kept constant and the placement of the droplet was changed before every
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measurement. One minute was allowed to pass between every measurement, to
prevent illumination induced temperature changes. The results of this experiment
are displayed in Fig. 6.6.

Figure 6.7: 10 consecutive measurements of droplet C5. While the previous measurement of droplet C6 showed a linear decrease, the random deviation in this
data is linked to the random sample placement within the camera detection area.
The shutter was closed for one minute before every measurement to compensate
temperature influence.

6.3.2.1 Observations and results
The consecutive recording of 10 intensity measurements of the droplet C5 shows
deviations (random error) and a systematic error which is characterized by a linear
fit with a slope of 17.8 units of intensity decrease per measurement and a R2 value of
0.53. The mean area of C5 over the course of the 10 measurements was 2.27·106 pixels
with a standard deviation of 1.64 · 103 pixels. During this measurement the ambient
air temperature was consistent between 21.3 − 21.4 o C.

6.3.2.2 Discussion
Despite that the linear fit in this plot is not as consistent as for the focusing error
of the previous experiment, the negative slope of 17.8 units per measurement is approximately half of the slope observed in the previous experiment. This is in great
agreement with the hypothesis that the intensity decrease is caused by photobleach-
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ing, since in this experiment, no focusing was undertaken and thus the sample was
only exposed to half of the light compared to the previous experiment.
To evaluate the random error introduced by the sample placement, the slope of the
linear fit is compensated and a mean intensity value of 17060 with a standard deviation of 45.3 was found. This error could be caused by a slightly uneven microscope
stage. This larger error is still well below 1 % and thus insignificant.
The absolute intensity difference between droplet C6 of the previous experiment
and C5 of this experiment is with 5 % more significant. The origin of this deviation
between samples is unknown as the experimental setup was identical. The Measurements of C5 and C6 were taken subsequently within an hour and their droplet size
and ambient temperature during both experiments differed only very little. This
might point the cause of the error towards the experimental handling. The experimental handling is expected to have less influence in the final setup, where the
device is placed under the microscope once and parameters are changed by rarely
regulating apparatuses like the syringe pumps to change flow rates.

6.3.3 Droplets with different predetermined oxygen
concentrations
In order to see if there is a quantitative relation between measured fluorescence intensity and the concentration of oxygen in water droplets, samples with known oxygen
concentrations were needed. Since no reference material is available, the experiment
was carried out with three types of samples: Droplets of water depleted of oxygen,
droplets saturated with oxygen and droplets with a concentration equilibrated with
ambient air. The preparation of these samples was explained in Section 5.3.3.1.
As only one gas cylinder for gas bubbling could be used at the same time, the
measurements of saturated and depleted samples were performed on consecutive
days.
Droplets with predefined DO concentration were pipetted in micro well plate wells
with a mineral oil overlay. For the measurement of oxygen free water, the droplet
H10 was depleted with sodium sulfite and the mineral oil overlay was bubbled with
nitrogen prior to dispersion to delay the equilibration of the droplet with the surrounding air. As an alternative for oxygen depleted water, without introduction of
ions in the sensor solution, droplet H9 and its oil overlay were depleted by nitrogen
bubbling, prior to measurement. Droplet G10 consisting of air equilibrated sensor
solution was covered with air equilibrated mineral oil. For an oxygen saturated
sample, droplet H6 and cover oil was bubbled with pure oxygen prior to pipetting
and measurement on the following day. The DO concentrations of these four sample
droplets were then measured over time. The relative intensity, normalized to the
oxygen depleted initial value of the sodium sulfite curve is illustrated in Fig. 6.8.
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Figure 6.8: Time resolved relative intensity of droplets H10, H9, G10 and H6 referring to with-sodium-sulfite-depleted droplet (magenta), with-nitrogen-equilibrated
(bubbled) droplet (blue), with-air-equilibrated droplet (red) and with-oxygenequilibrated-droplet (black), respectively. The displayed time axis shows the relative time of individual measurement curves with respect to their first measurement.
6.3.3.1 Observations and results
Over a period of four hours the samples showed distinctly different concentrations
and trends while showing no obvious random deviations.
The nitrogen equilibrated droplet measurement was disturbed by what could have
been the formation of a bubble visible on the center of its measurement image. This
resulted in a decrease of mean intensity, when measured over the whole droplet area.
By adjusting the minimum intensity threshold when defining the region of interest
for measurement, a higher value was picked to reduce the bubbles influence on the
measurement.
The air equilibrated sample varied slightly between 16956 and 17213 units of intensity with a mean of 17092 and a standard deviation of 96.7, which is less than 1 %
deviation.
The oxygen-depleted sample shows stable intensity over more than two hours, before
the intensity changes rapidly to the same level as the air-equilibrated sample.
The second oxygen-depleted sample, which was bubbled with nitrogen prior to measurement, shows initial values between the air-equilibrated sample and the withsodium-sulfite-depleted oxygen sample. Then a decrease in relative intensity was
observed, before increasing its relative intensity over more than three hours to equal
that of the ambient air-equilibrated sample.
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The oxygen saturated sample curve, recorded the following day, shows an initial
increase in relative intensity and drops over less than four hours to a slightly lower
intensity of 15761 compared to the last air-equilibrated value of 16956.
6.3.3.2 Discussion
In the short time between filling the pipette tip with oxygen saturated sensor dye,
dispensing it in the well and then covering it with-oxygen-saturated mineral oil,
the droplet is exposed to air and air-saturated polypropylene (pipette tip). The
concentration gradient between the DO in the droplet and the surrounding air is
very high and it can be expected that rapid change of concentration in the water
droplet occurs. Thus, by the time the droplet is under the microscope and being
measured, the water droplet is no longer oxygen saturated. The bigger oil volume
with a higher solubility for oxygen (listed in Table 3.1) might lose less oxygen in the
short time and therefore oxygen transfer from oil to water could explain the initial
rise of relative intensity of the oxygen-equilibrated droplet in Fig. 6.8.
The equivalent behavior can be observed with the nitrogen-equilibrated water droplet.
Since the oxygen concentration of the sodium sulfite-depleted water droplet is very
stable over more than two hours, it can be assumed that the droplet is oxygendepleted while the surrounding oil, which was initially oxygen-depleted, slowly equilibrates with the atmosphere. After the sodium sulfite has fully reacted to sodium
sulfate (as explained in Section 3.1.2.2), the droplet takes up oxygen from the surrounding oil. By then, the oil has had time to equilibrate to air which explains the
rapid equilibration of the water droplet to the air-equilibrated oxygen level. Likewise, the nitrogen-equilibrated droplet approaches similar values to the air equilibrated droplet.
The stable values of the air equilibrated droplet and the initial values of the with
sodium sulfite-depleted droplet yield two calibration points. This allows the determination of the Stern-Volmer constant over the corresponding concentration range,
provided that the assumption that the relation is linear, in other words the SternVolmer constant is constant, holds.
To determine the first point, the mean intensity of the first 7 stable values of the
with-sodium-sulfite oxygen depleted water droplet were calculated as 27724 and the
standard deviation of this mean intensity was calculated as: 127.4. Converted to
the Stern-Volmer format it is:
27723.79 ± 127.39
I0
−1=
− 1 = 0 ± 0.0065.
(6.1)
I
27723.79 ± 127.39
The second calibration point is derived from the mean of all measurements of the
air equilibrated water droplet and its standard deviation . With a mean of 17092
and a standard deviation of 96.7, converted to the Stern-Volmer format, it is:
I0
27723.79 ± 127.39
−1=
− 1 = 0.62 ± 0.012.
I
17092.05 ± 96.67
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The intended third point is unreliable, since by the time the oxygen saturated droplet
was measured it was no longer saturated, which would have meant the deliberate
introduction of an error of unknown magnitude. Creating a calibration curve based
on two points only however, is regarded as unsatisfactory, especially since the resulting relation is always linear. As the proposed work is intended to be applied to
the field of hypoxic conditions though, the range of expected DO concentrations to
be measured would be restricted by these two points, air equilibrated and oxygen
depleted. Furthermore, as already discussed in Section 3.3.1.1, the Stern-Volmer
constant of fluorophores exhibits a linear behavior in diluted solutions [55]. Although the temperature was not measured during this experiment, the laboratory is
a conditioned room. By assuming similar temperatures from previous experiments
when the temperature was recorded, 22 ºC would correspond with Fig. 3.1 to a DO
when equilibrated with air. With 3.26 and a relative
concentration of 8.6925 mg
l
I0
intensity of I − 1 = 0 for the with-sodium-sulfite-depleted droplet and II0 − 1 = 0.62
for the air-equilibrated droplet, a tentative calibration curve is displayed in Fig. 6.9.
l
was found, but an error of 0.2 mg
per deA Stern-Volmer constant of 0.07133 mg
l
gree Celsius accounts for the uncertainty of the assumed ambient temperature of
22 ± 2 o C.

For comparison with other reasearch groups the Stern-Volmer konstant is converted
into units of molarity, which results in 2.23 · 10−3 µM−1 . This result is in excellent
agreement with 2.1 · 10−3 µM−1 [11] and 2.73 · 10−3 µM−1 [57] where the latter stated
that measurements were taken at room temperature. Sud et al measured at 37 o C
and received over multiple runs 4.5 ± 0.4 · 10−3 µM−1 [58]. The value is higher, which
confirms the increase of the Stern-Volmer constant with temperature [57].
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Figure 6.9: Calibration curve for the Stern-Volmer relation of RTDP at 22 ± 2 o C.
at the bottom and the corresponding oxygen
The concentration is displayed in mg
l
tension in % at the top (oxygen tension was introduced in Section 3.1.1.1). The
slope of the curve is the Stern-Volmer constant KSV . The y-error bars resemble
the standard deviation of the mean of the first seven data points of the withsodium-sulfite-depleted curve and the standard deviation of the 6 points of the
air-equilibrated curve in Fig. 6.8. The x-error bars show the uncertainty of the
temperature of the measurements the calibration points are based on.

By applying this calibration curve to the measurement displayed earlier in Fig. 6.8,
intensities are assigned to corresponding oxygen concentrations. Thereby, the graph
can be illustrated as time-resolved concentration change (Fig. 6.10).
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Figure 6.10: Time-resolved change of DO concentration in droplets within cell culture relevant DO concentration range. The left y-axis shows the DO concentration
in mg
and the right y-axis displays the DO concentration in oxygen tension in %,
l
as presented in Section 3.1.1.1. The initial DO concentration of the nitrogen equilibrated droplet is equivalent to water in equilibrium with 9 % oxygen volume
fraction at atmospheric pressure.

Despite the assumptions that have been made to obtain the calibration curve, the
resulting value for the Stern-Volmer constant are in excellent agreement with literature values. This means, by assuming the Stern-Volmer relation between the two
acquired calibration points linear, as stated in the literature [15, 17], light intensity
values can be converted to DO concentration. Furthermore, since the range covered
by the acquired calibration curve corresponds to the range of DO concentrations
relevant for cell culture, the following conclusions can be made.
The proposed measurement setup is capable of detecting DO concentration between
in a well differentiated manner. Furthermore, the time resolved oxy0 and 9 mg
l
gen concentration change displayed in Fig. 6.10 shows smoothly propagating curves,
which suggests that the measurement principle is only flawed by small uncertainties. With these results the experimental environment can be further advanced
to the original intention of performing DO measurements in a droplet-microfluidic
device.
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6.4 Third experimental setup: On-chip measurements
In the previous section it was shown that the DO concentration in 1 μl droplets can
be measured within the cell culture relevant DO concentration range. In the final
experimental environment the oxygen measurement is performed in a microfluidic
device within water droplets the size of around 2 nl. The transition to this environment entails significant changes as shown in Fig. 5.8. Firstly, the reduction of sample
volume by three orders of magnitude raises the question whether the measurement
signal is still detectable and significant. The handling of such small volumes makes
the use of microfluidics necessary. Furthermore, the generation of droplets relies on
a constant flow rate to provide a reproducible droplet size. This means the system
is in motion at all times and the measurement of droplets over a longer stretch of
time requires the use of a trapping mechanism to render the sample motionless.
The following experiment is based on droplet generation as introduced in Section 2.2.1.1
and Section 3.2.2. Thereby a continuous stream of monodispered nl droplets is created. The size and reproducibility of the size of the generated droplets is evaluated.
Furthermore, the time resolved detection of DO concentration change in a trapped
droplet is presented and discussed.

6.4.1 Droplet size
In Section 3.2.2.2 a droplet size prediction model for microfluidic T-junction droplet
generators was introduced. The dimensions of the microfluidic channels were based
on the results of this prediction model to generate droplets the size of a nl. The
second major parameter influencing the droplet size is the ratio of water to oil flow
rate. This ratio was determined as 1/3. This flow rate ratio results in a droplet
size prediction of 1.01 nl for a square channel dimension of 100 µm. In the previous
chapter the measurement of the PDMS channels after fabrication was demonstrated
and the deviations from the design of are illustrated in Fig. 5.6. The in Section 3.2.2.2
displayed equations are simplified for the squared profile only. Neglecting this fact,
the predicted droplet size for the measured channel dimensions of 115µm wide and
89 µm high is 1.34 nl.
This predicted value is compared to the droplet size observed by brightfield microscopy as displayed in Fig. 6.11 in the next section. The diameters of 5 droplets
in one frame were measured and found equally as of 154 µm in diameter, which
corresponds to a sphere with the volume of 1.9 nl.
To evaluate the reproducibility of the droplet, 27 pictures of droplets taken in the
fluorecence mode were evaluated with the HC IMAGE, where the area of each droplet
was recorded. The measurement was taken while a large portion of the main flow
ws redirected through a bypass of the trap geometry of the chip, which resulted in
slower flow but also in some flow disturbance affecting droplet size.
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The average size was found to be 52883 ± 1643 pixels (3.1 % standard deviation)
which corresponds to 152 ± 4.7 µm in diameter and a volume of 1.84 ± 0.06 nl.

This droplet size is well within the size expected, taken into account, that the model
used was an estimation. Besides, the droplet size can be further adjusted by varying
the flow rate ratio of the the two phases. However, while the droplet size deviation
of 3.1 % is not of large concern, a better size reproducibility was expected. The
observed variations were most likely caused by disturbances from redirecting only
part of the droplets through a bypass.

6.4.2 Oxygen measurement

In this experiment a droplet of sensor solution was rendered motionless to enable
the detection of change in DO concentration over time. The experimental setup
was discussed in Section 5.3.4. Initial oxygen concentration of the sensor solution
was predetermined to oxygen-depleted by addition of sodium sulfite. By injecting
a droplet into the trap geometry, the equilibration of this droplet with air was
resolved over time while oxygen depleted droplets passed by with the main flow, thus
providing the initial light intensity as a control measurement. The measurements in
this section were taken with the same settings as in the previous oxygen measurement
experiment that lead to a calibration curve (10x microscope objective and 9 ms
camera exposure time).

The two micrographs shown in Fig. 6.11 display the same area in the microfluidic
device. This area includes the droplet trapping geometry, where measurements of
the experiment discussed in this section were recorded.
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Figure 6.11: The left image shows a bright-field micrograph where the channel
walls are highlighted with dashed lines. The direction of the main flow with the
passing droplets is indicated with a red arrow. The trapped droplet is rendered
motionless enabling continuous measurements. The right image shows a micrograph where only fluorescent light is visible. Droplets in the main flow are passing
by, while the trapped droplet is just entering the trap being slightly distorted by
the constriction of the trap geometry.

The aqueous phase was oxygen depleted with sodium sulfite prior to entering the
device. A continuous train of mono-disperse droplets was generated at a flow speed
. By applying a short pressure peak to the tubing interfaced with the bypass
of 2 mm
s
(channel with passing droplets in Fig. 6.11) one of the droplets was injected into
the trap geometry and thus rendered motionless. The train of droplets thereafter
continued flowing normally. The observed flow velocity in the microfluidic trap
geometry resembled the simulation shown in Fig. 4.3. The remaining flow velocity
in the channel with the trapped droplet was countered by hydrodynamic pressure
by lifting the interfaced tubing correspondingly. The lowering of the tubing caused
the ejection of the droplet in the trap back into the main flow.
Fluorescent light intensity measurement of the illustrated part of the device in
Fig. 6.11 started from the moment the single droplet had entered the trap geometry. The measurement of this particular area allows the simultaneous measurement
of the trapped droplet and the passing droplets.
Due to the time difference between the generation of the stationary droplet and
the passing droplets, the stationary droplet is longer exposed to the air equilibrated
oil. That is why the change of DO concentration in the stationary droplet can be
observed while the passing droplets remain oxygen-depleted. Subsequently to the
sodium sulfite having fully reacted, the droplet equilibrates to the oxygen concentration of ambient air. The measurement corresponding to this process is displayed
in Fig. 6.12.
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Figure 6.12: Fluorescent light intensity over time. This graph shows the data taken
from a measurement of the image section displayed in Fig. 6.11. The trapped
droplet changes fluorescent light intensity rapidly, indicating that the DO concentration is increasing fast and then levels out at a certain concentration. The
fluorescent light intensity of the passing droplets remains at a fairly constant value,
with some random deviations and a slight mean intensity decrease of 48 units per
measurement.

6.4.2.1 Observations and results

While the intensity change over time is measured in this one trapped droplet, the
intensity data of the depleted droplets is measured in a different droplet each time.
For the passing droplet intensity measurement, in each picture a fully on the image
displayed and mono-dispersed droplet was selected for measurement. The curve
resulting from the passing droplets shows a fairly constant intensity level when
compared to the stationary droplet curve. The individual data points do show
random deviations and a slight overall decrease in intensity over time. The mean
intensity over all passing droplets was found to be 30151 with a standard deviation
of 946, while the continuous drop in intensity was characterized by a linear fit and
resulted in 48 units of intensity drop per measurement.
The intensity change of the trapped droplet shows a consistent trend towards a
steady level of fluorescence intensity.
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6.4.2.2 Discussion
Despite the dramatically smaller sample size, the resulting smaller area over which
the mean intensity is evaluated and the fact that the sample is moving, the standard
deviation of the mean intensity measurement value is only 3.1 %. This suggest
that with some measures of optimization the precise measurement of oxygen free
sensor solution should be possible. Furthermore, the acquisition of distinct intensity
changes in the trapped droplet and the consistent trend towards a steady level of
fluorescence intensity show that the measurement method is sensitive enough for
samples of this volume. These findings agree with similar experiments of oxygen
measurement in droplets [11].
The same camera exposure time used in the previous experiment was maintained for
the measurements of this experiment. This was justified with keeping the recorded
intensity measurements comparable without changing too many parameters. The
measurement revealed that the difference in fluorescent light intensity between the
two experiments is too large to apply the calibration curve recorded earlier. It was
to be expected, that there would be a large difference in fluorescent light intensity
between the droplets of different size. This could be explained by the amount of
fluorophores excited per area seen out of the perspective of the microscope. By
reducing the droplet size, the droplet diameter is reduced and thereby the amount
of fluorophores absorbing and emitting light back to the microscope per area. In
other words, absorption and emission of the fluorophores is not a surface effect.
Light penetrates the droplet until it is absorbed and in the circumstances where the
diameter is smaller than the absorption depth, the light intensity will decrease when
reducing the droplet diameter. By looking at Fig. 5.10 it can be assumed that the
penetration depth of the excitation light is deeper than the ∼ 150 µm diameter of a
nl droplet.
Abbyad et al [11] state, that a calibration with 1 − 2 µl droplets was performed
before every measurement of droplets similar in size as in this experiment. However, no details on the calibration procedur are given and the fluorescent lifetime
measurement was performed with a comercially available system.
As a result of maintaining the measurement parameters of the camera less than half
of the camera’s detection range was used, which means the resolution, in particular
for the droplet with air-equilibrated DO concentration was compromised. To take
better advantage of the detection range of the camera, the camera’s exposure time
could be increased and thus the measured light intensity of the brighter droplets
would be closer to the upper detection limit. The disadvantage of this would be
visible on moving droplets, resulting in a larger display on measurement images and
thus a larger area. Further experiments on when the camera exposure time has
significant influence on the droplet size would be necessary.
Yet the outcome of this measurement also shows, that the measurement of oxygen
concentration change in a nl droplet is possible and can be further optimized by
simply adjusting the camera parameters.
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The dynamics of the fluorescent light intensity curve of the stationary droplet in
Fig. 6.12 cannot be fully attributed to the change of DO concentration. To record
the rapid concentration change, the measurements had to be taken in short intervals
at the beginning of the equilibration process. The first seven measurements were
taken within 20 seconds, which is almost equivalent to a continuous exposure. The
influence of continuous exposure discussed in Section 6.2.2 showed dramatic influence
especially at the beginning of the exposure. With a much smaller sample, the light
absorption area-to-sample volume could be larger and thus a higher temperature
increase over the same time could be expected. Furthermore, the photobleaching
effect would have at least as much influence as in Section 6.3.1 due to the smaller
= 445 units
sample volume, which would account for a drop of intensity of 27 · 33
2
when just counting the 27 measurements. Finally, the influence of the reacted
salt sodium sulfate on the oxygen solubility of water and its unknown potential to
interact with the fluorophore has to be investigated in further experiments as well.
This could be done by optimizing the oxygen depletion with nitrogen bubbling.
The difficulties of the crucial transition time between oxygen depletion by bubbling
and meassurement as observed in Section 6.3.3 could be overcome by using glass
syringes, oxygen impermeable tubing and oxygen impermeable channel substrate,
as demonstrated in [11]. However, the use of impermeable oxygen substrate for the
chip fabrication can cause steep oxygen gradients, when cells are cultivated in the
device [36].
While the change of fluorescent light intensity is likely to be predominantly caused
by the change of DO concentration (especially since the curve did not go back in the
direction of initial intensity after longer exposure breaks (cooling off)), the dynamics
of the displayed curve cannot be accounted for by DO concentration alone. No
exposure related temperature effects were discussed by Mehta et al [36] nor Abbyad
et al [11] despite exposure times of 3x 0.6 seconds or even continuous exposure,
respectiveley. This can be explained by the employed continuous flow, compared
to the stationary droplet as sample in the proposed work. However, the accurate
observation of oxygen change in forming droplets may require a camera setup capable
of higher frame rates.
The result of the stationary droplet reaching a constant emission intensity after
more than a minute does not agree with the calculations in Section 3.1.3.2 nor with
the simulations shown in Section 4.1. Furthermore, the equilibration time observed
by Abbyad et al in [11] for a similar droplet size is on the order of several hundred
milliseconds.
The large time difference could be caused by the sodium sulfite solved in the water.
It is unlikely that the oxygen concentration is kept to zero in the entire droplet
volume and then suddenly the sodium sulfite runs out and oxygen accumulation
begins. Hence, a gradual decrease in “oxygen depletion rate” by the sodium sulfite
as its concentration decreases is more likely and supported by Section 3.1.2.1. This
would also explain the slight increasing trend of with-sodium-sulfite-depleted water
curve in Fig. 6.8 before it rapidly equilibrates to air saturated oxygen levels. In
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addition, this slight increasing trend would be equivalent to the slight decreasing
trend indicated by a trend line in Fig. 6.12 as it shows absolute intensity and not
relative intensity.
However, the proposed measurement method with sodium sulfite depleted droplets
demonstrates a unique calibration method where two oxygen concentrations are
measured simultaneously.

6.4.2.3 Theoretical applicability assessment of proposed work for droplet
encapsulated cell culture
This section is a brief assessment of the proposed oxygen measurement for droplet
encapsulated cell culture based on the experience gathered in the experiments performed in this chapter. As mentioned earlier in Section 2.1.3, more challenges arise
for the measurement setup when facing a measurement suitable for cell culture.

Biocompatibility Firstly, the measurement environment has to be biocompatible.
This means that materials used to fabricate the microfluidic device cannot be toxic
or have to be removed thourougly.
The main materials used for the fabrication of the microfluidic device, glass and
PDMS, are well known for successful experiments with cell culture [26]. Mineral oil
as a cell culture overlay has been used for decades [46, 59]. The chemical RainX, used
to render the microfluidic channels hydrophobic could exhibit cell toxic properties.
This chemical could be replaced by Aquapel from PPG Industries, as it served the
same purpose in a device used for cell culture [11].
Finally, concerning the oxygen sensing fluorescent probe, there are studies suggesting
that RTDP might have cytotoxic as well as the already in Section 2.2.2.4 mentioned
phototoxic effects [38]. However, it has been shown that the phototoxic effects can
be reduced by using free radical scavengers [38]. Mehta et al confirmed that the
presence of the dye in cell media contributed minimally (less than 10 %) to cell
death of cultured cells which were exposed to RTDP up to 5 hours. It was also
observed by the same group, that long term incubation (24-72 hours) of cells with
exposure to RTDP resulted in the decrease of cell viability over time [36]. Loss
of cell membrane integrity was found only when the extracellular concentration
of RTDP reached 1 mM, while strong luminescent signals in viable cells without
evident phototoxic effects were recorded at RTDP concentrations of 0.2 mM [38].
Successful DO measurements were also performed by Zhong et al using RTDP and
the lifetime based sensing method which is less sensitive to inhomogeneous dye
concentration in cells [40]. Therefore, it can be concluded, that despite the possibility
of cytotoxic effects, measurements of DO in cell culture and even intracellularly can
be performed.
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Oxygen measurement method The oxygen measurement method proved to be
suitable for detection of DO in the cell culture relevant oxygen concentration range
. The data displayed in Fig. 6.12 is evidence that the measurement
of 0 to 9 mg
l
method exhibits good differentiation capability regarding the light intensities between the DO concentrations corresponding to oxygen-depleted to air-saturated DO
concentrations.
Microfluidic device The device used for droplet generation, trapping and oxygen
measurement was never intended to be used as cell culture platform. However,
the droplet formation for cell encapsulation could be performed with the proposed
geometry. Furthermore, trapping of single droplets for extended periods of time was
demonstrated. This served as an opportunity for long-term oxygen measurements,
but could be used for cell observation in droplets over extended time periods as well.
The microfluidic aspect of high-throughput droplet generation was with a generation
rate of 8 droplets per second not provided, which again was not intended as the slow
flow rate served the purpose of oxygen measurement and observations successfully.
To provide favorable environment for cell culture, nutrients and other prerequisites
for cell viability are typically provided with cell media. A frequent exchange of
this media ensures sufficient nutrients and removal of accumulating waste and the
thereby developed change in pH. However this is known as one of the most significant
challenges for 3D cell culture due to the limitation of mass transport properties
[60]. Furthermore, often ideal culturing conditions require a certain level of carbon
dioxide.
These raised points are not only a challenge for the microfluidic system, but can
also affect the oxygen measurement. Potential influences on the sensor dye caused
effects of cell media like pH value change and salinity would have to be evaluated.
One way to overcome some of these microfluidic challenges was demonstrated by Yu
et al, where alginated beads were formed and cured in a two phase system with oil in
a first microfluidic device and then transfered to another microfluidic device, where
the beads were trapped and continuous cell media was perfused around them [9].
Oxygen control The control of the oxygen concentration by sodium sulfite as it was
performed in the proposed work is not suited for adjusting oxygen concentration to
values other than zero. However, it has been shown that the oxygen concentration
in the droplets equilibrated to the value of the surrounding oil. This means, as
already demonstrated by Abbyad et al, that the control of the oxygen concentration
in the droplet can be performed by mainly regulating the concentration of the oil
phase [11], or in more general terms, of the media around the droplet. In case of the
previously mentioned alginated beads, the oxygen concentration of the cell media
could be adjusted with an oxygenator as illustrated in Fig. 2.4, prior to perfusing it
through the cell culturing device.
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7 Conclusion
The work described in this thesis contributes to the understanding of oxygen measurement in nl sized droplets within microfluidic devices. In particular, it provides
the tools necessary to generate and trap nl sized droplets for extended observations,
as well as measure oxygen in stationary nl droplets during continuous droplet train
formation and flow. This chapter summarizes the main achievements made in this
thesis and draws conclusions from the research performed. Recommendations for
future work in the area are provided subsequently.

7.1 Simulations and modeling for design
considerations
To estimate the time period it takes for a nl water droplet to adapt its surrounding
oxygen concentration, the process was simulated based on diffusion, as described
in Section 4.1. The results of the simulation were in agreement with the analytical
estimations based on the mass transfer coefficient and comparable to experiments
in the literature as introduced in Section 2.2.2.3.
A droplet size prediction model was used as shown in Section 3.2.2.2, to estimate the
necessary droplet generator geometry for the formation of nl droplets. The outcome
of the model consultation suggested the use of a T-Junction geometry with square
channel profiles for maximum simplicity. With the thereby defined general channel
size, a droplet trapping geometry was designed to render single droplets motionless
by redirecting the main flow through a bypass structure. The simulation of the
flow velocity in the final trap geometry design is displayed in Fig. 4.3 where a flow
velocity reduction to almost zero in the third trap geometry was predicted.

7.2 Design and fabrication
Based on the results of models and simulations mentioned earlier, a photomask layout (Fig. 5.4) was created for the fabrication of microfluidic chips with soft lithography as described in Section 5.2. The SU-8 mold master shows deviations in width
and height from the intended structure dimensions, which were evaluated with a
profilometer and are listed in Table 5.1. The microfluidic device designed consists of
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PDMS channels sealed with a microscope slide and therefore is optically transparent
as images taken in the device prove. For the evaluation of the replica molded PDMS
channel dimensions, measurements were taken with a SEM to investigate deviations
from the design, which are displayed in Fig. 5.6.
The formation of monodispersed nl droplets was demonstrated in Section 6.4.2,
where both a train of moving droplets and a trapped droplet are displayed in
Fig. 6.11. The trapping of single droplets in the trap geometry during continuous
droplet flow and formation was shown over extended periods in Section 6.4, where
the simulated behavior illustrated in Fig. 4.3 was observed. The remaining flow
velocity in the trap geometry was countered by hydrostatic pressure, which additionally enabled the controlled ejection of droplets. The droplet size was evaluated
in Section 6.4.1 with an average droplet size of 1.84 ± 0.06 nl.

7.3 Oxygen sensing fluorescent probe characterization
The oxygen sensing fluorescent probe RTDP was choosen for this work, due to
previous successful application under similar circumstances. Before applying RTDP
in oxygen measurement, some fundamental characterization was made. The sensor
dye was tested in regard to its oxygen sensitivity, absorption spectrum, temperature
influence and photostability. As shown in Fig. 6.9, a two point calibration curve was
recorded where the Stern-Volmer constant was determined as 2.23 · 10−3 µM−1 at
22 o C. This value is in excellent agreement with literature values and thereby shows
that the fluorescence intensity was quenched by molecular oxygen.
The absorption spectrum of diluted RTDP was recorded to ensure its agreement
with the excitation and emission filter used.
The temperature influence on the fluorescent light intensity of RTDP was investigated in Section 6.2.2, where sensor solution was investigated in a micro well plate
well. The intensity decrease with increasing temperature as displayed in Fig. 6.3 was
mainly accounted for by an increase of quenching due to collision. This was shown
by validating the data with a relation observed by [55] in several experiments. It
was found that the temperature dependence of the sensor dye has to be considered
for sensor applications.
During experiments with 1 µl sample droplets, the effect of photobleaching from
standard measurements was observed in Fig. 6.6. As a result an insignificant average
intensity decrease was found in Section 6.3.1. This confirms the high photochemical stability of metal ligand complexes. However, the photobleaching effect could
become significant in small sample volumes when subject to numerous performed
measurements or continuous exposure.
The placement of the sample under the microscope and the process of focusing on the
sample were investigated as potential sources of measurement error. In Section 6.3.1
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however, it was shown that the random error caused by focusing on the sample
is smaller than the chemical degradation of the sensor dye due to photobleaching
caused by a single measurement. The error caused by the placement was found to be
larger than the photobleaching effect of a single measurement, but still insignificant.
The characterization of the fluorescent sensor dye and the successful determination of
different oxygen concentrations in 1 µl droplet samples as described in Section 6.3.3
and in 1 nl droplet samples as described in Section 6.4.2 shows that RTDP is suitable
for oxygen measurement applications in nl droplets. This is underscored by Fig. 6.10
where the course of data points in the graph displaying oxygen concentration change
over time suggests that the measurement principle is subject to small uncertainties.

7.4 Demonstration: control and measurement of
oxygen in nl sized droplets on chip
The demonstration of control and measurement of oxygen in nl sized droplets on
chip is presented in Section 6.4. A continuous droplet train of monodispersed, nl
sized, oxygen depleted droplets was generated. A single oxygen depleted droplet
was rendered motionless in the microfluidic trap geometry as displayed in Fig. 6.11.
Subsequently, the oxygen concentration related fluorescence light intensity change
in the droplet was time resolved recorded. The measurement displayed in Fig. 6.12
shows the change of fluorescence light intensity from the oxygen depleted level to a
steady level associated with air-equilibrated oxygen concentration in Section 6.4.2.2.
The simultaneous measurement of oxygen depleted droplets in the same camera
frame provides the opportunity to perform a two point calibration of the oxygen
measurement method within a single measurement. The advantage of this calibration method is that only one “calibration solution” is necessary.

7.5 Theoretical applicability assessment of proposed
work and outlook
In Section 6.4.2.3 the applicability of the proposed work to droplet encapsulated cell
culture was assessed based on the experience gained from the performed oxygen
measurement experiments and the literature. The aspects biocompatibility, oxygen
measurement, microfluidic device and oxygen control were discussed. Despite the
fact that this thesis intended to show the oxygen measurement in nl sized droplets,
significant aspects of this work could be applied for droplet encapsulated cell culture,
in particular the oxygen measurement. The combination of the here proposed oxygen
measurement method with the 3D cancer model growth in alginated beads [9] and
an gas exchanger or oxygenator as displayed in Fig. 2.4 could result in a microfluidic
cancer drug screening device with integrated control and measurement of DO.
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Nomenclature
[A]

gas concentration

[DH]

permeability

[Q]

quencher concentration

α

Bunsen coefficient

β

Bunsen coefficient

ΦF

quantum efficiency

ρ

permeability in Barrer, density

τ

lifetime

c

concentration

D

diffusion coefficient

DI-water

deionized

DO

dissolved oxygen

erfc

complementary error function

FOI

field of interest

H

partition coefficient

h

channel height

I

intensity

IC

internal conversion

J

flux

k

mass transfer coefficient

Keq

equilibrium constant
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Nomenclature
kH

Henry’s law constant

Ksv

Stern-Volmer constant

l

characteristic length, membrane thickness

LOC

lab on a chip

MLC

metal-ligand complex

MLC

metal-ligand complex

MTC

Mass transfer coefficient

N

rate of transfered mass

nl

nanoliter

P

pressure

p

partial pressure

PDMS

polydimetylsiloxane

Pe

Peclet number

PMMA

polymethyl methacrylate

PS

polystyrene

PtOEPK

Platinum(II) octaethylporphyrin ketone

q

flow rate

R

gas constant

Re

Reynolds number

rpm

rounds per minute

RTDP

tris (2,20-bipyridine) ruthenium (II) chloride hexahydrate

SEM

scanning electron microscopy

T

absolute temperature

t

time

u

average flow speed

100

Nomenclature
uTAS

total analysis system

UV

ultra-violet

V

volume

w

channel width
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