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Abstract

Water quality is of great importance to human as well as other forms of lives. The concentration of
dissolved oxygen (DO) is one of the essential indicators for water quality. DO sensing has been widely
used in many environmental applications such as natural water monitoring and waste water treatment.
Three methods are currently used for DO measurement, namely titration, electrochemical and optical. In
the optical method, DO is quantified by the reduction of fluorescence emission intensity of Ru based
fluorophores through fluorescence quenching process. This optical method is compatible with
autonomous DO monitoring while the titration method is not, and it has the advantages of faster response
and higher sensitivity than the electrochemical method. These properties make the optical method suitable
for surveillance of water quality over time as well as near real-time and high sensitivity detection of
contaminations. In this thesis, we report the design, simulation, fabrication and characterization of a
fluorescence quenching based DO sensing optofluidic device with the focus on sensitivity enhancement
and cost/size reduction. In our method, DO detection sensitivity was improved by 4 folds through
employing total-internal-reflection of the excitation light and optimizing the fluorophore film thickness in
a multilayered microfluidic sensor structure. System cost and size were also reduced in this design.
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Chapter 1 Introduction

Water quality is essential to human health, environment, agriculture and industry. Dissolved oxygen (DO)
serves as one of the most important indicators of water quality. Multiple methods exist for DO
measurement and they are suitable for different applications and scenarios. In this chapter, the
significance of water quality and the classification of aqueous pollutants are introduced in Section 1.1.
The role DO plays in water quality monitoring is described in Section 1.2. Section 1.3 gives an overview
on different methods used for DO measurement, with a focus on the optical method. Section 1.4 lists the
basic requirements for DO sensors in environmental applications. Section 1.5 touches the current
problems for existing DO sensing techniques. Detailed targets for the optical DO sensor design in this
work are given in Section 1.6.

1.1 Water quality crisis

Water quality is very important to human and wildlife [1]. To begin, human health is directly linked with
the quality of water for drinking and other purposes. Microbes or chemical contaminants in drinking
water may cause serious diseases: for example, Escherichia Coli (E. Coli) can cause diarrhea and even
death in immunocompromised individuals; Dracunculiasis leads to allergic reactions, nausea and
vomiting; arsenic ions contribute to skin cancer and cardiovascular diseases; long-term excessive
consumption of aluminum leads to Alzheimer’s disease [2]. The microbes in beach and river water for
swimming and clothes washing can also enter into the human body through mucosa and result in
sicknesses. Besides its importance to human health, water quality is essential for the environment because
polluted water cannot sustain normal flora and fauna [1]. A variety of factors, such as a drop in DO
concentration and a severe eutrophication in natural water, lead to marine species loss and deterioration of
aquatic ecosystems [2]. A reliable supply of water with acceptable quality also plays a vital role in
agricultural and industrial production worldwide [1].

Increasing population and pollution results in a water crisis worldwide, which indicates both water
shortage and quality degradation [3]. Pollution is one of the main reasons for water quality degradation.
Water pollutants could be classified into four categories, namely chemical, physical, radioactive and
pathogenic pollutants [3]. Chemical and pathogenic pollutants are the sources of most common and
disease-causing water quality issues and have attracted attention for control, detection and remedy
research for decades [3]. Chemical pollutants refer to chemical ions or molecules that are disposed into
natural water. Their existence or amount exceeds the self-cleaning capability of natural water and leads to
adverse effects on the water communities, e.g. species loss and/or disruption of food chains [4]. Chemical
contaminants, especially heavy metal ions and chlorine-based disinfectant by-products, also significantly
increase the incidence of various cancers, reproductive problems and neurologic diseases after intake of
polluted water [4]. In comparison, pathogenic contaminants in natural water refer to the microbes that
commonly come from agricultural and municipal sewage, especially human and animal fecal waste. The
quantification of fecal indicator bacteria (FIB) remains one of the most common methods to monitor
water quality and to forecast microbial pollution outbreaks [5]. These pathogenic microbes in drinking
water give rise to fecal-mouth transmission of various diseases. Considerable attention towards drinking
water quality has been drawn in Canada since two consecutive water-borne disease outbreaks: the
Walkerton, Ontario E.coli incident in 2000 and the North Battleford, Saskatchewan Cryptosporidium
incident in 2001 [6]. Consensus has been reached that chemical and pathogenic contaminants act as the
most tangible and dangerous risks to drinking water safety [6].

Continuous and rapid sensing techniques should be in place for these contaminants to monitor natural
water quality. These services can function as a warning system to apply remedy methods, e.g.



recommending further purification steps by users (such as filtering, chemical treatment and boiling for
drinking water) and/or cutting off the water supply [6]. Yet current monitoring systems for water quality
are far too labor intensive and time-consuming, which led to limited number of analytes, high cost and
slow response time. Consider the Walkerton E.Coli outbreak as an example. A drinking water sample was
collected on May 15 2000, but it was not tested to show E. Coli contamination until May 17 when the
first groups of victims started to have symptoms associated with E.Coli [7]. For complicated
contaminants sensors which directly screen chemical and pathogenic pollutants, the current target for
design and implementation is to reduce the processing time from several days in laboratory to near real-
time on-site monitoring [8].

1.2 Dissolved oxygen as an indicator of water quality

Besides direct monitoring of water contaminants, some attributes of water could act as indicators of
overall water quality [9]. These attributes range from temperature and pH to salinity and turbidity [9]. The
concentration of DO is one of the essential attributes that indicate water cleanliness [10]. DO
concentration can be representative of organic contaminations in water: organic chemical pollutants
arouse microbial oxygenation, in which oxygen molecules are rapidly consumed. As oxygen level
decreases, aerobic organisms perish and anaerobic microbes prosper, leaving the water with toxic
substances from anaerobic metabolisms and destroying the aquatic ecosystems [10].

In this section, we first discuss the characteristics of DO monitoring in natural water and then consider the
control of DO concentration in waste water treatment.

DO in water are the oxygen molecules that are not chemically bonded to other elements [11]. A proper
range of DO concentration is essential to the survival and progeneration of all forms of aquatic animals,
plants and microbes: oxygen consumption is necessary for the respiration of all aerobic creatures and thus
supports the functioning of ecosystems [1]. Oxygen in water is obtained by aquatic photosynthesis or by
entry from the air. The DO concentration depends on multiple factors in natural water, and this
dependency influences how we set the ‘proper range of DO concentration’ for each location: DO is
stratified with depths in water, generally decreasing at greater depths due to photosynthesis reduction [12];
DO concentration is dependent upon physical factors such as pressure, temperature and salinity, which
change the solubility of oxygen in water [12]; field measurements reveal that DO concentration also
fluctuates within a day and with different seasons at the same location [12]. Typically DO sensors for
field use in natural water require a measurement range of 0-10 ppm (mg/L), which is well below the
saturation level of oxygen in water under atmosphere pressure (40 ppm) [13].

The gap is impressively huge between ideal and realistic situations of DO monitoring in natural water.
Consider Lake Ontario as an example. The surface area of this lake is 19,000 km? [14]. As described in
Great Lakes Surveillance Program by Environment Canada, a total number of 80 on-line sensors are
desired at different locations in the lake and hourly results are in demand for timely prediction of
microbial pollution outbreaks [14]. Yet the realistic situation is another story: only one DO sensor is
involved in the monitoring of Lake Ontario, and marine technicians ship around the lake to measure DO
amount at different locations once per month [14]. This colossal difference indicates that considerable
development of DO sensors for environmental applications is urgently required. For example, to increase
the quantity of DO sensors, single sensor cost is needed to be reduced significantly.

Besides in natural water, DO concentration is important to monitor in waste water treatment plants.
Oxygen must be supplied in the oxygenation process of organic contaminants and it functions as an
indicator for the clearance of these organic contaminants as well. Waste water treatment typically consists
of the primary treatment and the secondary treatment [15]: solid physical pollutants such as glass, twigs,
rocks and soil are filtered in the primary treatment process and contaminants are chemically targeted



during the secondary treatment [15]. To eliminate organic wastes in water, certain microorganisms
capable of decomposing organic substances are added to the waste water in aeration tanks; sufficient
oxygen (in the form of pure oxygen gas or air) is also supplied continuously in this process [16]. DO
concentration in this tank is carefully monitored until it recovers to the normal range (6-8 ppm), which
signals the completion of organic treatment and prepares the water for direct discharge into natural
watercourses [16].

Oxygen pumping process can take up 30% - 60% of total power consumption in waste water treatment
plants [17]. Real-time and more accurate monitoring of DO concentration is capable of cutting off the
oxygen supply in time, which avoids unnecessary pumping. It is estimated that up to 50% of power
consumption in the oxygenation process could be saved given sufficiently accurate DO monitoring [17].

In summary, the importance of DO concentration is reviewed in this section. In natural water, an
appropriate DO level is integral in sustaining a healthy ecosystem and it also functions as an indicator of
organic chemical contaminants. In waste water treatment, DO is supplied in the process of organic
treatment and DO monitoring has profound influences on the energy cost reduction. Based on what we
discussed in this section, accurate, near real-time and less-costly DO sensors are in high demand for
environmental applications [18].

1.3 Overview of DO measurement

Three methods are used for measuring DO concentration in water: chemical, electrochemical and optical
[18]. Extensive investigations have been conducted over the past several decades to develop reliable DO
sensors based on these methods [18]. We review the three methods respectively in this section and
compare their benefits and limitations.

Chemical methods for DO measurement which use chemical reactions with oxygen were developed
initially and still remain the most reliable methods for DO monitoring: the most well-known Winkler
method is considered the gold standard of DO measurement [19]. The Winkler method typically involves
two steps: first, mix water with manganese (1) salt, iodide (1) and hydroxide (OH") ions to form a
precipitate, which is oxidized by DO in the sample and becomes yellow. In the second step, the reaction
of the yellow precipitate and a strong acid which is further added to the sample converts iodide ion (I7) to
purple iodine (I2), which could be observed by color change (when starch is present) or automatically
monitored at 680 nm by a spectrometer [19]. In this measurement the amount of DO is proportional to the
titration of iodine with a thiosulfate solution [19]. The Winkler method provides a very accurate way to
measure the amount of DO in water sample, yet the titration process either requires lab work which
cannot be operated automatically or necessitates flow control units and chemical reservoirs in
spectrometer monitoring. These complex modules make it very costly to build an automatic DO sensor
based on the Winkler method [18].

The electrochemical DO sensor is a miniaturized electrochemical reaction pool and often based on Clark
electrodes configuration [20]. In such configuration, the working electrode is a catalyst (usually Pt) which
can trigger oxygen reduction reaction (ORR); it is placed along with a silver/silver chloride reference
electrode and a counter electrode in a standard electrolyte solution. All these electrodes are separated
from the external environment by a gas permeable membrane which is usually made of Teflon [20].
Application of a constant electrical potential at the working electrode leads to the establishment of an
electrical ORR current that is proportional to the diffusion speed of DO in the electrolyte (from the
external environment through the membrane to the working electrode) [20]. Thus the DO concentration in
the external environment can be calculated directly from the electrical current obtained in the stable stage.
This method is simpler than titration in terms of system configuration, which is favorable for low-cost
sensor development [20]. Nevertheless, there are still some common drawbacks of electrochemical



sensors such as a rather long time to establish stable current and a limited device lifetime because of the
aging of the catalyst electrode [20].

In optical DO sensing, oxygen molecules are quantitated based on their ability to reduce the intensity of
fluorescence emitted by excited fluorophores (e.g. Ru(dpp)s?*). This process is called oxygen quenching.
The fluorophores are typically immobilized in a polymer matrix and incorporated into an optical system,
which also includes a light source, an optical detector and an emission filter etc. We will explain the
details of oxygen quenching principles in this section as below: Jablonski diagram is generally used as the
physical model of the quenching process and Stern-Volmer equation is used for mathematical expression.
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Figure 1.1 Jablonski energy diagram for explanation of related processes in fluorescence. The
emission of light results as electrons drop down from excited electronic states to some levels in So
state; then the electron is quickly thermally relaxed to the ground vibrational level in So [21].
Because of the tendency to maintain atomic geometry pattern, the jump back of the electron is likely
to reach the same vibrational level in Soas the destination vibrational level in the excited electronic
state when light absorption occurred before [21]. This fact gives rise to the phenomenon that shapes
of excitation and emission spectra, which depict vibrational levels distribution, often have mirror

symmetry [21].

The emission of light from a material which is optically excited is called luminescence, which is usually
depicted by Jablonski diagram (Figure 1.1) [21]. Jablonski diagram shows the distribution of different
electronic energy levels in certain material. Light absorption and emission are typically related to jumps
between different electronic states of the substance, e.g. singlet ground state (So) and first or second
excited states (S1 or S;). Within each electronic state, there are multiple vibrational states (illustrated by 0,
1, 2in Figure 1.1). Although each vibrational level can be further subdivided into different rotational
energy levels, a typical Jablonski diagram omits such details. Light absorption can excite the substance
from singlet ground state to higher electronic states, and then, without any light emission, the substance



rapidly decays to the first vibrational level in this electronic state due to thermal relaxation [21].
Specifically if the vibrational levels strongly overlap different electronic states, the reduction from some
vibrational levels in S; or higher to the ground vibrational level in S; is termed internal conversion [21].

The light emissions that happen between different singlet electronic states, as we described before, are
termed fluorescence, which has a comparatively shorter lifetime (the term fluorescence is also used to
replace the word luminescence sometimes). In the excited electronic states, the molecule can also undergo
‘intersystem crossing’, in which the electron transfers from the singlet electronic state to a lower-energy
triplet state [21]. As objects to Pauli Exclusion Law, the jump back from excited triplet states to ground
singlet state (termed phosphorescence) takes a much longer time compared to fluorescence [21]. Heavy
metal atoms in molecules, act either as the central atoms or a substituent in the ligand, increase the
chances of intersystem crossing and thus elevate the light emission efficiency of phosphorescence (up to
unity) [21].

Several concepts and rules that are frequently used in fluorescence and phosphorescence are worth
elaboration here. The quantum yield (also called quantum efficiency) is the ratio between the number of
photons emitted and the number of photons absorbed, based on which the energy transfer efficiency could
be calculated. The lifetime of the excited state is the average time the fluorophores spend in the excited
state before returning back to the ground state. For a single exponential decay this lifetime is defined by
the time it takes for 63% of molecules to decay back to the ground state [22]. Stokes shift refers to the
phenomenon that the emitted light generally has a longer wavelength and lower energy than the excitation
light; this term is also used to describe this wavelength shift [22]. The Stokes phenomenon is due to
various energy losses between the moments of light absorption and of fluorescence emission that we
mentioned before. Photobleaching is the permanent loss of luminescence capability, usually resulting
from a change in chemical structure of the substance due to excessive light excitation [22].

The intensity of the emitted light can be reduced via various processes. Quenching is the term to describe
the phenomenon that the intensity (and sometimes lifetime) of emission decreases only in the existence of
guenchers, which is different to the permanent photobleaching. Quenching can be categorized into
collisional quenching and static quenching. Collisional quenching is the energy transfer during
bimolecular collision between the excited fluorophore and the quencher, during which the fluorophore is
relaxed to the ground state and the quencher is excited; collisional quenching reduces the fluorescence
lifetime as well as emission intensity [22]. Oxygen is a well-known quencher to many luminescence
processes. When the concentration of fluorophores exceed certain thresholds, they could also quenched
by collision together with themselves and/or with solvent molecules [21]. In contrast, static quenching is
the bimolecular combination of the fluorophore and the quencher; the combination is unable to fluoresce.
This process happens in ground electronic state and could be regarded as the reduction in the number of
fluorophores, which only affects luminescence intensity.

Besides Jablonhski diagram which describes the physical processes of luminescence and quenching,
Stern-Volmer equation is employed to mathematically calculate reduced emission intensity in the
presence of certain quencher concentration. If we specify oxygen as the quencher, the equation could be
written as

L =2 =14 ko1o[0,] (1-1)
Iy 7o

Where k, is the Stern-Volmer constant, lo and | are the emission intensities, and 1o and t are the lifetimes
without and with oxygen quenchers respectively [21]. Quenching rate constant, k,, is related to the Stern-
Volmer constant k, and dependent upon various physical parameters of the sensing system; it could be
described by the modified Smoluchowski-Einstein equation as



kq = pko = 4wN4(Df + Dg)pR x 1073 (1-2)

where Dr and Dqare the diffusivities of the excited fluorophore and of the quencher, respectively, p the
guenching probability per collision between the fluorophore and the quencher, R the sum of collision
radii (Ri+Rg) and Na the Avogadro number. Ds could be omitted if it is significantly smaller than Dq in
polymer matrices [23].

The slope in the Stern-Volmer equation, which is ko times 7o, is generally representative of the sensitivity
in DO measurement systems. From the equations above, we see that longer lifetime of fluorophores and
higher oxygen diffusivity are the two most flexible parameters that could be easily changed using

different materials in DO sensing systems [23]. These two factors are determined respectively by the type
of fluorophores and their surrounding environments (which usually imply immobilized polymer matrices).

To summarize, different methods to measure DO concentration, including chemical, electrochemical and
optical methods, were reviewed in this section. The optical method based on oxygen’s role in
fluorescence quenching was discussed in detail, as it demonstrates the potential for easy automation, fast
response time, good sensitivity and long sensor lifetime, which was superior to the other two methods.
However, the expensive optical components which are integral in fluorescence based DO sensing system
make it less attractive for mass use [23]. As one of the most common ways to reduce system cost and to
further increase response speed, miniaturization on the system level is a key to the development of optical
DO sensors [23].

1.4 Requirements for environmental applications

Oxygen sensors have been used in different settings and applications, ranging from medical monitoring to
food packaging and combustion gas control in automobiles [24]. The design and implementation of
oxygen sensors vary significantly among different applications, in response to specific requirements in
each case [24]. Basic requirements of DO sensors for environmental applications are discussed in this
section, and the desired sensing method, materials and sensor configurations could be suggested.

First, automated and continuous monitoring capability (rather than one-time use) of DO sensors are
highly desired in environmental applications, as it is impractical to perform such measurements manually
over large areas [24]. Besides, long device operation lifetime (time interval without the need to repair or
replace) is required, which can further reduce the labour cost [24]. In applications targeting waste water
treatment plants, a near real-time response of the sensor accurately controls the oxygen amount in
bioreactors, saving power energy cost [16]. All these properties imply the desired sensing method for
environmental applications: the optical method is considered advantageous based on what we discussed in
Section 1.3.

In addition, low cost and small size would make DO sensors more attractive in environmental
applications. Cost reduction could lead to an increased quantity of DO sensors in natural water monitoring,
giving a more detailed and reliable measurement result. In the bioreactors in waste water treatment plants,
multiple DO sensors could be located at different places in the same bioreactor, to precisely monitor the
DO concentration distribution and to cut off oxygen supply accordingly [16]. Miniaturized DO sensors
would fit into the settings with space limitations more easily. The cost/size reduction of DO sensors can

be achieved by use of simple optical parts, use of cost-friendly fluorophores, and mature microfabrication
techniques in optical DO sensors.

In the end, biocompatibility (non-toxicity) is required in environmental applications [17]. This criterion
limits the choices of fluorophores and of polymer matrices in the sensor. As we will mention in Chapter 2,
biofouling is a process occurring in natural and waste water that significantly degrades sensor



performances, so the compatability of anti-biofouling treatment is another factor to consider when
choosing sensor materials [25].

1.5 Current Problems for Existing Technologies

There are a number of drawbacks that limit the use of existing DO sensors in environmental applications.
In this section we would discuss the main challenges in current DO technologies. These problems are
taken into consideration in the design of the optofludic DO sensor in this work.

The high cost of individual DO sensor is one of the main limitations preventing its wide use. For an
advanced sensor with good DO accuracy (0.2 ppm or higher), the price of a commercially available
electrochemical device exceeds US $200 and the price of an optical option goes beyond US $700 [26].
The operation cost is even higher considering the short lifetime of the sensor membrane (elaborated in
Section 2.4). Biofouling occurs in both freshwater and marine environment, which is the limiting factor of
the membrane lifetime. Membranes without anti-biofouling treatments completely lose their
performances within a single day in water. Even with state-of-the-art anti-biofouling techniques, sondes
of the sensors need to be replaced within 60-90 days in freshwater and within 45-90 days in marine [26],
probably much shorter in waste water treatment applications.

Besides the cost of DO sensors themselves, installation, calibration and maintenance are a major part in
the total operation cost of the sensors. Both electrochemical and optical sensors require regular calibration
to overcome drift: daily calibration is suggested for electrochemical sensors and every a few months for
optical sensors. The calibration is usually performed by sensing air saturated water and/or water saturated
air by human manipulation. In addition to calibration, the sensing elements in both types of sensors also
need to be changed regularly because of degradation. The Pt catalyst for ORR in electrochemical sensors
ages with time, and the reaction pools are better to be replaced every 2-8 weeks [26]. The fluorophores in
optical sensors will photobleach and lose their fluorescence capability, which requires replacement
annually. These service requirements significantly increase the operation cost of DO monitoring; they
also make the results from DO sensor less believable in waste water treatment plants, where the current
practices are to ignore the DO readings but continuously pump up oxygen as suggested in the operation
manual [27].

Furthermore, electrochemical DO sensors have another pitfall that they can only work in flowing water
environment. Oxygen molecules are consumed in the sensing process, so the water sample near the sensor
needs to be refreshed on a continuous basis to prevent bias. Besides, the size of DO sensor probes could
be as long as 35 cm (Horiba™ sensor we used in this work), which becomes problematic on certain
conditions where a miniaturized device is desired.

1.6 Goals for this work

In Section 1.4, we listed a number of requirements for DO sensors designed for environmental
applications. Although a portion of these criteria have been met in some existing technologies, they
separately target different aspects of specific applications. Their possibilities of combination and
influences on the system performance (e.g. DO sensing accuracy) remain undeveloped. In this section,
several factors we mentioned before are listed as the targets in this project, and all the work hereafter
follow one or more of these goals.

e Automation

In the three typical methods of DO measurement, the operation of titration typically requires the labor of a
technician; thus titration is the least suitable method for autonomous applications. Although the operation



of electrochemical sensors is autonomous, as we mentioned in Section 1.5, they require more labor work
in terms of calibration and maintenance compared with optical sensors. For applications that target to
long-term automation of DO sensing, we choose the optical method as the focus in this project.

e | ow cost

As we mentioned in Section 1.2, cost reduction in DO sensors is desired for water monitoring in large
areas. Besides the basic fluorophores and polymer matrices, an excitation light source, an optical detector
and one or more optical filters are integral parts in the optical sensing system. When the budget for the
whole system is limited, we try to use a cost-friendly combination of these optical parts in this project.
For example, lasers are typically used in optical DO sensing systems for their high power and wavelength
coherence; yet lasers are much more expensive than diode lasers and light-emitting diodes (LED) [27],
which we turn to in this project. In addition, some existing technologies employed spectrometers as the
optical detectors, which differentiate the excitation and emission wavelengths on their own; in this work
we would use lower-cost photodiodes or optical power meters as the detectors, which function as well
together with an emission filter. Furthermore, a carefully chosen diode laser would be applied, with
proper central wavelength and FWHM (full width at half maximum) to omit the excitation filter in this
system. We also try to discover the minimum size of the emission filter in the design process, in order to
potentially reduce the filtering material cost.

e Miniaturization

Miniaturization is another objective in this project. As we mentioned above, it is one of the most common
means to achieve cost reduction, and it also stands as a future direction in itself [28]. In this project, we
try to realize device miniaturization by reducing the structure sizes. Microfabrication techniques are
employed and fast prototyping is accomplished by using an optofluidic platform [29]. With the use of 3D-
printed molds in soft lithography process, PDMS sensor structures could be realized with resolution under
100 um [29]. Besides fabrication, we discuss different methods and their effects on size reduction in the
design and characterization as well.

e Sufficient sensitivity and accuracy

Much more often than not, a consequence of system cost/size reduction is performance degradation,
which is hard to mitigate [28]. Hence one of the goals in this work is to maintain good sensing
performances, represented by sensitivity and accuracy, at a reduced cost and size. Sensitivity
enhancement methods are considered in this project, and different methods are evaluated and compared.
Total-internal-reflection (TIR) is selected eventually for its reliability, controllability and thus suitability
for mass production. A detailed review of TIR application in optical DO sensors could be found in
Chapter 2. The influences of sensor structures and different optical parts on the sensitivity are also
discussed in the design and characterization.



Chapter 2 Literature review

Water quality is essential to human lives. Dissolved oxygen (DO) concentration serves as an important
indicator of water quality. DO sensors are required for water monitoring. In different DO sensing methods,
the fluorescence guenching based one has the advantages of continuous capability, fast response and high
sensitivity. Optofluidic sensor structure could be employed in DO sensors to realize cost/size reduction. In
order to maintain good sensitivity at a reduced cost and size, sensitivity enhancement methods are
considered. In this chapter, the details of fluorescence based DO sensing, such as different fluorophores
and immobilized polymer matrices, are introduced in Section 2.1. An overview of optofluidics based
sensing is given in Section 2.2. Section 2.3 discusses different sensitivity enhancement methods used for
DO sensors. Section 2.4 describes anti-biofouling techniques in aquatic applications, which are necessary
to preserve the sensor surfaces in natural and waste water environment.

2.1 Fluorescence quenching based DO sensing

In Chapter 1, we reviewed the basic principles in fluorescence quenching based DO sensing, including
various physical processes occurred in Jablonski diagram and the mathematical expression Stern-Volmer
equation. In this section we elaborate on the material and system aspects of this topic, discussing the
choices of different fluorophores, polymer matrices and sensing schemes, and the issue of sensing
specificity.

2.1.1 Fluorophores

Here an overview is given on the state-of-the-art oxygen indictors available for optical oxygen sensing.
Although several absorption based oxygen probes exist [30], we limit our discussion to fluorescence
guenching based indicators only. Transition metal polypyridyl complexes, metalloporphyrins,
cyclometallated complexes and the indicators not based on heavy atoms are introduced sequentially in
this section [30].

Transition metal polypyridyl complexes are probably the earliest widely used family for fluorescence
based oxygen sensing [30]. The transition metals typically used are Ru(Il) and Os(I1) [30]. The complexes
in this species are characterized by 1) excitation and emission spectra in the visible range, 2) a large
Stokes shift which alleviates the filter requirement, and 3) excellent photostability that implies long
device lifetime [30].

Within this group, Ru(ll) polypyridyl complexes have been used more frequently due to their higher
brightness and longer lifetime [30]. These characteristics are especially obvious in Ru(dpp)s?* which has a
quantum yield of 0.366 and a luminescence lifetime of 6.4 s [31]. Furthermore, Ru(dpp)s®* is fairly easy
to prepare and commercially available now, the reason why it is so popular as an indicator for oxygen
sensors [30]. Yet Ru(dpp)s?*, just like the majority of other Ruthenium (Ru) polypyridyl complexes, has a
problem that its luminescence lifetime (several ps) easily results in low system sensitivity if the oxygen
diffusivity is not enough [32]. Another disadvantage is that Ru based fluorophores suffer from crosstalk
to temperature as their excited triplet states are also subjected to thermal quenching [31]. That being said,
other fluorophores that have widely been used in DO sensing include Ru(bpy)s?*, Ru(dpb)s?*, Ru(phen)s?*
and Ru(5-odap)s?*.

Another large family of oxygen indicators is Pt(1l) and Pd(Il) porphyrins, which are popular fluorophores
in recent years [30]. Comparing with transition metal polypyridyl complexes, their most obvious
advantage is the significantly prolonged lifetime ranging from several hundred s to several ms [21],



which leads to higher oxygen sensitivity according to Stern-Volmer equation. Furthermore, the lifetime
could be tuned by altering the heavy atoms in the molecules: Pd based metalloporphyrin complexes enjoy
longer lifetime while their Pt analogs possess two to three times higher quantum yield [18]. A general
disadvantage of these indicators is their rather low photostability, which makes them more suitable in
fluorescence lifetime based sensing than intensity based sensing [33]. The high price and scarcity of
platinum and palladium also make these complexes less attractive for cost-efficient and large-scale
applications.

PtOEP and PdOEP remain popular indicators in the family thanks to their impressive quantum yield of
0.5 and 0.2 respectively [30]. Their drawback lies in severe photobleaching, which makes them very
difficult to play a role in intensity based sensing scheme [33]. PtTFPP thus was proposed as it shows less
photodeterioration [33]. Yet the indicators mentioned above absorb only in UV-visible region and
therefore suffer from the pitfall that severe autofluorescence are likely to be aroused [33]. Efforts have
been made to tune the absorption and emission spectra of the oxygen indicators in this family:
PtOEPK/PdOEPK, PtTPTBP/PAdTPTBP and PtCP/PdCP have been developed, with the last pair having
their absorption/emission in red/near infrared region which resides in the window of human blood
absorption [30].

Cyclometallated complexes of Ir(I11) and Pt(Il) are also used for oxygen sensing [34]. The last decade has
seen prosperity in the field of cyclometallated complexes which was driven by the development of OLED
(organic light emitting diode) [34]. Some of these dyes were also brought to the area of oxygen sensing.
Nevertheless, their pitfalls include lower absorption rate in the visible range compared with transition
metal polypyridyl complexes and shorter lifetime with respect to metalloporphyrins [34].

Several substances that are not based on heavy atoms also luminesce and are quenched by oxygen. The
thermally activated fluorescence of fullerene C+ has been exploited to make an oxygen sensor which was
especially suited for ultra-low concentration detection (down to ppb range); such a low detection limit
was resulted from the exceptionally long lifetime [35]. The fluorescence spectrum of poly(9,9-
dioctylfluorene) (PF8) was observed to be dependent on oxygen concentration: in addition to irreversible
oxidation of PF8, reversible fluorescence quenching was measured [36].

In conclusion, when we choose a suitable fluorophore, several criteria are worth considering as below.
Absorption and emission spectra are essential when checking whether there are compatible excitation
light sources, emission detectors and excitation/emission filters. The absorption coefficient and the
guantum vyield of the fluorophore determine the brightness of the emitted light; higher brightness can
reduce the power consumption of the light source. Luminescence lifetime is proportional to the sensitivity
of DO detection, and crosstalk to other parameters has to be taken account when neutralizing
interferences and/or creating references [27]. Furthermore, commercial availability (or synthetic easiness)
and the financial cost are crucial factors to consider for mass applications [30]. Chemical stability and
photostability are important if long operation time of the sensor is desired. Toxicity of the indicator is also
of concern for biological and environmental applications.

2.1.2 Immobilized polymer matrices

Polymer matrices are used to encapsulate fluorophores in DO sensors. A number of critical requirements
exist for the choice of appropriate polymer. Permeability to oxygen and solubility of fluorophores are the
two most essential qualifications [23]. We could first look at oxygen permeability here. Gas permeability
in a polymer equals the product of the gas diffusivity and solubility in the material. Oxygen diffusivity is
proportional to quenching sensitivity as shown in Stern-VVolmer equation; oxygen solubility determines
how much oxygen could get in touch with fluorophores. Thus oxygen permeability in the polymer has
profound influences on DO sensing performances. At the same time, only when the selected fluorophore



has a good solubility in the polymer matrices, a homogenous sensing film could be formed and function
consistently [27]. Non-homogeneity of fluorophores in the film easily results in non-obeisance to Stern-
Volmer equation and sensor performance drift along with operation time [27]. As another factor, the
mechanical strength of the polymer determines whether any additional substrate is needed to hold the
sensor in shape. If the sensing film is patterned on a water channel surface, the adhesion between the
polymer matrix and the channel material should be sufficient such that they are not detached or damaged
by the channel flow [29]. For biological and environmental applications, the polymer matrices must be
biocompatible.

Silicone polymers and organic glassy polymers are the two major classes of polymer matrices people use
in optical oxygen sensors. The most widely used silicone as the polymer matrix is poly(dimethylsiloxane),
which is also known as PDMS [23]. Enjoying a very impressive oxygen diffusivity (40 * 10 cm?/s)
which is at least one magnitude larger than that of organic glassy polymers, PDMS lacks mechanical
strength in thin films [23]. Nevertheless, it has recently be known that the oxygen solubility of poly(1-
trimethylsily-propyne) [poly(TMSP)] is about 5 times larger than that of PDMS and their oxygen
diffusivities are similar; poly(TMSP) also provides a tough thin film [37]. Poly(TMSP) film is porous in
microscale, indicating that the oxygen could contact with fluorophores in gas phase [38]. Systematic
research on poly(TMSP) is still under development currently.

Although organic glassy polymers such as poly(vinyl chloride) (PVC), polystyrene (PS) and poly(methyl
methacrylate) (PMMA) have lower permeability, diffusivity and solubility for oxygen than silicone
polymers, these materials lend impressive mechanical strength to thin films [23]. To compensate for their
drawbacks in oxygen permeability, various plasticizers have been added to the polymers to alter their
properties [39]. The most used plasticizers are bis(2-ethylhexyl)adipate (DOA), dioctylphthalate (DOP),
and bis(2-ethylhexyl)sebacate (DOS), to name a few [39]. Increasing the plasticizer ratio (sometimes even
more than 50%) usually elevates the gas diffusivity in the polymers [39]; as a result the sensitivity and the
response speed of the sensors are enhanced. However it must be noted that the plasticizer influence
depends on many factors including the preparation steps, the type of the polymers and the interested range
of DO sensing; in some cases the addition of plasticizers could reduce sensitivity performances [40].

Good pairs of fluorophores and polymer matrices can assure desired solubility of the fluorophores in the
polymer matrices. Typical instances of polymer matrices for fluorophores include: PDMS for Ru(dpp)s,
Ru(phen)s and PtOEP, polystyrene for Ru(dpp)s, PtOEP, PtOEPK and PdOEPK, PVC for Ru(dpp)s,
PtOEPK and PdOEPK, and PMMA for PtOEP, PDMA for PtOEPK [27].

2.1.3 Sensing schemes

The process of oxygen quenching in luminescence belongs to collisional quenching, where the quenchers
reduce the luminescence intensity and lifetime at the same time. Naturally there are two categories of
methods to detect quenching efficiency: one uses emission intensity and the other uses luminescence
lifetime. Both categories are discussed in this section.

Emission intensity sensing is far easier than lifetime sensing in terms of operation principles and system
setups, so this sensing scheme is mainly targeted for the low-end market which requires low cost and
simple configuration [27]. Besides the fluorophores and the polymer matrices, an excitation light source,
an optical detector and one or more optical filters are needed in the system. The light source can be either
narrow band or wide band, yet an excitation filter is necessary if the excitation band of the light source
enters into the emission spectrum of the fluorophore. Once the excitation reaches the fluorophores,
emission light is generated and detected by the optical detector in the system. The optical detector can be
either wavelength discernible such as spectrometers and hyper-spectral imaging devices, or wavelength
indiscernible such as PMTs (photomultiplier tubes), photodiodes and power meters etc [41]. To image the



2D distribution of DO concentration, optical imagers such as CCD and CMOS can be employed [42]. For
wavelength indiscernible detectors or imagers, an emission filter is necessary to minimize excitation and
environment interferences to the emission intensity. Although intensity based sensing scheme is cost-
friendly and simple in setups, it is inherently susceptible to a number of influences, such as fluorophores’
photobleaching, absorption and scattering in different samples and excitation power fluctuations, to name
a few [27].

A number of strategies have been proposed in order to overcome these influences [43]. One of the most
widely-used examples is the ratiometric intensity sensing scheme [44]. In this method, two kinds of
fluorophores which have the same excitation band and different emission bands are employed, with one
fluorophore oxygen sensitive and the other insensitive. Two emission intensities are detected and
compared, and the ratio is indicative of DO concentration [43]. Influences coming from factors such as
excitation power fluctuation and absorption/scattering effects in different samples can be circumvented in
this method, because the emission intensities from both fluorophores are influenced.

Lifetime-based sensing mechanism is more accurate and immune to photobleaching, but it is also more
complicated in both principles and system setups than the intensity-based sensing scheme; thus lifetime-
based sensing is mainly targeted for high-end applications that do not require repetitive quantities of the
sensors. Lifetime-based sensing could be subdivided into time domain and frequency domain. Typically a
sinusoidally modulated excitation is used for frequency domain and a square modulated one is for time
domain [21]. The ‘pulse-and-gate’ technique is often employed in time domain [27], where the optical
detector is gated and only opens for several short time intervals in the decay time of the emission light.
For single exponential decay, lifetime can be calculated by the ratio of intensities from two gates, and
although more gates are also used for accuracy enhancement [27]. In frequency domain sensing, a phase-
lag between the emission and excitation sinusoidal waves is measured, which is representative of the
fluorescence lifetime [27]. Frequency domain sensing relieves the accuracy of time measurement parts
and is better than time domain sensing in the terms of separating long lifetime background noises [21].

2.1.4 Sensing specificity

An oxygen sensing configuration is not only dependent upon the fluorophores, polymer matrices and
sensing schemes in use, but only related to any existing inferences to oxygen sensing. Here we discuss the
issue of oxygen sensing specificity. For example, many oxygen indicating fluorophores are known to be
subject to thermal quenching, so these fluorophores suffer from crosstalk to temperature. This crosstalk
can be verified by the emission intensity change with temperature in the absence of oxygen [45]. Besides
that, a higher temperature leads to an increased collisional quenching rate between the oxygen molecules
and fluorophores, so temperature also influence the system performance in a thermodynamic way [46].
These two effects contribute to a reduced luminescence lifetime and lower emission intensity at elevated
temperatures.

Thermal effects on luminescence quenching can be expressed by

t= [ko T ke exp (_ R(Tﬁn))]_l (2-1)

where t is the fluorophore lifetime, ko is temperature-independent decay rate, ki a pre-exponential
coefficient, AE the energy gap between the emitting vibrational level and destination ground levels, R the
perfect gas constant, and T the temperature (in <C) [46]. The temperature crosstalk of DO sensors could
be compensated by the measurement from a thermometer [46]. In fact, Ru(phen)s has been widely used as
a temperature sensing fluorophore to work together with another oxygen fluorophore in DO sensing



system [46]. Different models with much greater details were established for temperature compensation,
which have been widely employed by most commercial DO sensors [46].

Besides temperature, reports have also shown crosstalk effects to N2.O/NO/NO; gases [47]. Although the
majority of these oxynitrides become nitride ions when dissolved in water, and ions cannot pass the
polymer matrices where fluorophores reside, some residual gas molecules could be dissolved in the

liquid [47]. In fact, Ru(bpy)s has been researched to function as an NO; gas indicator in the combustion
engine: comparable sensitivity level as to oxygen was observed [47]. Further research is needed before we
could evaluate their influences in aqueous environments on DO sensors.

In summary, if we know that there are some crosstalk effects in certain DO sensing systems, measures are
better to be taken either to fix these factors or neutralize their effects. Take the temperature as an example:
a typical method would be the addition of a thermometer in the system, and a model is employed to
compensate their effects on DO sensing; as an alternative way, we may create a temperature stable
environment to contain the DO sensor, where the model is omitted and higher accuracy can be achieved

in this case, at the expense of larger financial cost.

2.2 Optofluidics based sensing

For the sake of cost and size reduction in DO sensors, a sensor structure based on optofluidic platform is
considered in this project. We would use the techniques employed in optofluidics to fabricate the device.
Therefore the origin of optofluidics would be discussed first; after that, we elaborate on the materials and
fabrication aspects of optofluidics based structures.

2.2.1 Background

The term “optofluidics was created at the beginning of this century to define a research direction that
combines microfluidics and optical technology [29]. After that, great prosperity has been seen in the
development of this field [29]. The confluence of optical techniques and the strengths of microfluidics
gives rise to numerous opportunities.

In the perspective of optical practitioners, microfluidics has certain advantages compared with gas and
solid structures. Immiscible fluid-fluid interfaces are smooth, with accuracy much greater than the
grinding quality of solid lenses, thus fluidic lenses could be realized and changed in real-time in size,
shape and refractive indices [48]. In addition, fluidic diffusion could create a controllable blend of optical
properties; for example, a concentration and refractive index gradient could be realized by mixing of two
kinds of liquids [49]. Liquid is also comparatively easy to input, move and manipulate, which act as an
excellent transport medium of light [50].

On the other hand, optical technology also arms the microfluidics with new weapons to target for even
smaller marks and to adjust for new applications. The variety of light-matter interactions is remarkably
broad, which not only include fluorescence which we discuss in this work but also have reflection,
refraction, elastic scattering, Raman scattering and second harmonic generation [51]. These mechanisms
can be employed on a wide range of chemical and biological sensing, and they enjoy fast response and
high sensitivity/specificity. Besides, light-matter interactions occur at biological interesting scales, where
fluidic control is still possible, so this property gave rise to many new ideas such as fluidic microscope

and MOEMS (micro-opto-electro-mechanical-systems) [52]. In the end, light can also manipulate fluidics,
which supplements conventional control methods in microfluidic devices [53]. All these characteristics
would facilitate further development in the field of optofluidics.



Optofluidic sensing is the use of light-matter interactions to measure substances on optofluidic platforms.
It could be divided into two large categories, namely the ‘off-chip’ and the ‘in-chip’ approaches. In the
‘off-chip’ approach, macroscale optical components are still used and introduced into the micro-sensor by
optical fibers or waveguides; in the ‘on-chip’ approach, micro-optical functionalities are all included in
the micro-sensor [54]. The ‘off-chip’ approach remained the mainstream of current research in optofluidic
sensing, as it was relatively easier to realize based on the experience of macroscale systems.

There are four kinds of optical detection methods that have been widely used in optofluidic sensing:
absorbance, fluorescence, chemiluminescence and surface plasma resonance (SPR) detection [54].
Absorbance is the most widely used method in macro sensing infrastructures, yet there are only a few
impressive examples of its application in micro-sensors, mainly because of the difficulty to achieve
reliable sensing in reduced areas [55]. In contrast, fluorescence became the most widely used detection in
micro-sensors, thanks to its superior sensitivity and specificity in microscale. Fluorophores are often
immobilized in polymer matrices, where the excitation light is targeted and emission light is

collected [56]. Chemiluminescence is the opposite of photochemical reactions; in a chemiluminescence
process, light is produced in a chemical reaction from an excited intermediate, which later breaks down
and gives out emission. This method enjoys high sensitivity and simple instrumentation, yet the drawback
is the very limited range of chemiluminescent reagents [57]. Unlike the above methods which all employ
direct monitoring of light itself, SPR detections often measure the modulation of its properties [58].
Changes in incident angles and refractive indices etc. are monitored in SPR applications and superior
sensitivities are realized. When combined with optical processes such as Raman Scattering, SPR
techniques, for example surface-enhanced Raman Scattering (SERS), increase their sensitivities by
several orders of magnitude in micro-sensors.

2.2.2 PDMS and soft-lithography techniques

Although optical principles vary significantly in optuofluidic sensing applications as we mention above,
similar fluidic platforms are shared. Techniques for the design, fabrication and implementation of the
fluidic structures are deeply rooted in the field of microfluidics. PDMS is the most commonly used
material in microfluidics, and it also maintains its popularity in optofluidics given its superior optical
properties [27]. PDMS is optically transparent in the visible and near-infrared range and it provides a very
low level of autofluorescence which is comparable to BK-7 glass [29]. The use of PDMS facilitates fast
prototyping of optofluidic devices at a greatly reduced cost.

Some basic properties of PDMS are listed here. PDMS is transparent from 240 nm to 1100 nm
wavelength, thus capable of using in optical detection in the UV-vis/visible/Near-infrared range [59].
PDMS is electrically insulating with a breakdown voltage of 2 * 107 VV/m, which could serve as the
substrate for embedded circuits and also allows for intentional breakdown to open connections [59]. It is
elastomeric and conforms to surfaces, and thus could be released from molds and reverse from
deformation [59]. It is thermally insulating and remains stable up to 300 <C, so it is safe to serve as the
container for room temperature applications [59]. It also has a very low permeability to polar liquids yet a
high permeability to gases and nonpolar organic solvents, so it could be used for liquid channels which
allow for gas sensing [59]. It is non-toxic and biocompatible, and demonstrates suitability for in-vivo
sensors and support materials for cell growth [59].

Another advantage of PDMS lies in its capability of fast prototyping, which enables easy and low cost
demonstration of devices and systems. Fabrication of PDMS structures is realized by soft-lithography and
these structures are easily integrated with other materials. Soft lithography is the replication of a
topographically defined structure on the master (mold) [60]. The master structures are obtained by 3D
printing or conventional photolithography where the photoresists such as SU-8 and PMMA turns to



master molds [60]. Liquid PDMS prepolymer is poured into the mold and cured for 1 hour to 24 hours to
become solid [60]. The PDMS cube is then peeled off and sealed with other structures to function in
microfluidic systems. By exposing the surface of PDMS and the surface of another material to air/oxygen
plasma, PDMS structures can be sealed permanently with PDMS, glass, silicon, polystyrene and
polyethylene [61]. It could also be reversibly sealed by Van der Waals contact with a wide range of
materials [62]. These prototyping processes are all carried out in ambient laboratory conditions and the
molds can be used for many times without degradation. Thus soft-lithography techniques enable rapid,
simple and cost-friendly fabrication process of PDMS. We would use such materials and techniques in the
fabrication of sensors in this project.

2.3 Sensitivity enhancement methods in optical DO sensing

When miniaturized, DO sensors are in demand of sensitivity enhancement methods in order to prevent
performance degradation. VVarious reasons give rise to sensitivity decrease in small and lost-cost
fluorescence sensors. For example, reduced power of excitation light leads to a reduced difference of
emission light intensities in the absence and presence of dissolved oxygen; yet the use of cost-friendly
detector weakens the capability in differentiating emission intensities, which naturally forms a gap. To
tackle with this problem and others, several sensitivity enhancement methods have been proposed
previously, which we will review here, and we also give some simple ideas which may contribute to
sensitivity enhancement.

2.3.1 Total-internal-reflection

Total-internal-reflection (TIR) is a phenomenon that happens when light encounters the interface between
two different media and is entirely reflected back into the medium with the larger refractive index. As a
method to enhance the sensitivity of DO sensing, TIR is used to bend the excitation light pathway and to
excite the fluorophores for multiple times.

In ref [63], D. A. Chang-Yen et al. claimed to use the evanescent part of the excitation light to enhance
system sensitivity. Excitation light is confined within a waveguide in TIR mode, and the waveguide’s
surface was spin-coated with the fluorophores. The emission light was collected at the end of the
waveguide where a spectrometer was placed. The authors claimed that comparing with a system using the
same dye and a non-evanescent setup, this system was capable of detecting less intensity and achieving
one tenth in standard errors, which led to resolution and sensitivity increase of the system. Ref [64] from
the same group also used a very similar method to obtain DO sensitivity increase based on waveguide
Sensors.

As we could see, although fluorescence emission was isotropic [21], in these two works, only the part of
emission light that could be TIRed inside the waveguide was collected by the optical detector, so the other
part of the emission intensity was wasted. In addition, both of the works failed to provide an optical

model to explain how the excitation light travelled inside the waveguide. They even failed to demonstrate
whether the excitation light that reached the fluorophores was actually in the evanescent mode: as they
used an optically transparent polymer matrix to immobilize fluorophores on the waveguide surface, it was
possible that the excitation light traveled through this layer and excited the fluorophores directly.
Furthermore, a systematic and convincible experiment is in lack to show that TIR did contribute to the
achieved sensitivity gain.

2.3.2 Other methods

Several other methods also exist that can increase the sensitivity of DO sensing. In a work [65], the
authors utilized microporous light-scattering support material to make the fluorophores spread out and in-



depth (3D) coated. 3D coating was realized by either casting the fluorophore solution over the membrane
or dispensing the fluorophore solution with a pipette. The oxygen sensitive layer was resulted covering a
very large surface area with a very small thickness; system sensitivity of DO sensing was thus increased.
Although good experimental results were obtained, the authors failed to provide a convincible physical
model to explain this phenomenon. Besides, the device-to-device deviation of the performances was
conceived to be large and thus this setup was unsuitable for mass production.

There are also several works that focused on silica nanoparticles to enhance system sensitivity. Ref [66]
employed oxygen indicators adsorbed in the pores of silica hanoparticles, which were then self-assembled
layer-by-layer to form the sensing film. In ref [67], the fluorophores were entrapped in core-shell silica
nanoparticles which were then embedded in the polymer matrix. These works took advantage of
nanotechnology to increase the surface-to-volume ratio of the fluorophores, enhancing their chances to
have contact with the quenchers and upgrading sensitivity. Yet nanotechnology is still under development
and is in demand of particular equipment for fabrication; the sensors based on such techniques were also
expensive and suffered from repeatability issues, so this method was also unsuitable for large-scale
applications.

Inspired by these works, we perceive that, in a DO sensing system, multiple fluorophore films that are
placed in parallel in the same excitation light pathway could also be used for sensitivity enhancement. All
of the fluorophore films are DO contactable and absorb the excitation light, so the total emission intensity
is the sum from all fluorophore films. However, this method suffers from the problem that additional
layers of fluorophore films contribute to the financial cost of the system [30].

In summary, we could see that although the research on TIR is insufficient, it still presents the advantages
of better controllability, repeatability and less cost compared with other methods. Therefore it is regarded
as the best potential method for sensitivity enhancement in this project. A detailed physical model as well
as systematic experiments is in demand to fully demonstrate the effectiveness and efficiency. In addition,
a better collection of the emission light requires further research, which could make the system touch its
full potential.

2.4 Anti-biofouling

In spite of the advantages of PDMS in microfluidic systems we mentioned in Section 2.2, its strong
hydrophobicity results in severe biofouling effects in natural and waste water conditions. This problem
has become the bottleneck for many PDMS based sensors [20]. With an untreated PDMS surface,
microfluidic sensors lost almost all their sensitivities within a day in natural water environments [20].
This rapid loss of sensor performance made all efforts useless for continuous monitoring. Thus the topic
of anti-biofouling in PDMS based sensors is of great significance.

Biofouling is the accumulation of organic substances, proteins, microorganisms, plants, algae or animals
on a wetted surface [68]. Biofouling reduces the permeability of the film so sensors are greatly influenced.
Being common yet complicated, the principles and processes of biofouling have not been fully
understood, and the methods to reduce biofouling have been researched for decades [68]. There are a
number of good reviews on this topic, such as [68] [69] [70]. Here we briefly discuss different factors that
influence protein adsorption rate and several typical methods for anti-biofouling treatments on PDMS.

The protein’s adsorption on a surface is determined by the liquid environment, the protein properties and
the surface properties [69]. External parameters such as pH, ionic strength, temperature and buffer
composition in the liquid influence biofouling process, although these factors are relatively fixed if
certain biological or environmental conditions are used or mimicked [69]. For instance, temperature has
an effect on both the final states and the processess of protein adsorption [71]. As increased adsorption



rate is expected at a higher diffusion speed of proteins, biofouling increases at elevated temperatures [71].
The concentration of ions in the liquid also influences protein adsorption. A higher ionic strength weakens
the lateral electrostatic interactions between different proteins adsorbed on the surface, so a decrease of
protein-protein repulsion and an increase in the packing density are expected [72].

The intrinsic properties of the protein also affect its adsorption performance on a given surface. Regarding
to their interfacial behavior, proteins can be classified by their relative size, composition and structural
stability [69]. Small and rigid proteins are not likely to change their structure upon surface adsorption; in
contrast, intermediate sized proteins experience conformational reorientations in surface adherence [69].
As for those proteins with a very high molecular weight, individual parts are separately considered and
classified as charged/uncharged, polar/non-polar and hydrophilic/hydrophobic [69].

Important parameters of the surface, such as surface morphology, polarity, surface energy and charge, are
also related to the interactions between proteins and surfaces [73]. Take polarity as an example. Proteins
tend to adsorb more easily to non-polar surfaces than polar surfaces [73]. It has been postulated that
proteins could be destabilized near non-polar surfaces, which leads to increased levels of interactions
between different proteins and between proteins and surfaces [74]. This principle basically explains why
hydrophobic surfaces adsorb more proteins than their hydrophilic counterparts, and it is also the reason
why the biofouling of PDMS looks especially significant.

Given the fact that PDMS is hydrophobic and thus prone to biofouling, three categories of methods have
been proposed for anti-biofouling treatments on PDMS, namely surface activation (or oxidation), physical
adsorption and covalent modification [69]. Among them the surface activation of PDMS is usually
employed together with the other two methods, serving as a preparation step for additional

modifications [69]. These treatment methods and their pros and cons are summarized as below.

Both the cleaning and the oxidation of PDMS surface are regarded as surface activation, aiming at the
purposes to 1) alter the surface into hydrophilic for promoting liquid filling in microscale channels,

2) facilitate PDMS bonding to other materials and/or 3) add PDMS surface with Si-OH groups for
tethering of functional groups in next steps [75]. Commonly used procedures for PDMS surface activation
include oxygen or air plasma, UV/ozone and corona discharges [76]. Atomic oxygens are generated in
these processes and they damage the backbone of PDMS to form Si-OH surface structures [76]. One of
the disadvantages of these physical modifications is that the modified surface of PDMS recovers its
hydrophobicity within hours when exposed to air [75]. This is the reason why in plasma based bonding of
PDMS it is recommended to contact the two surfaces immediately when air/oxygen plasma finishes.

Physical adsorption of PDMS surface enjoys great advantages of simplicity and efficiency compared with
covalent surface modification [77]. Depending on electrostatics or other surface interactions, in this
method PDMS surface and an additional thin layer of material are put together without any chemical
reactions. A common example is the use of BSA (bovine serum albumin) or milk powder on PDMS [78].
Materials also used in this method include non-ionic surfactants, charged polymers and polyelectrolyte
multilayers [79]. However, the likely denaturation of treated surface and the lack of opportunities for
further tethering of functional groups limit the range of use in physical adsorption [79].

Compared with physical adsorption, covalent modifications are more widely used for applications that are
intended for long-term use and need to endure mechanical, chemical or thermal changes in the
environments [80]. Boosting much stronger interactions with the bottom surface, covalent modifications
obtain better surface robustness at the cost of complexity, processing time and success rate [80]. Covalent
modifications could be subcategorized into self-assembled monolayers (SAM), “grafting-to” coating and
“grafting-from” coating methods [81]. SAM is realized by spontaneous tethering of the reactants to the
reactive surface. PEG (polyethylene glycol) thin layers are generally applied to PDMS or silicon surface



via SAM [81]. The changes acquired from this method function either as the final functional layer or as
an anchor layer for subsequent grafting, which may enjoy even better chemical and mechanical properties.
The “graft-to” method tethers end-functional groups directly to the anchor layer on the surface; it suffers
from low grafting density and comparatively thinner film due to the hindrance of existing polymers
toward new-comers [81]. In order to tackle this problem, “grafting-from” method has been proposed for
achieving thicker and denser modification layers. In this method, the polymerization of monomers can
only be triggered at certain activated anchors sites on the surface [81]. This method employs continuous
activation and deactivation processes of the anchor sites on the surface by repetitive removing and
recapturing of the capping agents on the polymer chains. With the fact that activation frequency is fairly
the same on different anchor sites, this method can more accurately control the thickness and uniformity
of the modification layer and achieve targeted brush density and polydispersity [81].

In conclusion, we reviewed the basic principles of protein biofouling on surfaces, and looked at the major
methods for anti-biofouling treatments on PMDS surface in this section. This field is still in rapid
development: numerous devices targeted for biological and environmental applications could benefit from
future breakthroughs in this area.



Chapter 3 Design and fabrication

The design and fabrication process of a low-cost and miniaturized fluorescence quenching based
dissolved oxygen (DO) sensor is demonstrated in this chapter. Choices of materials and the basic design
of the sensor structure are introduced in Section 3.1. A feasibility discussion on the use of low-cost
optical parts in the system is given in Section 3.2. Section 3.3 presents modeling results on sensitivity
enhancement, where we discuss a variety of influences coming from the incident angle of excitation, the
optical power meter position and the fluorophore film thickness etc. Section 3.4 lists the detailed steps in
the sensor fabrication.

3.1 Basic design of sensor

3.1.1 Choices of fluorophores

The intensity based sensing scheme is selected in this work as the sensing principle for the environmental
DO sensor, because of its simple setup and thus friendly cost. The characteristics and advantages of
intensity based sensing have been reviewed in Section 2.1.

Fluorophore is one of the major components of the intensity based DO sensor; it will have a big impact on
the device sensitivity, lifetime and cost, so it requires a detailed analysis before the sensor design. There
are three main criteria to evaluate the fluorophore in this work, namely (i) brightness, (ii) lifetime and (iii)
photostability.

The brightness of a fluorophore is defined as the product of its molar extinction coefficient and quantum
efficiency [30]. The molar extinction coefficient £ expresses the efficiency of light absorption of
particular chemical substance at a particular wavelength which is an intrinsic property of this substance
[30]. Quantum efficiency @, also known as quantum yield, is the efficiency of the fluorophore in energy
transfer from incident excitation to fluorescent emission. The quantum efficiency is defined as the number
of emitted photons per absorbed photon. The brightness of individual fluorophore is defined by both
extinction coefficient and quantum efficiency. Generally, fluorophore with high extinction coefficient and
guantum efficiency can effectively transfer the excitation energy to fluorescence emission. These
fluorophores are most suitable in sensor application since the requirements of both light source and the
optical detector are low, which alleviate design restrictions and operation burden.

Another criterion for the fluorophore is lifetime, which is the time duration of certain fluorophore to
return from the excited state to the ground state [21]. It refers to the time a population of excited
fluorophores decay to 1/e of the original amount. Since fluorophore with longer lifetime can induce
higher chances for the oxygen molecules to collide and to quench the fluorescence emission, a
fluorophore with a long lifetime is thus desired for high sensitivity of the DO sensor.

Photostability is also an intrinsic property of fluorophores and it is defined as the time (seconds) for a
fluorophore to reduce its brightness by 50% [27]. For a fluorophore, the loss of part of its emission
intensity with time is mainly due to photobleaching, which is the photochemical change of

the fluorophore which makes it permanently unable to fluoresce. Such photochemical changes include
cleaving of covalent bonds and non-specific reactions between the fluorophore and surrounding

molecules [27]. Better photostability of the fluorophores enables a longer operation lifetime of the sensors.



Comparison of Potential Fluorophores

Fluorophores Molar extinction Quantum efficiency Lifetime (1.6)
coefficient (M*cm™)

[Ru(dpp)s)** 29500 0.366 6.40

[Ru(bpy)s)** 14600 0.089 1.15

[Ru(phen)s]?* 20000 0.019 0.28

[Ru(dpb)s]* 28000 0.306 1.95

PtTFPP (Aabs=390 nm) 323000 0.088 60

PdTFPP (Aas=406 nm) | 192000 0.21 1650

PdOEPK (Aaps=398 nm) | 86200 0.12 60

PdOEPK (Aaps=410 nm) | 82600 0.01 455

Table 3.1 Comparison between potential candidates for the fluorophore in DO sensor in this project.
Intrinsic properties of the fluorophores included are the molar extinction coefficient, quantum
efficiency and lifetime. These three factors determine the DO system sensitivity: the higher the molar
extinction coefficient and the quantum efficiency and the longer the lifetime, the better DO sensitivity
is. It is also desired that the excitation light for the fluorophore is outside UV-visible range, which is
known for autofluorescence excitation in a wide range of materials. Based on all these, [Ru(dpp)3s]**
is chosen as the fluorophore in this project.

In Table 3.1, molar extinction coefficient, quantum efficiency and lifetime of eight frequently used
oxygen sensing fluorophores are summarized [30]. These eight fluorophores are well known as being less
photobleaching and hence superior photostability. The first four fluorophores in Table 3.1 belong to
transition metal polypyridyl complexes. These complexes are the earliest ones that have been used for
oxygen sensing and they are still a default choice for intensity based oxygen sensing till now. These
fluorophores are characterized by large Stokes’ shift (which makes emission filtering easier), excitation
and emission spectra in visible wavelengths and good photostability. Among all these fluorophores
[Ru(dpp)s]?* possesses the highest brightness and the longest lifetime.

Other fluorophores in Table 3.1 are metalloporphyrins. One common drawback for most fluorophores
(not listed here) in this family is their rather low photostability, such as PtOEP and PdOEP. Thanks to
chemical modifications that have successfully improved their photophysical properties, the fluorophores
in Table 3.1 enjoy a good photostability, which is comparable to that of transition metal polypyridyl
complexes. Metalloporphyrins typically experience a large molar extinction coefficient and an
impressively long lifetime. However, the fact that they only absorb in UV-visible region raises the
problem that a high level of autofluorescence could be produced in a wide range of materials [82], which
we would discuss in Section 3.2. In addition, these fluorophores have a rather low solubility in many
polymer matrices, which limits the range of available polymer matrices and negatively influences the
consistency of sensor performance.

To summarize, we choose [Ru(dpp)s]** in this project for its high brightness, long lifetime and good
photostability. Moreover, it is low cost and commercially available which are advantages in practical
sensor design applications. The basic properties and fabrication process of Ru(dpp) for use in DO sensor
have been addressed in early researches; how the sensitivity of these sensors are still not adequate for
environmental DO sensing. Thus this thesis concentrates on the exploration of sensor design for
sensitivity enhancement.




3.1.2 Choices of polymer matrices

In conventional intensity based DO sensing, the fluorophores are usually immobilized in certain gas
permeable polymer matrix. Ideally, polymer that has high fluorophore solubility and high DO diffusivity
is desired to be applied as the polymer matrix for fluorescence quenching based DO sensors [23]. The
influences of these two properties to sensitivity can elaborated when analyzing the mathematical
expression of the quenching efficiency.

The Stern-Volmer equation is as below,

L = i =1 + kOTO [02] (3'1)
Iy To

where lo and | are the emission intensities, and 7o and  are the lifetimes without and with oxygen
guenchers respectively [23]. Quenching rate constant, kg, is related to this equation: it could be described
by the modified Smoluchowski-Einstein equation as

41N 4(Dy+D, R
kg = pko = THACIPR (g )
where Dt and Dq are the diffusivities of the excited fluorophore and of the quencher in the polymer, p the
guenching probability per collision between the fluorophore and the quencher, R the sum of collision radii
(Ri+Rg) and Nais the Avogadro number [23].

Comparison of Potential Immobilized Polymer Matrices

Polymer matrix Oxygen diffusivity Optical refractive index n
(cm?/s)
PDMS 4.0%10° 141
PS (polystyrene) 7.4*1010 1.58
PVC (polyvinyl chloride) 1.2*10° 1.54
SU-8 photoresist (epoxy based) 4.9*108 1.82
Poly (1-trimethylsily-1-propyne) (poly(TMSP)) | 6.5*10° 1.42
PMMA 1.0*10° 1.49
ethylcellulose 6.39*10 1.47
Teflon 1.7*107 1.38

Table 3.2 Comparison between potential candidates of immobilized polymer matrices in the DO
sensor in this project. Intrinsic properties of the polymer matrices included are oxygen diffusivity
and optical refractive index. The oxygen diffusivity of the polymer matrices is proportional to DO
system sensitivity according to Smoluchowski-Einstein equation; refractive index is related to the
optical model analysis and is listed here as another factor. Easiness and wide choices of anti-
biofouling treatments are also considered. Based on all above, PDMS is chosen as the immobilized
polymer matrix in this project.

For most polymer matrices, Dris negligible since it is significantly smaller than Dq The sensitivity of DO
sensor is then directly proportional to the diffusivity of oxygen in the polymer matrix . For the sake of




total-internal-reflection analysis later in this chapter, we also list in Table 3.2 the refractive index of
potential candidates of polymer matrices, which affects the light pathways and influence the sensing
performance [23].

Table 3.2 shows that PDMS enjoys one of the best oxygen diffusivity among various frequently used
polymers. Although poly (1-trimethylsily-1-propyne) contains the highest oxygen diffusivity, it is not
commonly used microfluidic devices. In contrast, the application of PDMS in microfluidic aspect is well-
studied which is most suitable in designing a microfluidic based DO sensing device. Additionally, PDMS
also enjoys a plethora of methods to be anti-biofouling treated as presented in Chapter 2. PDMS is thus
regarded the best option for the DO sensor in this project.

3.1.3 Sensor structure

One of the main purposes of this project is to enhance optical sensitivity in fluorescence quenching based
DO sensors by modifiying the sensor structure and the system setup. As suggested in Chapter 2, the
sensitivity can be achieved by increasing the surface-to-volume ratio of the fluorophore film which can
benefit light excitation and oxygen contacting.

Several methods, including total-internal-reflection (TIR), excitation light scattering, nanoparticle
fluorophores, and multiple layers of fluorophore films are reviewed in Chapter 2 for sensitivity
enhancement. TIR is superior to other methods in the environmental oxygen sensing application due to
the following reasons: To begin with, environmental applications require miniaturized sensors which are
beneficial to cost reduction. TIR gains performance improvements from sensor structure miniaturization,
because the TIRed light is confined to a small space which corresponds to a high excitation efficiency. In
contrast, excitation light scattering desires a large sensing area in thin-film format, and the sensitivity
degrades with sensor miniaturization. Second, the number of excitation sites in the fluorophore film is
directly linked with sensitivity enhancement factor, which is determined by the incident angles of
excitation in TIR device. Based on this fact, TIR based device is easily to be massively reproduced with
low device-to-device discrepancy. Furthermore, the sensitivity enhancement factor is also tunable since
the number of excitation sites in TIR based DO sensors could be tuned by changing the incident angle.
The sensitivity enhancement factor of TIR devices can be simply manipulated according to the interested
range of DO concentration and the accuracy of the light detector. Additionally, TIR method is low cost
since no extra fabrication or sensing components is required , which is a significant advantage when
compared with other methods such as multiple layers of fluorophore films and nanoparticles (additional
layers of fluorophores and nanoparticle fabrication would contribute significantly to the cost of sensors).

Figure 3.1 illustrates the schematic of the DO sensing system. This microfabricated oxygen sensor is
comprised of a glass slide substrate (1 mm thick, 7.4 * 2.5 cm large), spin-coated fluorophore film (1-
300 pm thick), PDMS channel (1 mm thick, 1-2 mm wide, 4 cm long) and PDMS water channel cap

(3 mm thick) from bottom to top. The water channel length direction is defined as Z axis, as it is the water
flow and excitation light propagation direction; X and Y axis are defined according to the right-hand
system as shown Figure 3.1. When performing experiments, a 445-450 nm excitation light from the laser
diode is first focused by a microscopic objective lens and then encounters the edge of glass slide substrate.
The angle between the excitation light direction and the glass substrate bottom surface is defined as the
incident angle 0. After entry into the sensor, the excitation light is total internal reflected through the
entire fluorophore film, which results in the generation of fluorescence emission. This emission light is
generated isotopically and collected by an optical power meter which is placed behind an OD 6 emission
filter.



The Schematic of Sensor Design and System Setup
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Figure 3.1 The schematic of sensor design and system setup of fluorescence quenching based
dissolved oxygen sensor. The inset is a snap from SolidWorks design. The 4-layer structure of the
DO sensor contains, from bottom to top, glass slide substrate (1 mm thick, 7.4 * 2.5 cm large),
fluorophore film (1-300 pm thick), water channel (1 mm thick, 1-2 mm wide, 4 cm long) and PDMS
water channel cap (3 mm thick). A 445-450 nm excitation light from the laser diode is first focused
by a microscopic objective lens and then encounters the edge of glass slide substrate. The angle
between the excitation light direction and the glass substrate bottom surface is defined as the
incident angle 6. After entry into the sensor, the excitation light goes back and forth through the
fluorophore film in the pattern of total-internal-reflection. Emission light is generated isotopically
and collected by an optical power meter which is placed behind an OD 6 emission filter. We define
the water channel length direction as Z axis, as it is the water flow and excitation light propagation
direction; X and Y axis are defined according to the right-hand system.

3.2 System feasibility

3.2.1 Differentiation between excitation and emission

Since the fluorescence emission intensity was conceived to be 10° times lower than the excitation
intensity [21], an OD 6 emission filter was employed in the system to prevent the excitation light from
being detected by the optical detector. A feasibility experiment was conducted to ensure this oxygen
sensing setup can differentiate the emission and the excitation light.

For comparison purpose, a purple diode laser (200 mW, 405 nm, Model 10000059, Laserland, Wuhan,
China) and a blue diode laser (350 mW, 445-450 nm, Model 20003151, Laserland, Wuhan, China) were
used as the excitation light sources without additional excitation filter. Both of them were located in the
absorption band of the fluorophore Ru(dpp). 405 nm was known to induce autofluorescence in a wide
range of materials. Figure 3.2 was the spectral information of the two diode lasers with spectral resolution
0.3 nm set in the spectrometer. We could estimate that the FWHM for these two diode lasers was both

~2 nm. Figure 3.3 was the absorption and emission spectra of fluorophore Ru(dpp)s?* from the
manufacturer. 445 nm was near the peak of max absorption range of the fluorophore and 405 nm was
chosen as a reference here for its autofluorescence excitation: UV-visible range was well-known for its



autofluorescence excitation in many materials including PDMS, which was the basic structure in this
Sensor.

To analyze the origin of light seen by the optical power meter in sensing setup (Figure 3.1), a setup for the
feasibility experiment was designed and the schematic was shown in Figure 3.4. Our purposes were to tell
apart the residual excitation light, the Ru fluorophore emission and the autofluorescence that passed the
emission filter. When using a spectrometer, instead of a power meter, excitation and fluorophore emission
could be told apart by their spectral difference, according to Figure 3.4. To differentiate the emission from
the fluorophore Ru(dpp) and the autofluorescence from any other sources in the system, a control
experiment was implemented, and the emission intensity from a complete DO sensor and that from the
structure without the fluorophores were compared. The OD 6 emission filter was still used in order to
mimic the sensing setup. By quantitatively comparing the spectral results in the feasibility experiment, the
percentage of pure emission from fluorophore Ru(dpp) over the total intensity seen by the optical detector
could be calculated.

Spectral Information of Two Diode Lasers Used (405 nm and 445 nm)
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Figure 3.2 Spectral information of the two diode lasers (405 nm and 445 nm). Spectral resolution
was set at 0.3 nm in the spectrometer. Both of these diode lasers were located in the absorption band
of the fluorophore Ru(dpp) as shown in Figure 3.3. 405 nm was known to induce autofluorescence in
a wide range of materials including PDMS. From the figure we can estimate FWHM for these two
diode lasers was both ~2 nm.



Absorption and fluorescence emission of Ru(dpp) in toluene solution
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Figure 3.3 Absorption and fluorescence emission of Ru(dpp) in toluene solution (copyright
permission of Sigma AldrichTM). We used alcohol as the solvent instead for better solubility in
PDMS, so excitation and emission peak might change. 405 nm and 450 nm diode lasers (depicted in
purple and blue lines) were used as the excitation light sources in feasibility experiments and an
OD 6 bandpass emission filter with window at 520-700 nm (depicted in red window) was employed
to reduce the excitation interference. Spectra information courtesy by
http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Fluka/Datasheet/76886dat.pdf
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Setup Schematic in Spectral Feasibility Experiment
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Figure 3.4 The schematic of setup in spectral feasibility experiment. The emission filter was placed
right before the spectrometer in order to reduce excitation intensity. The emission from the whole
sensor was first recorded, in which the 4-layer DO sensor included PDMS cap, water channel,
fluorophore Ru(dpp) and glass slide; as a control group, the emission from PDMS cap, water
channel and glass slide was then measured. By quantitatively comparing the emission results from
the two experiments, pure emission from fluorophore Ru(dpp) could be calculated.

Spectral results from the feasibility experiment were summarized in Figure 3.5. The above two graphs
presented the spectrum of the DO sensor at the optical detector under 450 nm and 405 nm excitation
respectively; both diode lasers were set at output power 150 mW (optical power outputs were measured
by a power meter) and the integration time of spectrometer was 16 s for all of them. The bottom left
figure showed the spectrum of the PDMS/water/glass in the control group at the optical detector; it was
clear that 405 nm could excite ~3 times more autofluorescence than 450 nm light source. The bottom
right graph delineated the spectrum of the DO sensor under 450 nm excitation at 1 s integration time of
spectrometer, which was for calibration purpose of the spectrum obtained at 16s integration; good shape
and counts-per-second match were observed between this graph and the spectrum under 450 nm at 16 s
integration, so we knew that 16 s integration time was suitable for this setup and the first three graphs
were not saturated.

The experiment results are presented as the the percentage of pure emission from fluorophore Ru(dpp)
over the total intensity detected by the optical detector. The results were calculated based on the spectra
data by integration of each peak in different graphs, The calculation results show that 94.5% of the
collected energy was from fluorophore emission under 450 nm excitation, with 4.3% from excitation and
0.2% from emission from other sources such as PDMS and glass; while under 405 nm excitation 89.5%
of the collected energy was from fluorophore emission, with 8.4% from excitation and 2.1% from
emission from other sources. These results demonstrated that using a 450 nm diode laser as the excitation
light source was indeed more appropriate for noise reduction in the system. The results also suggest that a
low costpower meter and a laser diode are adequate to be applied in the DO sensing setup instead of
expensive spectrometers and lasers since 95% of the energy detected by the power meter is contributed
from the emission of fluorophores.
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Figure 3.5 Results summary of spectral analysis on DO sensor and PDMS/glass control. The above
two graphs presented the spectrum of DO sensor at the optical detector under 450 nm and 405 nm
excitation respectively; both diode lasers were set at output power 150 mW (optical power output
was also measured by power meter) and the integration time of spectrometer was 16 s for both of
them. The bottom left figure showed the spectrum of the PDMS/glass in the control group at the
optical detector; it was clear that 405 nm could excite ~3 times more autofluorescence compared
with 450 nm light source. The bottom right graph delineated the spectrum of DO sensor under 450
nm excitation at 1 s integration time of spectrometer; good shape and counts-per-second match were
observed between this graph and the spectrum under 450 nm at 16 s integration, so we knew that

16 s integration time was suitable for this setup and the first three graphs were not saturated.



3.2.2 Excitation beam profile

In the system setup, a ZEISS A-plan 10X/0.25 Ph1 objective lens in microscopes was added in the light
path of excitation, in order to make it focused and fit into the thickness of glass slide in the sensor. In the
optical model that would be presented later, the values of the diameter and cone angle of the excitation
light will be used. Thus in this part the beam size and the divergence of the excitation will be

experimentally measured.

Illustration of Excitation Beam Profile
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Figure 3.6 (left) The beam profile of TEM 00 mode light and (right) the schematic of the beam
diameter testing setup.The minimum beam diameter WO was observed in the beam waist and larger
beam sizes were observed before and afterward. A 445 ~ 450 nm diode laser and a 10X ZEISS
objective lens were placed as the light source and the CCD detector of beam profiler was spatially
adjusted to the beam waist of the light.
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Figure 3.7 Photograph of the beam diameter testing setup. A 445-450 nm diode laser and a 10X
ZEISS objective lens were the light source and the CCD detector of beam profiler was spatially
adjusted to the beam waist of excitation light. A two-dimensional transition stage was applied for the
beam profiler, which then was enabled to capture larger pictures.

A CCD-based laser beam profiler (Model USB L230 81590126, Spiricon, USA) was used for the
characterization of the beam profile. For a Gaussian beam in TEM 00 mode, the beam profile was



illustrated in the left graph of Figure 3.6, with the minimum beam diameter Wy in beam waist and larger
beam sizes before and afterward. A schematic of the beam diameter testing setup was shown in the right
graph of Figure 3.6. The 445 ~ 450 nm diode laser and the 10X ZEISS objective lens were the light

source and the CCD detector of beam profiler was spatially adjusted to the beam waist of the excitation.

Excitation Beam Contour and Gaussian Fitting
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Figure 3.8 (top) The excitation beam contour obtained by the beam profiler and (bottom left and
right) excitation beam profiles in X and Y direction respectively.Good correlations with Gaussian
distribution were observed in both directions, with R2larger than 0.98. Y direction had a
significantly larger spatial distribution range than X direction, as shown in the fact that the standard
deviation for X direction was 0.37 pm and that the standard deviation for Y direction was 0.90 pm.
This fact was resulted from the diode laser itself whose output had a very large aspect ratio.

The laser beam profiler was comprised of a Sony™ ICX274 CCD which had 1616*1216 4.40 pm square
pixels, so the spatial detection range for this beam profiler was 7.1 * 5.4 mm. This size was enough for
the characterization of the beam waist, but was not sufficient for beam divergence measurements that



required beam diameter tests at longer distances. In the light of this, a two-dimensional transition stage
was applied for the beam profiler, which was then enabled to capture larger pictures. Figure 3.7 showed
the photograph of the setup for beam profile bench testing.

The excitation beam shape was characterized first, in order to verify whether it followed Gaussian
distribution. Figure 3.8 showed the contour of the excitation beam intensity as well as Gaussian fitting
results in X and Y directions respectively (the coordinate system was the same with the one used in
system demonstration in Figure 3.1). Good correlations were observed in both directions with R? larger
than 0.98, so the assumption of Gaussian beam was confirmed. Y direction had a significantly larger
spatial distribution range than X direction, as shown in the fact that the standard deviation for X direction
was 0.37 pm and that the standard deviation for Y direction was 0.90 pm. This fact was resulted from the
diode laser itself whose output had a very large aspect ratio. The spatial standard deviation for X direction
was used in the optical model in Chapter 3.

Table 3.3 was a summary of beam diameter results obtained according to different methods. The major
axis (with a larger diameter) referred to Y direction in Figure 3.8 and the minor axis referred to X
direction. The data of beam diameters ranged from 0.5 jum to more than 3 m depending on different
definitions for the beam diameter, which are elaborated as below.

The D4o (4 Sigma) width is the ISO international standard definition of the laser beam diameter. The
horizontal and vertical diameters are calculated by 4 times the standard deviation of the spatial
distribution o, respectively. For example in the horizontal direction [83],

00 00 : e
D4o =40 =4 Lo fo_ooolo(oxy)(x %)2dx y’ (3-3)
f—oo f—ooI(X,y)dxdy
where i = LeoJ-e!Ct)xaxdy
Jooo oo 1(xy)dxdy

Although suitable for all kinds of beam shapes including both Gaussian beams and non-Gaussian beams,
the D4c (4 Sigma) method is susceptible to background noises. The intensities with greater distance to the
beam center contribute more (square relationship) to the calculated diameter result according to above
equation, so baseline subtraction is highly recommended in this method. The background noise could be
calculated by the average intensities of all pixels without the target light source. After the background is
subtracted, the residual intensities in all pixels are used for spatial distribution calculation.

Summary of Beam Diameter Results

Method Diameter in Major Axis (mm) Diameter in Minor Axis (mm)
D4o (4 Sigma) 3.59 1.47
90/10 Knife Edge 3.22 1.34
86.5% of energy 2.76 1.18
1/e? of peak 2.66 1.16
1/e of peak 1.80 0.72
50% of peak 1.21 0.55

Table 3.3 Summary of beam diameter results based on different definitions of beam diameters. The
Standard deviations were 0.03 mm for all diameters based on repetitive measurements.




In contrast, 90/10 knife edge width is a more conventional method widely used when 2D optical imagers
have not come into place. A schematic demonstrating the conventional test setup is shown in Figure 4.5.
A razor moves from one side of the light distribution to the other, recording the intensity ratio at each
position over the full intensity without the razor blocking. The width of the beam is defined as the
distance between the points of intensity ratios that are 10% and 90% of the full value (whole beam
energy). Modern beam profilers with 2D optical imagers still have this method in their software
calculations.

The two methods mentioned above are defined in regardless of the beam profile; yet there are other
methods which are deeply rooted in the shape of Gaussian distribution. The edges of a beam diameter
could be defined either with the irradiance percentage over the peak irradiance of the beam or with the
sandwiched energy over the total energy of the beam. As a typical definition, the distance between the
positions that have irradiance of 1/e? (0.135) of the max irradiance of the beam is used as the beam
diameter. For a Gaussian beam, 86.5% of the total energy is included in this range. Other similar
definitions use Full-Width-at-Half-Maximum or 1/e of the maximum irradiance to define their edges.
Although derived from Gaussian distribution, they are also widely used in various kinds of beam
distributions currently.

Test Setup for Knife-Edge Method

Figure 3.9 The schematic of test setup for the knife edge method of beam diameter measurements.

Finishing the discussion on beam diameter, excitation beam divergence is another part of characterization
in this section. The total angular spread of a beam is used to represent the divergence, and it is illustrated
by the cone angle ¢ in the schematic of Figure 3.10. Commonly there are two methods that exist for the
measurement of the cone angle: one is the far-field method and the other is the focal length method. We
used both of them to measure the divergence of excitation as shown below.



Beam Divergence Definition and Test Setup in the Far-Field Method
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Figure 3.10 (left) The schematic of beam divergence definition and (right) the schematic of test
setup in the far-field method of beam divergence measurement.

In Figure 3.10, it was seen that the cone angle of a beam was defined by the trendlines of the beam edge
in the far-field method. A schematic of the testing setup was created following this idea (shown in

Figure 3.10). In the first step the beam profiler was positioned in the beam path to acquire a beam width
Wi (1/€? of the peak definition was usually applied). It was assumed that this first sample position was the
one nearer to the beam waist, and thus a smaller beam width. Next, move the beam profiler a distance
further away and a second beam width was acquired as W». The divergence (or cone angle) result was
described as

. _ —1 (W2—Wq _
divergence = 2 X tan (—Zxd ) (3-4)
where Wy was the beam width at the first location, W, was the beam width at the second location and d
was the separation distance between the two sample positions. The results obtained in five experiments
using different separation distances in the far-field method were shown in Table 3.4. According to
statistical analysis, the cone angle of the excitation beam in the far-field method was 21.02°+ 0.18<

Results Summary of Cone Angle Measurement in the Far-Field Method

Test No. W (cm) W (cm) d (cm) Cone angle (9
1 1.105 2.041 2.54 20.89
2 1.105 3.005 5.08 21.18
3 1.105 3.905 7.62 20.82
4 1.105 4,913 10.16 21.23
5 1.105 5.806 12.70 20.97

Table 3.4 Results summary of cone angle measurement in the far-field method. Different separation
distances were used in these measurements. According to statistical analysis, the cone angle of the
excitation beam in the far-field method was 21.02°+0.18<




Test Setup in Focal Length Method of Beam Divergence Measurement
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Figure 3.11 The schematic of test setup in focal length method of beam divergence measurement.
The use of a focusing optic, either reflective or refractive, was required in this method to transfer the
information in the far field into the focal plane of the focusing optic. A plano-convex lens was
employed here for aberration minimization.

Another method in beam divergence measurements was the focal length method. The use of a focusing
optic, either reflective or refractive, was required in this method to transfer the information in the far field
into the focal plane of the focusing optic. Thanks to the principle that the information on the focal plane
could be regarded as a Fourier transform of the beam at infinite distance, this method took the ratio
between the spot size at the focal plane and the focal distance of the optic as a function of beam
divergence [84]. A plano-convex lens was employed here for aberration minimization and the setup was
shown in Figure 4.7. In order to miniaturize diffraction effects, a large enough lens in diameter was
required for this task. The divergence result could be described as

divergence = tan™? (?) (3-5)

where W was the beam diameter at the focal plane of the optic and f was the focal length of the optic. The
results we obtained in six experiments using different focusing optics were shown in Table 3.5.
According to a statistical analysis, the cone angle of excitation beam in the focal length method was
20.9°=+ 0.3< which corresponded to the result 21.02<= 0.18 in the far-field method. The experimental
result of cone angle was aligning with theoretical value, which was calculated by the numerical aperture
(NA) of the objective lens.

Results Summary of Cone Angle Measurement in Focal Length Method

Test No. Focal length (cm) Spot size (cm) Cone angle (9
1 75.0 28.505 20.81
2 50.0 18.903 20.71
3 40.0 15.459 21.13
4 30.0 11.234 20.53
5 20.0 7.577 20.75
6 15.0 5.827 21.23

Table 3.5 Results summary of cone angle measurement in focal length method. Plano-convex lenses
were employed here for aberration minimization. Different focal lengths of the focusing optics were
used in the measurement. According to a statistical analysis, the cone angle of excitation beam in the
focal length method was 20.9°+0.3< which corresponded to the result 21.02<=+0.18 ©in the far-field
method. The experimental result of cone angle was aligning with theoretical value, which was
calculated by the numerical aperture (NA) of the objective lens.




3.3 Model on system performance

In this section an optical analysis was focused based upon the sensor structure that we proposed in
Section 3.1. A variety of factors, including excitation incident angles, sensor structure dimensions and
optical parts positions, which can influence DO sensitivity would be discussed in detail. Sensitivity
enhancement efficiency of the TIRed excitation light is concentrated throughout the discussion. Two of
the essential optical principles involved in this section are Fresnel’s Law and Beer-Lambert Law, which
are first briefly introduced below.

Fresnel’s Law describes the behavior of light when moving between media of different refractive indices.
When light enters from the first medium (refractive index n:) into a second medium (refractive index ny),
both reflection and refraction occur. Fresnel’s equation describes the distribution of light reflection and
transmission, which are dependent upon ni, n,, the incident angle and the polarization of incident light. In
the equations below, the angles that the incident, reflective and refractive light rays make to the normal of
the interface are depicted as 0;, 6, and 6; respectively. The relationships between these angles are given by

6, =6, (3-6)

and

sinf; _ n, _

sin 0, T (3 7)
If we define Reflectance R as the fraction of the incident power that is reflected back and Transmittance T
as the fraction of the incident power that is transmitted through the interface, the reflectance of s-
polarized incident light is

n,cos 6;—n,cos Bt

nycosf;—n, |1— —151n9
= (3-8)
nicosf;+n, —smG

and the reflectance of p-polarized incident light is

Rs =

nq,cos@;+n,cos 6,

p n,c0s B;+n,c0s6;

1

n,co0s 0—n,cos 6; Ji—nzcose

R, = [ l| f______ (3-9)
1

+n2cos 0;

Tsand Tp are given by, as a consequence of energy conservation,

T, =1—-Rs (3-10)
and
T,=1—-R, (3-11)

In our cases, as a diode laser is employed as the light source, we assume that the incident light is
unpolarized (which contains an equal mix of s- and p- polarizations); therefore the reflectance is given by

Rs+Rp
2

R = (3-12)



Total-internal-reflection (TIR) is a special case under Fresnel’s Law, when the incident light comes from
the medium with a larger refractive index and the incident angle is greater than “critical angle’ with
respect to the normal of the interface. In such case the wave cannot pass through the interface and is
entirely reflected. From Fresnel’s equation we can calculate the critical angle by

0. = 0; = arcsin (%) (3-13)

An important effect of total-internal-reflection is the appearance of ‘evanescent wave’ in the medium with
smaller refractive index (near the interface of the two media). The evanescent wave travels along the
boundary and exponentially decays with increasing distance normal to the interface. The intensity of the
evanescent wave could be expressed as a function of the perpendicular distance z to the interface [85]:

1(2) = 1(0)e~%/4 (3-14)
where

d= j—;’t (n3 sin? §; — n?)~1/? (3-15)
Ao is the wavelength of the incident light in vacuum and the penetration depth d decreases with increasing
6. Except for i -> 6. where d -> oo, d is in the same order of Ao

Beer-Lambert Law depicts the effects of light absorbing materials upon moving light and relates the
attenuation of light with properties of the material. The law states that the transmission T of light through
a substance is given by

T=21=¢¢ (3-16)

where lo and | are the intensities of the incident light and of the transmitted light respectively, ¢ is the
absorptivity of the light attenuator, c is the concentration of the light attenuator in the material and I is the
distance that light travels in the material. Absorbance A is defined as

A=—In (i) (3-17)
Finishing the discussion on optical principles, we can focus on our sensor structure now. We can see from
above equations that TIR, which is the principle of sensitivity enhancement in the DO sensor, is heavily
dependent on the incident angle of excitation. By defining the coordinates and the incident angle in the
system setup, a cross-section picture of the sensor structure is shown in Figure 3.6, which serves as a
basis for the discussion of optical model hereafter.

As in Figure 3.12, the optical analysis model of the DO sensor is simplified into a 4-layer structure,
containing, from bottom to top, BK-7 glass slide (n=1.52), fluorophore film (n=1.42), water (n=1.33) and
PDMS water channel cap (n=1.41). All refractive indices were measured by ellipsometry. The excitation
light is incident on the lateral side of the glass slide, where the incident angle 6 is defined as the direction
of the incident light making to the normal of the lateral side of the glass. As the default dimensions in the
optical model, the thicknesses of the four layers (glass, fluorophore film, water and PDMS cap) are set to
be 1 mm, 10 pm, 1 mm and 3 mm respectively, unless otherwise mentioned. The left edge of the optical
detector is assumed to be coincident with the start of the water channel in default setting; the ‘detection
length’, which is the dimension (in Z axis in Figure 3.12) the optical detector covers (inside which the



emission light could be collected), is assumed to be 2.54 cm (1 inch), as is the diameter of a typical
circular filter.

According to Fresnel’s Law, when the incident excitation light arrives at the lateral side of the glass slide,
both reflection and refraction may occur as shown in Figure 3.13. Following the same principle, when
excitation light rays enter into the 4-layer structure and encounter interfaces between different media, they
split into two rays as reflection and refraction respectively. A number of reflection and refraction rays are
illustrated in Figure 3.13, which serve as an example of the rays considered in the optical model. Due to
the fact that both reflection and refraction rays cycle after first several rounds, their total intensities, as
well as influences on DO sensitivity, could be modeled as a geometric sequence.

Cross-Section Vision of the Sensing System Setup
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Figure 3.12 Cross-section vision of the setup of DO sensing system. This picture serves as a basis

for future discussion on the sensitivity enhancement efficiency of TIR under different scenarios. The
4-layer structure of the DO sensor contains, from bottom to top, glass slide substrate (1 mm thick),
fluorophore film (10 pm thick), water in test (1 mm thick) and PDMS water channel cap (3 mm thick).
Excitation light is total-internal-reflected inside the glass slide (when 0 is smaller than 34.5 ), the bi-
layer structure of fluorophore film and glass slide (when 0 is between 34.5°and 47.59, or the whole
4-layer structure (when 6 is bigger than 47.5°).



The Schematic of Excitation Light Pathways Considered in the Model

Figure 3.13 The schematic of excitation light pathways considered in the optical model. The
refractive indices shown in the picture are chosen at the wavelength of excitation 450 nm and
measured by ellipsometry. According to Fresnel’s Law, when the excitation light encounters an
interface, both reflection and refraction occurs, so one ray split into two after passing of each
interface. Because of the fact that the refraction would dominate (>90% intensity fraction) when TIR
is not met, we name this ray as the main ray while the reflective one as the minor ray. Since both
major and minor rays cycle after the first several rounds, their total intensities and influences could
be modeled as a geometric sequence.

Based on the calculation, no matter how the incident angle 6 changes from 0 to 90 degree, the excitation
light rays are always trapped inside the 4-layer structure because the possible rays always meet the TIR
criterion at both the bottom glass/air interface and the top PDMS/air interface. Furthermore, calculation
shows that the excitation light is total-internal-reflected inside the glass slide when the incident angle 6 is
below 34.5°(Figure 3.14 Type 1), or total-internal-reflected inside glass and fluorophore film when the
incident angle 6 is between 34.5<and 47.5°(Figure 3.14 Type 2), or total-internal-reflected inside the 4-
layer structure when the incident angle 6 is larger than 47.5°(Figure 3.14 Type 3). In Type 1 only the
evanescent part of the excitation light is in contact with the fluorophores, while in type 2 and type 3, the
excitation light directly cross the fluorophore film. Equations that describe how the relative sensitivity is
calculated are shown as below.

Type 1

F=0%[I;(x)dx (3-18)
where  I;(x) = Ii(O)e_% di = j—;’t (nfy sin? 0; — n2j455) 2 (3-19)

Type 2 and Type 3

F=0Y;1;(1—e ¢t (3-20)



where F represents the fluorescence emission intensity, @ represents the quantum efficiency of
fluorophores, I; represents the excitation light intensity at certain excitation site on the fluorophore film
and i represents the i number of excitation site. A Matlab model is generated according to these
equations and the influences coming from different factors in the system setup are analyzed, as shown
later in this section