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Societal Summary

Our kidneys are vital organs that remove excess fluid and toxic nitrogenous waste
products from our body. They also maintain the balance of electrolytes such as so-
dium, potassium and calcium in the body. These functions of kidneys result in a
stable composition of the blood and normal functioning of our body. If somebody’s
kidneys fail to function properly, then he/she needs to undergo either dialysis treat-
ment or a kidney transplant. Since the waiting time for a donor kidney is usually
long, dialysis is often preferred. Current dialysis practices are based on a ‘one-size-
fits-all’ model in which a standard electrolyte concentration is used for all patients.
However, optimal electrolyte concentrations in blood plasma may differ from one
patient to another. So, the ‘one-size-fits-all’ model may lead to adverse side ef-
fects such as, change in blood pressure, heart rhythm disturbances and renal bone
disease in patients. Therefore, real-time monitoring of the vital electrolytes during
dialysis plays a significant role in personalizing the dialysis treatment and thus, mit-
igating the health complications. Yet, there is a lack of an affordable and a reliable
ion-selective electrolyte monitoring method.

In this PhD thesis, we aim to fill this gap by developing a sensor system for
real-time electrolyte monitoring in a fluid medium. For this, we use photo-induced
electron transfer (PET) sensor molecules and lab-on-a-chip technology. We fabric-
ate a microfluidic device with integrated optical fibers. The device together with
a small laser module and a spectrometer makes up the sensor system. We aim to
determine the concentration of sodium ions in a flowing solution with the device.
For this, we attach the corresponding PET molecules to the microchannel walls of
the device such that the attached molecules do not contaminate the solution. The
experimental results clearly show a linear dependence between fluorescence intens-
ity and sodium concentrations. These results are not influenced by the presence of
competing ions such as potassium and calcium. With this proof-of-concept device,
we have demonstrated the technical feasibility of monitoring electrolyte concentra-
tion in real time using optical methods. The benefits of this device include low cost,
disposability, good stability, high sensitivity among others. The device can be ex-
tended to measure other ions such as potassium and calcium by using other PET
sensor molecules.

The novel and compact sensor system that we have developed in this project is
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a first step towards personalizing dialysis treatments. It has a great potential to be
integrated into the existing dialysis machines. Furthermore, such a sensor system
might aid in the development of a portable artificial kidney.
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Chapter 1

Introduction: Nephrology and
Microfluidics

“All things are poisons, for there is nothing without poisonous qualities. It is
only the dose which makes a thing poison.”

—Paracelsus (1493-1541)

1.1 Introduction

The kidneys are responsible for essential processes, such as removal of toxic nitro-
genous waste products from the body, prevention of fluid overload as well as for
maintaining the balance for acid−base (pH) and electrolytes such as sodium, po-
tassium and calcium (Na+, K+ and Ca2+). A patient who reaches end-stage renal
disease (ESRD), and who is not (yet) eligible for a renal transplantation, is de-
pendent on chronic dialysis treatment modalities, such as peritoneal dialysis (PD)
or haemodialysis (HD). HD usually is performed intermittently during 4 h 3 days
per week. The underlying physical principles are convection and diffusion between
blood and dialysate across a semi-permeable membrane (dialyzer). Dialysate is the
fluid used in dialysis whose function is to remove waste material from blood and
transport useful substances, such as bicarbonate, into the blood. In most outpatient
centres, dialysate is prepared with a fixed concentration without taking into account
the inter-individual differences in plasma concentration of vital electrolytes such
as Na+, K+ and Ca2+. This wide difference in inter-individual and to a lesser ex-
tent intra-individual, pre-dialytic serum concentrations of important electrolytes can

This chapter is based on the work published in: Sharma, M. K., Wieringa, F. P., Frijns, A. J. H.,
and Kooman, J. P. On-line monitoring of electrolytes in hemodialysis: on the road towards individu-
alizing treatment. Expert review of medical devices, 2016, 13, 933-943.
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lead to profound variations in the intradialytic electrolyte balance leading to com-
plications such as hypertension, inter-dialytic weight gain, cardiovascular problems,
thirst, renal bone disease and hyper/hypo-kalemia. As the age and comorbidity of
the dialysis population increases, this one-size-fits-all approach preferably should be
abandoned and instead dialysate could be prescribed on an individual basis rather
than on a facility level.

Electrolyte monitoring during dialysis therefore appears pivotal to reduce the
afore-mentioned complications related to the dialysis treatment. As of today, real
time in-line monitoring is possible for blood volume changes, urea, dialysate con-
ductivity, and thermal energy balance. In-line measurement of dialysate conduct-
ivity at in- and outlet have also been applied in some dialysis modules [1], which
has resulted into the availability of on-line clearance monitors on various contem-
porary dialysis monitors (Diascan R© Baxter; OCM; Fresenius). However, conduct-
ivity measurements only provide an estimated assessment (surrogate measurement)
of urea clearance [2], given the strong relation between diffusive sodium and urea
transport [3]. Importantly, conductivity measurement is not specific for ion type dis-
tinction [4, 5]. Also, due to the effect of bicarbonate ions on conductivity measure-
ments, neither dialysate nor plasma conductivity can be considered a full substitute
for equivalent sodium concentrations.

To some extent, ESRD has become a manageable disease with a steadily grow-
ing dialysis population of increasing average age and associated comorbidity. Dur-
ing seven decades many technical refinements have been developed such as sodium
profiling, blood volume, ultrafiltration variation based on blood pressure measure-
ment, in-line assessment of urea kinetics, haemodiafiltration and many more. Des-
pite the potentials, in-line electrolyte monitoring lags behind in dialysis treatment.

This thesis addresses this technology gap; the work approach utilizes the in-
herent potential benefits of optical sensing system based on molecular fluorescence
and lab-on-a-chip technologies to enable in-line measurement of electrolytes during
dialysis.

1.2 Kidneys and Dialysis

Kidneys

The -kidneys’- are a pair of bean shaped organs which filter waste products from
the blood and excrete it to the bladder. Furthermore, the kidneys are involved in
regulating blood pressure, pH regulation and hormone production in the body. A
vital function of the kidney is the regulation of fluid and electrolyte balance [6].
Each kidney contains millions of functional units called nephrons which act as a
microscopic filtration units for blood (Figure 1.1). Each kidney nephron contains
two parts, Glomerulus, a network of small blood vessels and the Bowman’s capsule
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Chapter 1. Introduction

(a double walled epithelial cup which contains the Glomerulus). The part of nephron
containing the tubular fluid filtered through the glomerulus is called renal tubule.

2  The Kidneys and How They Work

How do the kidneys work?
The kidney is not one large filter.  Each 
kidney is made up of about a million filtering 
units called nephrons.  Each nephron filters 
a small amount of blood.  The nephron 
includes a filter, called the glomerulus, and 
a tubule.  The nephrons work through a 
two-step process.  The glomerulus lets fluid 
and waste products pass through it; however, 
it prevents blood cells and large molecules, 
mostly proteins, from passing.  The filtered 
fluid then passes through the tubule, 
which sends needed minerals back to the 
bloodstream and removes wastes.  The final 
product becomes urine. 

 

Each kidney is made up of about a million filtering 

Filtered bloodBlood with 
wastes

Wastes (urine) 
to the bladder

Glomerulus

Tubule

Nephron

Filtered 
blood

Blood 
with 
wastes

units called nephrons. 

Read more in Questions and Answers about 
the Kidneys and Kidney Disease at www.nkdep.
nih.gov.

Points to Remember
•	 Every day, the two kidneys filter 

about 120 to 150 quarts of blood 
to produce about 1 to 2 quarts of 
urine, composed of wastes and extra 
fluid.  

•	 The kidneys are important because 
they keep the composition, or 
makeup, of the blood stable, which 
lets the body function.

•	 Each kidney is made up of about 
a million filtering units called 
nephrons.  The nephron includes a 
filter, called the glomerulus, and a 
tubule.

•	 The nephrons work through a 
two-step process.  The glomerulus 
lets fluid and waste products pass 
through it; however, it prevents 
blood cells and large molecules, 
mostly proteins, from passing.  The 
filtered fluid then passes through 
the tubule, which sends needed 
minerals back to the bloodstream 
and removes wastes.

Figure 1.1: Basic structure and working of a kidney [7].

Kidney function is generally evaluated by assessing the quantity and quality
of urine by creatinine and or cystatin-based formulae which assess the glomerular
filtration rate (eGFR). Therefore, the eGFR number signals the health of the kidney.
A lower eGFR indicates either severe loss of kidney function or even kidney failure.

Kidney failure can be categorized into:

• Acute kidney injury (AKI): The kidney rapidly loses its filtering capability. It
maybe a reversible process. According to the definition of Kidney Disease:
Improving Global Outcomes (KDIGO)1, AKI can be defined as the abrupt
decrease in kidney functioning occuring over seven days or less [8]. AKI is
commonly observed in hospital with critically ill patients. Patients with AKI
are at higher risk of slipping into consequent chronic kidney disease.

• Chronic kidney disease (CKD): The function of the kidney decreases during
a period longer than 90 days. This results in high levels of waste build up
in the blood stream and complications such as hypertension, weak bones and
heart problems. Also, poor nutritional health may arise. The most common
causes of CKD are renovascular disease, hypertensive nephrosclerosis and
diabetes. CKD develops over a long period of time and with early diagnosis
progression towards a kidney failure may be prevented or slowed down.

1KDIGO is a global non-profit foundation dedicated to improving the care and outcomes of kidney
disease patients worldwide.
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• End stage renal disease (ESRD): ESRD is the most severe and last stage of
CKD (CKD stage 5: defined as a eGFR/1.73 m2 is below 15 ml·min−1). The
patient generally undergoes regular dialysis treatment or receives a kidney
transplant.

Figure 1.2 depicts the functional degradation over time of the kidney from the
day of injury if left untreated or undetected.

Days post injury

Day of injury

0 7 90 180

AKI AKD CKD

2

Figure 1.2: The timeline of acute kidney injury (AKI), acute kidney disease (AKD)
and chronic kidney disease (CKD) [9].

Dialysis

Dialysis is the process of artificially removing excess water, toxins and solutes from
the blood. Dialysis treatment modalities such as peritoneal dialysis (PD) or hemo-
dialysis (HD) play a crucial role for a patient’s survival when he/she reaches end
stage renal disease and is not (yet) eligible for a renal transplantation. The evolu-
tion in HD has saved lives of millions by making the kidney failure a manageable
disease.

Thomas Graham coined the term “dialysis” in the year 1854 by demonstrat-
ing the diffusion of crystalloids through a vegetable parchment coated with albu-
men [10]. This first experiment proved the idea of removing solutes from a solution
containing colloids and crystalloids. However, the next step of removing solutes
from animal blood took place only after almost 50 years. John J. Abel and col-
leagues demonstrated that the blood of a living animal can be subjected to dialysis
outside the body and they coined the name “artificial kidney” for their dialyzer
[11–13]. The first artificial kidney suitable for practical human application was
made by Dr. Willem Johan Kolff in the year 1943 in Kampen, the Netherlands.
It was called “The Rotating Drum Dialyzer” [14, 15]. William Drukker gives de-
tailed information about the historical development of haemodialysis and interested
readers are referred to it for a detailed information [16]. In the late sixties, hollow
fiber dialyzers were developed which made it possible to perform dialysis even at
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Chapter 1. Introduction

home [17, 18]. Also, with the introduction of the arteriovenous fistula by Cimono
and Brescia, dialysis for chronic kidney failure had become a reality and it was no
more experimental. The advancements in biomaterials and technology (pump driven
flow, safety alarms) made dialysis more reliable and widely applicable. Further pro-
gress was made with controlling the dialysate delivery system with conductivity and
temperature measurements.

The underlying physical principles of HD are convection and diffusion between
blood and dialysate across a semi-permeable membrane (dialyzer). The dialyzer in
a HD machine allows the solutes to diffuse between blood and dialysate such that,
during the course of treatment, the blood plasma composition is re-established to
normal values. Dialysate is the fluid used in dialysis whose function is removal of
waste material from blood and transport of useful substances, such as bicarbonate,
into the blood. Diffusive solute transport facilitates the passage of fluid compon-
ents across the dialyzer membrane down a concentration gradient. The diffusive
transport is mainly responsible for the removal of small solutes and is dependent on
dialysate flow rate [19]. Through convection, water and sodium are removed by a
hydraulic (in case of HD) or osmotic (in case of PD) pressure differences across the
membrane. The presence of non-diffusible proteins on the blood side of the mem-
brane causes charge imbalance across the membrane. This uneven distribution of
charge across the two sides of the dialyzer is termed as Gibbs–Donnan effect and
plays a prominent role in solute transport by diffusion or convection [20, 21]. For
both convection and diffusion, molecular size of the solutes and dialyzer membrane
pore-size determine which fluid components can cross the dialyzer. The factors
governing diffusion can be expressed by Equation 1.1, which defines the change of
the amount of moles per unit time.

dn
dt

= −DA
dc
dx

(1.1)

where D is diffusion constant, A is the area and dc/dx is the molar concentration
gradient.

In combination with the dialyzer membrane characteristics, the diffusive flux
is defined by the concentration gradient between blood and dialysate. Thus, the
concentration gradient of diffusible substance (Na+, K+ and Ca2+ and bicarbonates)
in the plasma and dialysate has a major consequence on diffusion flux. A schematic
representation of the physical principle of dialysis is shown in Figure 1.3.

1.3 In-line electrolyte monitoring during dialysis

The human kidney is capable of maintaining complete homeostasis using complex
sensing and biofeedback mechanisms to react upon changing circumstances. In con-
trast to the human kidney, conventional HD is based on a so-called ‘one-size-fits-all’
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Figure 1.3: Physical principles of dialysis. The blood and dialysate flow in opposite
directions so that substances can be exchanged through the membranes.

approach, in spite of the fact that all patients are different. Based on clinical evalu-
ations, the standard dialysate is modified from time to time. Ideally, dialysis would
fully replace the failed kidney functions and rehabilitate the patient with minimum
cost for society. However, we still are far away from this ideal scenario.

Conventionally, dialysate is prepared with a fixed concentration without consid-
ering the differences in the blood plasma concentrations of the different electrolytes
such as Na+, K+ and Ca2+, from one patient to another. Although most patients can
tolerate these difference in concentrations, some do not, due to intra-dialytic hypo-
tension. Consequently, in such intolerant patients, the risk of complications such
as hypertension, cardiac arrhythmias, left ventricular hypertrophy, renal bone dis-
ease and vascular calcification also increases. In these complications, a mismatch
between dialysate and optimal serum concentration of electrolytes may be involved.
As the contemporary dialysis population is getting older and may have other co-
morbid factors such as cardiovascular diseases or diabetes, the sensitivity to these
complications is further increased, and the need for a more physiologic treatment
becomes increasingly apparent [22].

In the Netherlands, nearly 6500 patients are undergoing dialysis (HD or PD) at
the dialysis centers or at home. Every year there are about 2000 people diagnosed
with chronic kidney disease and it is expected that this number will increase due
to the comorbidity mentioned above [23]. The data between year 2002-2017 (Fig-
ure 1.4) shows the overall prevalence and incidence of renal replacement therapy
(RRT) (dialysis and renal transplant) in the general population and RRT in the age
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Chapter 1. Introduction

group 65 years and older who are diagnosed with disorders like hypertension, renal
vascular disease and diabetes [24]. It is seen from Figure 1.4 (a) that, in the be-
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Figure 1.4: Prevalence and incidence of renal replacement therapy (RRT) popu-
lation per million in the Netherlands between 2002-2017. (a) shows the overall
increase in the number of patients undergoing different types of dialysis treatment
and (b) shows the number of patients in the age group>65 years with comorbid
conditions such as hypertension, renal vascular disease and diabetes.

ginning of year 2017, approximately 17,000 patients are undergoing different renal
replacement therapies. The number has shown a steady increase over the years
(between 2001-2016). In the age category 65 years and older with comorbid condi-
tions such as hypertension, renal vascular disease and diabetes, the increased incid-
ence of ESRD is quite significant. The prevalence and incidence are expressed as
patients per million of the population. In the United States, there are approximately
470,000 patients undergoing dialysis [25].

Individual optimization of dialysate composition should be able to improve pa-
tient health, but practical clinical implementation stands/falls with reliable and af-
fordable in-line ion-selective sensing technology. This has driven the prescription
of an individualized dialysate composition and thus personalization of dialysis treat-
ment [26–28]. In-line monitoring of ionic mass balance and blood concentrations of
vital electrolytes during dialysis can enable such an individualized and tailored dia-
lysis prescription, thereby preventing or at least mitigating the complications listed
in Table 1.1. Unfortunately, individualization of dialysate prescription is hampered
because no suitable in-line ion-selective electrolyte monitoring is available.
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Electrolyte Effects of diffusive influx
or insufficient removal Effects of (excessive)s diffusive loss

Sodium (Na+) Increased thirst, inter-dialytic weight
gain, hypertension [29, 30].

Decline in blood volume, dialysis dis-
equilibrium syndrome, inter-dialytic
hypotension [29]. Chest pain, nausea,
vomiting, headache and muscle
cramps [31].

Potassium (K+) Hyperkalemia [10]. Hypokalemia, heart rhythm disturb-
ances [21, 32].

Calcium (Ca2+) Arterio and atherosclerosis (vascular
calcification) [33]

Renal bone disease [33], intra-dialytic
hypotension, arrhythmia

Table 1.1: Summary of complications arising from electrolytes imbalance (insuffi-
cient or excessive removal) during haemodialysis.

1.4 Electrolyte monitoring during dialysis

Dialysate Sodium

As sodium is by far the most common electrolyte in the dialysate, a considerable
amount of work has been done to monitor and modulate sodium transfer during
dialysis. In the early days of dialysis, a low-sodium dialysate was used to avoid
the chronic complications, but with the introduction of reduced treatment time, the
dialysate sodium concentration was increased. Also a different approach of indi-
vidualizing the sodium concentration during the procedure was adapted [34–37].
One disadvantage of this method was the need for frequent blood sampling.

Dialysate Potassium

Along with HD time, the removal of potassium is mainly dependent on the con-
centration difference between dialysate and pre-dialysis plasma. Unlike sodium,
dialysate potassium concentration individualization has received much less atten-
tion in the literature, although different dialysate potassium concentrations can be
prescribed. A variable concentration of potassium (potassium profiling) during HD
treatment was proposed for a fluent removal of potassium [38]. In-line potassium
dialysate monitoring during dialysis is a matter of utmost relevance due to the age-
ing dialysis population. In-line monitoring of potassium will not only allow for the
calculation of potassium mass balance but will also provide a non-invasive way to
estimate plasma potassium at dialyzer inlet and outlet.

8



Chapter 1. Introduction

Dialysate Calcium

Calcium mass balance is complicated as next to removal by convection, also de-
pending on the pre-dialytic plasma calcium concentration during dialysis, either
diffusive gain or loss can occur. Also, pH changes can have a profound effect on
the ionization of calcium [39, 40]. Therefore, the optimal dialysate calcium con-
centration in HD is a controversial subject and may vary between patients. There
is no one-size-fits-all; dialysis calcium concentration is a two-edged sword since
calcium balance can be good or lead to complications [41, 42]. Hence an integrated
quantitative assessment of intradialytic calcium will help in the individualization of
HD [43].

Typical concentrations of substances commonly used in dialysate are listed in
Table 1.2 [44]. The concentration of these substances can change considerably un-
der special clinical conditions.

Solute
Concentration

Dialysate (mmol·L−1)

Sodium 135 − 145

Potassium 1 − 4

Calcium 1.25 − 1.75

Chloride 98 − 124

Magnesium 0.5 − 0.75

Acetate/Citrate 2 − 4

Bicarbonate 30 − 38

Dextrose 11

Glucose 0 − 2 (g/L)

PCo2 40 − 110 (mmHg)

pH 7.1 − 7.3 (-)

Table 1.2: Composition of substances in commercial dialysate. [44]

1.4.1 The conventional way: Conductivity measurement

In dialysis, the ‘dose’ refers to the amount of a particular toxic substance (mostly
urea and creatinine) removed during a dialysis session. An adequate dialysis dose
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will not only reduce morbidity but also enhance quality of a patient’s life. Most
commonly, dialysis treatment adequacy is expressed in Kt/V [45]. It is computed
by multiplying the urea clearance (K in mL·min−1) with treatment time (t) and nor-
malizing it to the urea distribution volume (V). This gives a dimensionless number,
which describes the volume of urea cleared during a dialysis session relative to the
volume of urea distributed throughout the body. Kt/V is an important quality con-
trol parameter in chronic dialysis treatment. It is usually calculated from blood
urea measurement and is dependent on pre- and post-dialysis concentrations. Des-
pite its recognition as an important parameter in chronic dialysis treatment, Kt/V
has certain disadvantages. The drawbacks of Kt/V measurement are frequent blood
sampling and measurement of urea concentrations with limited accuracy. The res-
ults are not available in real time and need to be analyzed in the lab. This not only
adds additional costs to the treatment but also the accuracy is dependent on the blood
sampling time. Therefore, it is a complex and tedious quality control tool for each
treatment.

Currently, changes in electrolyte concentrations are indirectly measured by con-
ductivity measurement, which can also be used to assess dialysis adequacy. This
method to measure in-line ionic dialysance was first described by Polaschegg [46].
It computes the effective clearance Ke. In principle, the system utilizes the strong re-
lation between diffusive sodium and urea transport and estimates the urea clearance
and hence it is also referred to as ‘ionic dialysance’. The measurement principle
involves a pair of conductivity sensors at the dialyzer inlet and outlet to measure the
concentration difference (Figure 1.5).

Conductivity measurement is non-invasive and inexpensive. Furthrmore, the
linear correlation between the conductivity and sodium content is used to estim-
ate the sodium concentrations in the dialysate and patient’s plasma [47]. In fact,
researchers have also demonstrated a biofeedback system to automatically determ-
ine the water plasma and dialysate conductivity [22, 37, 48]. As already mentioned
(1.1), conductivity measurement has resulted into the availability of in-line clear-
ance monitors on various contemporary dialysis monitors. However, it is applicable
only for standard HD and postdilution hemodiafiltration (HDF)2 mode but not for
predilution HDF because of the complexity in Ke calculation. Another limitation
is that, due to the effect of bicarbonate ions on conductivity measurements, neither
dialysate nor plasma conductivity can be considered a full substitute for equivalent
sodium concentrations (despite the strong relation). Moreover, this method is not
ion-specific and prone to fouling [2, 4, 50].

2Hemodiafiltration utilizes convective in combination with diffusive clearance for renal replace-
ment terapy. It is performed by diluting whole blood with a physiologic electrolyte solution and then
ultrafiltering across a membrane to convectively remove solutes and excess water [49]. Compared to
standard hemodialysis, HDF removes more large and medium molecular weight solutes.
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Cdo 

Cdi 
Conductivity 
cells 

Cdi 

Cdo 

Figure 1.5: Conductivity measurement to measure dialysance. Left: dialyzer
schematic with blood (dark) and dialysate (grey) flow respectively. Right: Dia-
lysate inlet and outlet conductivity signal. Conductivity signals on dialysate inlet
(Cdi) and outlet (Cdo).

1.4.2 Ion selective electrodes (ISEs) for electrolyte monitoring

Ion selective electrodes (ISEs) are a special class of electrochemical sensors where
a potentiometric signal is measured. In brief, a galvanic cell is formed by immersing
a pair of electrodes in a solution. The difference in potential of the two electrodes
known as electromotive force (EMF) is then measured. If the potential of one of
the electrodes (reference electrode) is constant while the other electrode (indicator
electrode) follows the Nernst equation, then the EMF can be measured [51]. The
measured EMF of calibrator fluid(s) and sample are translated into the activity of
the ionic species of the sample by means of the Nernst equation. Once calibrated
with known concentrations of solution, the EMF can then be related to the analyte
concentration of a sample solution (provided the Nernst equation is met). ISEs can
be classified based on the type of membrane material used or type of electrode body
arrangement. Mainly they are categorized as glass, solid state, liquid based, and
compound electrode [52]. One of the most important applications of ISEs is in
clinical off-line analysis to measure electrolytes in samples of whole blood, saliva,
urine, and plasma [53, 54].

In most clinical laboratories, sodium and potassium concentrations are meas-
ured using multichannel analyzers by indirect ISE potentiometry [55]. The first
clinical application of ISEs for Na and K flux measurement during dialysis was
reported by Gotch et al. in combination with a variable volume single-pool so-
dium model [56]. The system called Ionoflow R© (Fresenius AG, Bad Homburg, Ger-
many) was used to sample dialysate continuously with a double channel sampling
pump [57]. This product, however, was not commercialised. Most modern ISEs
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use a passive polymeric membrane comprising of ionophores which determines the
ion-selectivity and thus forms the most significant part of the electrode [58, 59].

Although, ISEs are well-established techniques in clinical chemistry, they suf-
fer from chemical and electronic interferences and all ISEs are subject to crosstalk
to some extent from other ions. The EMF can, e.g., already change due to sample
stirring [60,61]. Such limitations and the shear size of the ISEs undermine its integ-
ration into the in-line monitoring of electrolytes during dialysis [62]. Also, mainly
due to membrane ageing/fouling, the standard electrode potential of an ISE changes
over time. Therefore, it needs frequent recalibration, which is not practical in con-
tinuous in-line measurement [60, 63].

1.4.3 Optical Measurement of Electrolytes

Optical sensors offer potential benefits such as inherent immunity to electromag-
netic interference, no damage to the host system (molecular fluorescence based
sensors) and intrinsically contact-less ‘through the window’ interaction (laser-induced
breakdown spectroscopy). This improves bio-compatibility and makes it less vul-
nerable to fouling, Also, there is no presence of electrical currents in the patient
circuit and it has the potential of simultaneously measure multiple substances.

Ultraviolet (UV, 190-400 nm) absorbance and near-infrared (NIR, 750-2500
nm) spectroscopy have already been used to estimate urea in spent dialysate to im-
prove the dialysis dosage. UV-transmittance is used to demonstrate the possibility to
measure low and medium molecular uremic toxins [64]. UV absorbance is utilized
to continuously monitor dialysate during HD [65] and solute monitoring in spent
dialysate [66]. The first real clinical application using UV absorbance to measure
dialysis dose at Kt/V was demonstrated by Uhlin et al. [67,68]. The UV-absorbance
method has been commercialized and is now available as a dialysis dose monitor in
terms of urea-based parameters [69]. Yet, it is non-specific: absorbance from sub-
stances other than uremic toxins are not distinguished as a false signal. NIR spec-
troscopy is also used to demonstrate in-line monitoring of urea during dialysis [70].

Flame Photometry

Photoelectric flame photometry was the first (1949) optical technique to measure
Na+, K+ and Ca2+ in blood and urine for dialysis [71, 72]. It is an atomic emission
spectroscopy where the solution is nebulized and injected into a nonluminous gas
flame resulting in emission of a characteristic flame coloring. The spectral emission
‘fingerprint’ of the flame identifies the element while the intensity tells the concen-
tration of the elements [73]. It is a well established technology and widely used in
clinical laboratories for electrolyte concentration measurement on fluid samples but
(due to the needed flame and maintenance-sensitive nebulizer) highly impractical
for in-line measurement.
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Fluorescent Photoinduced Electron Transfer based Sensors

The developments in the field of supramolecular chemistry [74] have resulted in the
development of fluorescent photoinduced electron transfer (PET) sensor molecules
for cations (Na+, K+ and Ca2+) [75–78]. The fluorescent PET sensor design is
based on a ‘fluorophore-spacer-receptor’ format (Figure 1.6). In the absence of an
analyte (e.g. a cationic species), an electron gets transferred from the receptor to the
fluorophore, which results in quenching of fluorescence emission. This is called an
‘OFF’ state. In presence of an analyte, the fluorophore starts to fluoresce if excited
by an external light source. This is called an ‘ON’ state. Therefore, this ‘ON-OFF’
process can be exploited to be a measure of analyte concentration. The intensity
based fluorescence emission is highly selective and sensitive.

Fluorophore Receptor Spacer

Off-state

Fluorophore Receptor Spacer A

On-state

Incident light

Incident light Fluorescence

Figure 1.6: Schematic illustration of a fluorescent PET sensor molecule. The fluoro-
phore part is responsible for fluorescence emission and the receptor is designed for
a particular cation (Na+, K+ and Ca2+). Top: In absence of the targeted analyte
(A), fluorescence is quenched (OFF-state). Bottom: If an analyte is present, the
molecule will emit light fluorescence when excited (ON-state).

In terms of designing the PET sensor molecules, the choice of fluorophore can
be entirely based on excitation and emission wavelengths, whereas the receptor can
be chosen based on the analyte to be determined. This is why, cheap, small and
stable visible spectrum (400 - 700 nm) light sources like LEDs3 or low power laser
modules can be used for optical excitation.

PET sensor molecules have been extensively used to analyze cationic and an-
ionic species. Tusa et al. [79], designed PET molecules to determine sodium ion
concentrations. The PET molecules were bulk functionalized in an aminocellulose

3Light emitting diodes
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matrix and knife coated on a substrate. Small disks were cut and fixed on another
substrate called cassette. After injecting the sample into this cassette, it was inser-
ted into an optical readout device. Based on this design, an electron analyzer called
OPTI LIONTM Electrolyte Analyzer [80] is available as a commercial product. The
system utilizes an LED as an excitation source and photodiodes for fluorescence
emission measurement. It is a table-top lab system capable to measure all essential
electrolytes in physiological range. However, absence of a flow through mechan-
ism, requirement of a new sample and a new cassette for each measurement renders
it not suitable for real time in-line monitoring. Englich et al. [81] used a PET sensor
molecules for sodium and a microstructured optical fibre to create a dip sensor. The
PET sensor molecule for sodium was implemented in the tip of the microstructured
optical. A laser source was used for excitation and fluorescence emission intensity
was measured using a spectrometer. Such dip sensors can be placed directly on or
into a sample leading to invasive sensing. The size, complexity and absence of flow
limits its applications. Moreover, the PET molecules are not surface immobilized,
which makes sample fouling inevitable by leaching.

Laser Induced Breakdown Spectroscopy

Laser Induced Breakdown Spectroscopy (LIBS) is another optical technology for
ion concentration measurement. The elemental analysis in LIBS is very similar to
flame photometry, but instead of a gas flame, it uses a strongly focused laser pulse to
produce a minuscule (typically 2-3 µm diameter) plasma discharge (the breakdown)
directly in the fluid stream (so no nebulizer is needed either). Due to the high plasma
temperature, atoms are excited and emit light with a characteristic spectral line pat-
tern. Just as in flame photometry, the elemental composition can then be determined
by resolving the spectrum of the resulting emission spectrum [82–84]. The atom-
specific spectral peak amplitudes indicate specific ion concentration. LIBS thus is
a truly through-the-window measurement technology that does not require any dir-
ect contact with the fluid. The absence of an ion-selective membrane circumvents
drift problems from membrane fouling issues or other Nernst equation disturbances.
Figure 1.7 illustrates the principle of LIBS and its potential implementation as ion
measurement in the spent dialysate.

The advantages of LIBS include real time analysis of multiple elements (in prin-
ciple, all elements if the laser power is high enough), no sample preparation, and
high sensitivity (down to ppm level, if laser power is high enough). Rehse et al. [87]
reviewed the potential biomedical applications of LIBS technology. LIBS has also
been commercialised for elemental analysis [88]. For a detailed review about ex-
isting portable LIBS systems and their uses, the readers are referred to the review
by Rakovský et al. [89]. The application of LIBS technology for in-line electro-
lytes determination within flowing dialysate has only recently been suggested and
demonstrated in principle [85, 90].
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Figure 1.7: A schematic illustration of LIBS principle and its possible application
in in-line electrolyte monitoring of the spent dialysate [85, 86].

Undoubtedly, technological evolution has made dialysis simpler and more com-
fortable. However, these technological advancements also revealed the need to re-
volutionize other technical fields, e.g. in-line monitoring during dialysis treatment.
There are various established and potential technologies available to measure in-
dividual ion concentrations. Some of them are already available as commercial
products for sample analysis, but so far, no device is available for routine real-time
in-line measurement of essential electrolytes during dialysis. Therefore, the in vivo
performance, and the influence of complexed ions on the measurements of the dif-
ferent techniques are yet to be assessed. A summary of the available technologies
for electrolyte and urea monitoring with its advantages and disadvantages is presen-
ted in Table 1.3.

1.5 Electrolyte Monitoring and Lab-on-a-Chip

Lab-on-a-chip technology

The last few decades have seen a rapid growth in the miniaturisation of laborat-
ory equipment. Lab-on-a-chip technology has resulted in some great for point-
of-care based devices [93–95]. This growth was enabled by the developments in
rapid prototyping with microfabrication using soft lithography in polymeric mater-
ials for lab-on-a-chip microfluidic devices [96, 97]. There are inherent advantages
of lab-on-a-chip technologies, namely, (i) smaller sizes ranging from tens to hun-
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Chapter 1. Introduction

dreds of micrometers enabling smaller sample volumes, (ii) fast response time due
to small samples sizes, (iii) high precision, (iv) cost-effectiveness and (v) ease of in-
tegration. Nevertheless, miniaturization leads to different challenges of detection in
micro-systems compared to macro-systems. Small sample volume also means less
number of analytes; hence, the detection can be difficult. Therefore, sensitivity and
scalability are two important factors affecting the choice of the detection method.

The detection system can be based either on electrochemical (conductivity, po-
tentiometric), electrical (impedance) or optical (absorbance, reflectance, fluores-
cence) methods. One of the most sensitive sensing techniques is based on molecular
fluorescence. It has advantages in terms of specificity, sensitivity, and possibility to
detect single molecules. The optical sensing schemes in lab-on-a-chip systems are
implemented either by exterior coupling of optical components into the device or in-
tegrating the optical functionalities into the device [98–100]. The basic components
used in such sensing systems include a light source (LED, lasers), light guiding (op-
tical fibres, integrated waveguides), a detection unit (photodiode, charged coupled
devices) and lenses and filters [98–100]. The optical sensing schemes can be clas-
sified as ‘off-chip’ and ‘on-chip’. The off-chip approach uses the exterior coupling
of optical components into the device, whereas the on-chip approach applies optical
functionalities that are integrated into the device. Optical sensing can be imple-
mented either by measuring the direct change in light intensity (absorbance [101],
fluorescence [102], chemiluminescence [103]), the change in the wavelength [104]
and the phase or polarization of light [105]. One of the popular ‘off-chip’ methods
is spectroscopic detection. The advantages include high sensitivity and low back-
ground noise.

1.5.1 Ion Measurement in Lab-on-a-Chip Devices

Lab-on-a-chip based devices have been used to determine ion concentrations. Elec-
trophoretic separation has employed ion concentration measurement using conduct-
ivity detection. The detection scheme was capable of simultaneously analyzing
multiple ions in both contact and contact-less modes [106, 107]. Liao et al. [108]
fabricated a microfluidic sensor in polydimethylsiloxane (PDMS) to analyze pH,
calcium and potassium concentrations. The device showed good sensitivity and
delivered reproducible measurements. A portable critical care analyzer system (i-
STAT) based on ion-selective potentiometric sensing has been commercialized and
used as a point-of-care system to analyze whole blood. The system consists of
a hand-held analyzer and a disposable cartridge. The cartridge contains a series
of ion-sensitive electrodes over which the analysis fluid passes [109, 110]. The i-
STAT system has been evaluated in an HD unit to analyze sodium concentration,
potassium concentration, pH, ionized calcium, etc. [111]. The researchers sugges-
ted that the i-STAT system can also be used to analyze the same data in dialysate
fluid. However, the detection methods are based on potentiometric measurements
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and complex fabrication steps.
Caglar et al. [101] fabricated a glass-PDMS device. The authors have used func-

tionalized beads in the device. The sensing was performed using an optical fiber
assembly to measure Ca2+ ions in serum with a detection limit of 2.68 · 10−5 M.
Physical placement of beads in the device makes it prone to sample fouling. This is
why, this methods is not suitable for in-line ion measurement. Destandau et al. [112]
fabricated a device in PDMS-glass and used an optical fiber assembly for fluoromet-
ric determination of potassium ions based on a fluorescent molecular sensor (BOD-
IPY). The authors performed flow injection analysis of aqueous solution potassium
ions with a detection limit of 0.5 mM. Yet, the measurement was done by mixing
reactant and analyte. This makes the device not practical for real time in-line meas-
urement during dialysis. Hisamoto et al. [113] demonstrated a capillary-assembled
microchip for sensing Na+, K+ and Ca2+. The multifunctional microchip (called
capillary-assembled microchip) consisted of a microchannel network fabricated in
PDMS embedded with chemically functionalized square capillaries [114]. The ion
sensing square capillaries were prepared by attaching ion-selective optode4 mem-
branes to the inner walls of the capillaries. The device could simultaneously analyse
Na+ with a working range of 10−5 - 1 M, K+ with a working range of 10−5 - 10−1

M and Ca2+ with a working range of 10−5-1 M. Although, the device could poten-
tially determine multiple analytes, it used optode membranes and capillaries filled
with solutions, which makes it not suitable for in-line monitoring of electrolytes in
dialysis because of sample fouling during measurements.

Microsystem technologies have enabled the integration of mechanical and elec-
trical components along with the fluidic part. This has boosted the concept of ‘on-
chip’ detection methods in microfluidic sensors. Many micro-fabricated passive
optical components, such as mirrors, lenses and filters, have been discussed and
demonstrated. Although, integration of such optical components is promising, it is
still in its infancy. Nevertheless, the numbers of research groups working on such
integration technologies have increased over time, resulting in the development of
miniaturized light sources and optical detectors. The integration of waveguides and
lenses can improve the optical path length for absorbance measurements or light
focusing for fluorescence measurements [115–118] for such micro-devices.

1.5.2 Integrating Lab-on-a-Chip in Dialysis Machines

A series of inventions and innovations (dialyzer, vascular access, extended dialysis
treatment, urea monitoring, Kt/V measurement and solute removal) provide life
saving renal replacement functions for ESRD patients. Unfortunately, in an age-
ing population (Figure 1.4), suffering from hypertension and diabetes, the mortality

4An optode or ‘optical-electrode’ is an optical sensor device which combines optical and electrical
components in one single probe. It utilizes a chemical transducer to aid in the measurement of a
specific substance
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and morbidity remains unacceptably high in maintenance hemodialysis. Extended
dialysis treatment brought improvement in clearance of large solutes, better sur-
vival, fast recovery [119–121]. However, it renders the patient immobile because of
connection with large machines. Another disadvantage with current hemodialysis
machines is the amount of dialysate required per session (>100 litres). This is due
to its principle as a single pass system (Figure 1.8).

Dialyzer
(Artificial kidney)

Blood

Blood

Fresh dialysate
(reservoir)

Spent 
dialysate

Figure 1.8: Schematic representation of the current dialysis procedure.

Sorbents have been used for blood purification and removal of toxins [122], and
were applied in multiple-pass systems (such as the REDY Sorbent device [123]).
This recirculation system not only helps in reducing the amount of water needed
but also in making the whole dialysis system portable and mobile. Nonetheless, the
system still lacks a sensor system which can monitor the concentrations of essential
electrolytes and bicarbonates during this sorbent regeneration of dialysis fluid. As
discussed in section 1.5, lab-on-a-chip technology with low cost microfabrication
processes such as soft-lithography has the potential to play a pivotal role in the
development of a miniaturized disposable sensor.

In this thesis, we aim to demonstrate the potential of fluorescent based PET
sensor molecules and lab-on-a-chip devices to realize a low cost, portable, multi
analyte sensor system for in-line electrolyte monitoring. As a proof-of-concept, we
determine sodium cocentrations in real time in a flowing medium. Such miniatirized
sensing system will not only help in individualizing the dialysate and personalize the
dialysis treatment, but also in the development of a electrolyte based biofeedback
control unit and a smart wearable kidney [124–127]. The envisaged integration of
the proposed device in a conventional dialysis machine is shown in Figure 1.9.

1.6 Conclusion and Scope of this Thesis

There is a growing and persistent need for a technology which can automate the
process of in-line electrolyte monitoring during dialysis treatment. Over the last
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Figure 1.9: Envisaged integration of the device in a conventional dialysis machine.

few decades, there have been considerable technological advancements in the field
of dialysis in terms of blood volume monitoring, biofeedback systems, conductiv-
ity measurement and urea monitoring. As of today, real time in-line monitoring is
possible for blood volume changes, urea concetrations, dialysate conductivity and
thermal energy balance. The first routine in-line dialysis adequacy monitoring, Di-
aSens [92], is based on UV-absorbance, which is a surrogate for the clearance of
uremic toxins. Another device which applies UV-absorbance to perform real time
monitoring of spent dialysate is Adimea (B. Braun Avitum) [128].

In terms of in-line monitoring of essential electrolytes, one major breakthrough
so far has been the dialysate conductivity measurement. Nevertheless, it is a non-
ion-specific system which exploits the fact that sodium concentration is much higher
than potassium or calcium concentrations. It measures ionic mass balance only as a
surrogate of net sodium removal and plasma conductivity as a surrogate of plasma
sodium concentration. A direct way to measure the electrolyte concentration in
spent dialysate is desirable. The advancements in microfluidic platforms, the con-
tinuous miniaturization of detector elements, and the smart integration of micro
optical elements envision the future of ion selective sensing in microdevices. Their
smaller dimension and relatively simple fabrication using polymeric materials make
microdevices a perfect platform for the development of a disposable device for in-
line electrolyte monitoring of electrolytes in dialysis. A portable device will not
only help in the development of biofeedback control units but also in the develop-
ment of a smart artificial kidney [127, 129].

In this thesis, we explore the design, analysis and development of a proof-of-
concept sensing system using optical methods. The sensing systems are fabricated
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using soft lithography. The outline of the thesis is planned as follows:

Chapter 2: In this chapter, the device fabrication technique, fibre integration
and concept of luminescence is discussed. An optical measurement system is de-
scribed to measure local fluorescence emission in a micro-environment. The fabric-
ated device and the optical sensing system are then used to measure local temperat-
ure using an aqueous solution of Rhodamine B.

Chapter 3: In this chapter, first, the working principle of fluorescent photo in-
duced electron transfer sensor molecules is described. Then, a detailed analysis
of the device functionalization with the PET sensor molecules onto the walls of a
PDMS microchannel is presented. The device characterization using optical, fluor-
escence and atomic force microscope is discussed. Finally, a device embedded with
single fibre is used to determine sodium and pH is shown. The measurement results
using fluorescence in solution and in a functionalized device are presented.

Chapter 4: In this chapter, a new device design with six optical fibres and its
fabrication is presented. The multi-fiber device is functionalized and used to determ-
ine sodium in a flowing medium. The measurement details of sodium ion, leaching
and cross-sensitivity in the presence of competing ions are discussed.

Chapter 5: In this chapter, a discussion, conclusion and future outlook of mi-
crosystem technologies in nephrology is given. Also, the technology readiness level
and a cost estimation of the device is presented in brief.
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Chapter 2

Device Fabrication and Optical
Measurement System

“Don’t make the process harder than it is.”

—Jack Welch

2.1 Introduction

Optical sensors based on molecular fluorescence measurement have advantages,
such as real time measurement, no damage to the host system, less fouling, im-
proved bio-compatibility, high sensitivity and the possibility to detect single mo-
lecules. In this chapter, the fabrication and characterization of a micro-optofluidic
device for fluorescence measurement in a micro-environment is presented. The
device consists of a microchannel for fluid flow and integrated optical fibres for
optical excitation and fluorescence collection. It is fabricated using a replica mould-
ing micro-fabrication technique called soft lithography. The chapter starts with an
introduction to the micro-fabrication technique followed by a brief discussion on
the principle of fluorescence spectroscopy. Later on, the experimental set-up built
to perform fluorescence spectroscopy specific to this device is presented and an
analysis of fluid flow dependency on fluorescence emission intensity and photo-
degradation is performed. Finally, the fabricated device is used to measure bulk
fluorescence of an aqueous solution of Rhodamine B and demonstrated as a temper-
ature measurement system in a micro-environment.

This Chapter is based on the work published in: Sharma, M. K., Frijns, A. J. H., Mandamparam-
bil, R., and Smeulders, D. M. J. (2016). A spectroscopic technique for local temperature measurement
in a micro-optofluidic system. IEEE Sensors Journal, 16, 5232-5235.
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2.2 Microfabrication with Soft-Lithography

Microfluidics is a powerful tool which offers a controlled micro-environment for
fluid and particle manipulation. The low cost, high throughput and high sensitivity
has shown rapid growth in using it in biological/chemical analysis, lab-on-a-chip
based system for synthesis [130], microchip for cell culture [131] and drug screen-
ing [132]. Soft lithography [133] is most commonly used for device fabrication in
lab-on-a-chip devices. It is a non-photo-lithographic micro-nanofabrication process.
Patterning techniques such as: microcontact printing [134], replica molding [135],
microtransfer molding [136], micromolding in capillary [137] and solvent-assisted
micromolding [138] form the basis of soft lithography. Fundamentally these pro-
cesses are based on printing, molding and embossing with an elastomeric stamp.
The advantages include rapid prototyping, use of polymeric materials and planar
and curved surfaces [96].

In this work, polydimethylsiloxane (PDMS) elastomer was used for device fab-
rication by a replica molding method. Therefore, other methods are not discussed
and readers are referred to the cited work. The silicone PDMS offers a number of
attractive features such as:

(i) optical transparency (240-1100 nm),

(ii) non-toxic and cheap,

(iii) flexible (shear modulus 0.25 MPa and Young’s modulus 0.5 MPa),

(iv) hydrophobic surface which can be modified and

(v) possibility to seal with glass/PDMS(reversibly/irreversibly) [96, 139].

The standard fabrication steps can be categorized as:

• Photomask: This begins by making the device design using a computer
aided design (CAD) program and printing it on a polymer sheet or a chro-
mium coated glass substrate. This serves as a photomask in contact photo-
lithography. The polarity of a photomask depend on the type of photoresist
(negative or positive). For soft-lithography, generally a negative photoresist
(SU8) is used.

• Fabrication of master mold: The master mold contains the positive relief
structure. The primary technique for creating a master is photolithography
or electron beam (e-beam) lithography. Conventional photolithography, de-
veloped and primarily used by semiconductor industry is capable of making
features larger than 1 µm is conducted in a clean room. A photocurable epoxy,
SU8 [140] is used as a negative photoresist and spin coated on a silicon (Si)
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wafer. The spinning speed determines the thickness (height of the device fea-
tures) of the SU8 layer. It is then soft baked at 65◦C and 95◦C respectively.
Soft baking decreases the solvent concentration and improves adhesion prop-
erty. The soft baking time influences mechanical stress and hence it should
be optimized depending on the layer thickness [141]. The aspect ratio should
be optimized to prevent lateral collapse and sagging.

• Exposure and development: The soft baked layer is exposed to a UV light
source. Since SU8 is a negative photoresist, the exposed parts gets cross-
linked and forms the structure while the unexposed part will not form the
structure. After exposure, post exposure baking (PEB) steps are performed at
65◦C and 95◦C to enhance cross-linking and acid catalyst regeneration. After-
wards, the non-exposed materials can be removed by immersing the substrate
in propylene glycol methyl ether acetate (PGMEA) or any other suitable SU8
developer. This process creates a master mold with complementary structures
on its surface and can be used several times.

• PDMS replication: Sylgard 184 (Dow Corning) is the most commonly used
PDMS in the fabrication of lab-on-a-chip devices. It is a thermally curable
elastomer which is delivered in two liquid components: a base and a cur-
ing agent. After mixing the two components and heating the mixtures, the
monomers cross-link to form a flexible solid material. The mass ratio de-
termines the amount of cross-linking and thus the stiffness of the finally cured
solid material. The standard mixing ratio is 10 units of base against 1 unit of
curing agent. After thorough mixing, it is degassed in a desiccator to remove
any excess air bubbles and carefully poured onto the master mold and cured in
an oven at 65◦C for 2 h. The replica is then carefully peeled from the master.
This creates negative replica (ridges in master appears as valley in replica) of
the master in PDMS. Access holes for fluidic flow are punched out using a
metallic borer.

• Sealing: PDMS replication gives three of the four walls needed for a mi-
crochannel, the fourth one comes from sealing the replica to a flat surface
such as a microscopic glass slide or a flat PDMS layer. PDMS can be sealed
reversibly by just placing it on a clean surface or irreversibly by pre-treating
the PDMS and the sealing surface with air/oxygen plasma [142, 143].

A schematic illustration of the fabrication steps is presented in Figure 2.1.

2.3 Fluorescence Spectroscopy

Fluorescence spectroscopy is an important tool in chemical and biochemical ana-
lysis. The advantages include real time detection, reliability, possibility of single
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Figure 2.1: Schematic illustration of the procedure for device fabrication using soft
lithography.

molecule detection, sensitivity and selectivity with high spatial, temporal and ener-
getic resolution. In principle, it measures the intensity of the emitted light from an
object (fluorophore) after it has absorbed photons from a light source (Figure 2.2).
Some examples of luminescent compounds are rhodamine, coumarin, fluorescein,
napthalene, anthracence and lanthanide ions.

Principle of Fluorescence

The interaction of light with matter can result in either photo-physical of photo-
chemical processes. In photo-physical processes, the chemical structure remains
unaltered whereas photochemical processes lead to changes in chemical structure.
The energy (Equation 2.1) of a monochromatic light is proportional to its frequency
(ν), and inversely proportional to its wavelength (λ). Therefore, longer wavelengths
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Sample 
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source

Fluorescence 
emission
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Figure 2.2: Schematic illustration of fluorescence spectrometry. The sample is
placed at the intersection of light source and emission beam to the detector.

have lower energy.

E = hν =
hc
λ

(2.1)

where ν (s−1) and λ (m) denote frequency and wavelength, h is Planck’s constant
(6.63× 10−34 · m2 · kgs−1) and c is speed of light (3× 108 m·s−1).

The absorption of light brings the absorbing species to an electronically excited
state, which in turn dissipates its energy by decomposition, reaction or re-emission
to fall back to the ground state. There are many different possible pathways of
de-excitation, most important ones are shown in Figure 2.3. Here we focus on
fluorescence.

In terms of organic molecules, the electron losing orbital is termed as HOMO
(highest occupied molecular orbital) and the orbital that will receive this electron
is termed as LUMO (lowest unoccupied molecular orbital). HOMO and LUMO
are called the frontier orbitals and form the most important orbitals in molecules
for reactivity. The key photo-physical processes- absorption, excitation, fluores-
cence, phosphorescence, intersystem crossing and triplet-triplet transition are sum-
marized by a simplified Jablonski diagram (Figure 2.4), named after Alexander
Jablonski [145].

S0, S1 and S2 denote the singlet electronics states and T1 and T2 (see Figure 2.4)
denote the triplet states. Each electronic state is associated with vibrational levels.
At room temperature, the majority of the molecules are in the ground state (S0).
After absorption of a photon, an electron is promoted to one of the vibrational
levels of the excited states (S1.....Sn). The molecules are then rapidly relaxed to
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Figure 2.3: Possible de-excitation pathways of an excited molecule [144].

the lowest vibrational level of the final electronic state (e.g., S1) (Kasha’s rule)1.
This non-radiative process is called internal conversion and generally occurs in less
than 10−12 s. Photon emission during the relaxation from S1 → S0 is termed as
fluorescence. Fluorescence is a radiative process with a typical lifetime of 10−8 s.
Looking at the Jablonski diagram (Figure 2.4), it can be observed that the fluores-
cence emission spectrum is located at higher wavelengths (lower energy) than the
absorption spectrum. This happens due to the energy loss during vibrational relax-
ation process and is termed as Stokes shift. Stokes shift can be expressed as the
difference between the maximum of the first absorption band and the maximum of
the fluorescence spectrum.

An excited molecule in state S1 can undergo spin conversion and move to an
isoenergetic vibrational level of the triplet state (T1). This is a non-radiative pro-
cess and termed as intersystem crossing. Emission from T1 → S0 is shifted to a
longer wavelengths (and hence longer lifetimes) and is called phosphorescence.
Fluorescence lifetimes and quantum yield are the two most important character-
istics of a fluorophore. Lifetime is the average time a fluorophore spends in its
excited state. It determines the time available for the fluorophore to interact with
the surrounding medium and the information obtained from its emission. Mathem-

1‘The emitting level of a given multiplicity is the lowest excited level of that multiplicity.’ [146]
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Figure 2.4: (a) A simplified overview of electronic levels and excitation in an or-
ganic molecule (HOMO: highest occupied molecular orbital and LUMO: lowest
unoccupied molecular orbital) and (b) Jablonski diagram showing excitation and
de-excitation pathways of a molecule [145].

atically, the lifetime (τS ) of the molecule in the excited state can be expressed by
Equation 2.2. Basically, τ is the time needed for the concentration of molecular
species to reduce to 1/e. The characteristic times for different processes are listed in
Table 2.1.

τS =
1

κS
r + κS

nr
(2.2)

where κS
r is radiative rate constant and κS

nr is non-radiative rate constant (internal
conversion and intersystem crossing).

The fluorescence quantum yield or simply quantum yield (φ) is the ratio of the
quanta of light emitted (over the whole duration of decay) (κS

r ) to quanta of light
absorbed (κS

r + κS
nr) (Equation 2.3). The brightness of fluorescence emission is char-

acterized by product of molar absorptivity (ε) and φ. Therefore, fluorophores with
high quantum yield and molar absorptivity, such as Rhodamine, show bright fluor-
escence. If the non-radiative decay (κS

nr) is much smaller than radiative decay (κS
r ),

then quantum yield can be close to unity. However, due to Stokes losses, the energy
yield of fluorescence is always less than unity.

φ =
Light emitted

Light absorbed
or

κS
r

κS
r + κS

nr
(2.3)

where κS
r is radiative decay and κS

nr is non-radiative decay.
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De-excitation
process

characteristic
times (s)

Absorption 10−16 - 10−14

Vibrational relaxation 10−12 − 10−10

Fluorescence 10−10 − 10−7

Intersystem crossing 10−11 − 10−8

Internal conversion 10−6 − 10−9

Phosphorescence 10−6 − 1

Table 2.1: Characteristic times of de-excitation processes [144].

Beer-Lambert law

The efficiency of absorption at a given wavelength (λ) by an absorbing medium is
expressed as molar extinction coefficient (ε), and is characterized by absorbance
(A) or transmittance (T). This is known as the Beer-lamber law (Equation 2.4).

A(λ) = log
I0

I
= εbc = −log T (λ) (2.4)

where I0 is the intensity of incident light, I is the intensity of the transmitted light, b
is the optical path length (cm), c is concentration (mol·L−1) and ε is molar extinction
coefficient (L·mol−1 ·cm−1).

The logarithmic quantity log [I0/I], or A is called absorbance or optical dens-
ity (OD). If A= 1, it means 90% of the incident light is absorbed and only 10%
is transmitted, and if A=2, then 99% of the light gets absorbed (only 1% transmit-
ted). If the value of A is 3 or higher, then it gets difficult to measure the transmitted
light. This is why, the extinction coefficient is often used to express the absorption
efficiency. The value of ε changes with the change in wavelength and slightly de-
pends on the solvent of the solution. A larger extinction coefficient corresponds to
an efficient absorption. It is also observed from Equation 2.4 that, absorbance is
linearly dependent on concentration. At high concentration, this linear dependency
gets perturbed due to aggregate formation.

Factors affecting fluorescence emission

The main physical and chemical parameters that can affect the fluorescence char-
acteristic of a molecule are shown schematically in Figure 2.5. This strong influ-
ence of the surrounding medium on fluorescence makes it an investigative tool in
physiochemical, biological and biochemical systems. These fluorescent probes can
be classified into:
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• (i) Intrinsic or naturally occurring fluorophores (e.g., chlorophyll, aromatic
amino acids, flavins)

• (ii) Extrinsic by addition of a probe to a sample to emit a fluorescence signal
(e.g., rhodamine, dansyl, fluorescein). Extrinsic probes can be further classi-
fied as covalently bound or associating probe.

The advantage of covalently bounded extrinsic probes is that, its location on the sub-
strate is known. Choosing an appropriate probe is crucial for unambiguous interpret-
ation. One of the important criteria is- its sensitivity to a particular property of the
micro-environment. For a detailed description, please refer to [144,145,147,148].

Molecular 
fluorescence

Polarity
Ions

pH Temperature

Pressure
Viscosity

Hydrogen 
bond Electric 

potentialQuenchers

Figure 2.5: Factors affecting emission of molecular fluorescence [144].

Rhodamine

Rhodamines form a well known class of highly fluorescent dyes and belong to the
xanthene family. Rhodamine has various derivatives such as Rhodamine B (RhB),
Rhodamine 6G (Rh6G) and Rhodamine 123 (Rh123). Figure (2.6) shows the chem-
ical structure of RhB which will be used in our experiments. Rhodamines emit in the
wavelength range of 500-700 nm. Generally, they shows a narrow absorption and
emission spectrum with narrow Stokes shift. Rhodamine is a water soluble dye with
high sensitivity to the local environment. These properties make it a good mater-
ial for stuyding biological systems and are used extensively in fluorescence micro-
scopy, flow cytometry, particle tracing and laser dyes [149,150]. The quantum yield
of RhB is dependent on temperature [151,152] which makes it an ideal material for
temperature measurement in macro and micro environment [153–156].
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Figure 2.6: Molecular structure of Rhodamine B.

2.4 Experimental Design

The optical measurement system consists of a PDMS microfluidic chip with fibre
coupler grooves. It was fabricated using soft lithography as described in section 2.2.
The photomask was designed using an AutoCAD program and printed on a poly-
meric sheet by a commercial company (Outputcity). SU8-2050 was used to fabric-
ate the master mold on a standard 4 inch Si wafer. PDMS (sylgard 184 ) elastomer
was used for replica molding.

The fabrication of the device consisting of a microchannel (500 µm wide and
125 µm in height) and optical fibre coupler grooves (125 µm wide and 125 µm in
height) was completed in a single step. The device was sealed against another layer
of cured PDMS using a plasma based procedure. Commercially available silica
clad glass fibres (Thorlabs) of 50 µm and 105 µm core diameters (125 µm including
cladding layer and 250 µm including coating layer) were used for optical excitation
and fluorescence collection. Before insertion, their protective coating was stripped
off and cleaned with wipes. The fibres were then inserted inside the coupler grooves
and aligned to the microchannel manually under a microscope. A few drops of an
optically curable adhesive (NOA 81) were poured at the end of the grooves and
drawn inside by capillary forces. Once the adhesive reached the end of the grooves,
the system was illuminated with a handheld UV light source (Thorlabs) to seal the
optical fibres. The stability of the fibre inserted inside the coupler grooves was tested
by manually pulling the fibre (Figure 2.7). Once sealed, the fibre was stable and re-
quired no further alignment. The optical fibre for fluorescence collection was placed
orthogonally at a distance of 200 µm from the illumination fibre so that the incom-
ing laser light is not directly transmitted into the collection fibre. This orthogonal
fibre arrangement eliminates the need of an optical positioner for fibre alignment.
Also, the fibre is in direct contact with the fluidic medium, thus, eliminating the
losses due to optical distortions [157–159]. Figure 2.8 shows the fluidic system of
the device with fibre coupler grooves and an example of a fabricated device.
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Figure 2.7: A diagram showing integration of optical fibres and sealing them with a
handheld UV light source.
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Figure 2.8: (a) Fluidic system of the device with fibre coupler grooves and (b) an
example of a fabricated device with inserted optical fibres. The channel height is
125 µm.

2.4.1 Experimental setup

The experimental set-up consists of a light source, a diode pumped solid state laser
(DPSS) module (Thorlabs) operating at a wavelength of 532 nm with a maximum
output power of 4.5 mW, a conventional spectrometer (Ocean Optics) to record the
fluorescence signal and a syringe pump (Harvard, PHD2000) to pump the fluores-
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cent sample solution. The optical fibre for illumination was coupled to the laser
source through a free space fibre coupling system. The inlet tubing, coming from
the syringe, was coiled into a petri dish, placed on a hot plate and filled with water.
In this way the RhB solution was heated before entering the microchannel. Two
thermocouples, one at the inlet and another at the outlet were employed to meas-
ure the temperatures at the fluidic inlet and outlet. An aqueous solution of RhB
(0.1 mM) was prepared using deionized (DI) water from a Millipore MilliQ system,
which served as a fluorescence sample. A schematic diagram of the experimental
setup is shown in Figure 2.9.

Laser 
Source

Spectrometer

Syringe Pump
Micro-optofluidic chip

Inlet Outlet

Optical 
fibers

Canister

Heater

Thermocouples

Figure 2.9: Schematic of the experimental setup.

2.4.2 Flow characterization

The goal of this experiment was to measure local temperature in a micro-environment
in a flowing medium. Therefore, firstly the fluorescence detection system was tested
for perturbation in fluorescence intensity with varying flow rates. The fluorescent
sample was made to flow at the flow rates of 50 µL·min−1, 100 µL·min−1, 200
µL·min−1, 300 µL·min−1 and 400 µL·min−1. The corresponding fluorescence in-
tensities were recorded. Three independent measurements were conducted and the
emission intensity was normalized by its value at no-flow. The normalized fluores-
cence emission intensity is plotted against flow rate in Figure 2.10. It is observed
that the fluorescence intensity increases with increasing flow rates. The increase
is about 14% between zero and 200 µL·min−1, while the increase between 200
µL·min−1 and 400 µL·min−1 is only 4%.
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Figure 2.10: Relationship between normalized fluorescence intensity as a function
of flow rates in the micro-optofluidic chip. The flow rates are changed in steps from
50 µL·min−1 to 400 µL·min−1. The laser power is 4.5 mW and the measuring spot
size is 500 µm × 125 µm. The error bars indicate standard error.

The response of fluorescence intensity on flow speed has been reported previ-
ously using different dyes. Fluorescent molecular rotors were employed to study
flow profile and shear stress. Molecular rotors show twisted intramolecular charge
transfer (TICT) upon photoexcitation and show two competing de-excitation path-
ways via fluorescence emision or via non-radiative intramolecular radiation. This
intramolecular rotation depends on the viscosity of the solvent and hence these mo-
lecular rotors are highly used in viscosity sensing application. The elevation in the
emission intensity due to rotational reorientation was also used to study shear stress
and fluid velocity [160, 161]. In fact, RhB dissolved in different alcohol solvents
with varying viscosities has also been studied. The rotation times for ground and
excited states were addressed [162]. However, in our experiments we have used DI
water as a solvent throughout. Wang et al. [163] argued that, the change in fluores-
cence emission intensity was due to so-called photobleaching. We have investigated
the effect of photobleaching in our device configuration under various flow regimes
starting with a no-flow condition.

For a no-flow condition, the microchannel was filled with the dye solution and
the laser was turned on for 10 minutes continuously. The recorded fluorescence
emission intensity is plotted in Figure 2.11 (lower line). No signal normalization
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was applied. A small photobleaching (around 6%) occurs over 10 minutes in a no-
flow situation. Next, the flow rate was increased from 50 µL·min−1 to 400 µL·min−1

in steps. For each measurement, the dye solution was first flushed and then the laser
was turned on for 10 minutes continuously. Next, the laser was turned off and a new
batch of solution was introduced into the channel before turning on the laser again.
The recorded fluorescence intensity is plotted against time in Figure 2.11. For the
flowing conditions, a small increase in fluorescence intensity with increasing flow
rates is seen. But, at a given flow rate the emission intensity hardly changes over
time. This indicates that in the flowing medium, photobleaching does not play a
large role in this optical detection configuration. This is also supported by the fact
that the residence time in the area of observation is in the range of milliseconds and
it decreases with increasing flow rate. Since the change in fluorescence emission
is minimal between 200 µL·min−1 and 400 µL·min−1, we chose to perform our
temperature measurements at mid value of 300 µL·min−1.
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Figure 2.11: Fluorescence intensity time trace measurement to study the effect of
photobleaching under various flow regimes. An aqueous solution of Rhodamine B
(0.1 mM) is used and all the measurements are conducted at room temperature. The
solution was continuously flowing during the measurement. The laser power is 4.5
mW and the measuring spot size is 500 µm × 125 µm.
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2.5 Temperature Measurement

The temperature measurement was performed using the experimental setup shown
in Figure 2.9. The RhB dye solution was carefully filled into a syringe avoiding any
air bubbles. An in-house heat exchanger system was designed to heat the fluid. A
petridish was filled with water and placed on a heater, the incoming tubing from the
syringe was coiled in the petridish, which was heated gradually. Two thermocouples
were inserted, one at the inlet and another at the outlet to measure the temperature
of the fluid entering and leaving the microfluidic device. The device was heated
as well (on a hotplate). The entire set-up was insulated with an aluminum foil to
avoid heat loss outside the water. In this way, the maximum temperature difference
noted by the thermocouples placed at the inlet and the outlet of the device was 2◦C.
The average temperature between the two thermocouples was used. The starting
temperature (27◦C) was chosen to be slightly above room temperature. The temper-
ature was increased gradually to 50◦C and the corresponding emission intensity was
recorded in real time. Above 50◦C, air bubbles started appearing which resulted in
signal fluctuations and therefore these results are not shown here. Two independ-
ent experiments were conducted and the emission intensity was normalized by the
intensity at 27◦C. The normalized intensity is plotted against the increase in tem-
perature (Figure 2.12). The solid curve is an exponential fit through the data points
of both experiments and is described by Equation 2.5

I(T ) = α exp (βT) (2.5)

where I is the normalized intensity, T the prescribed fluid temperature and α and β
are coefficients with 95% confidence bounds (α = 3.331 and β = -0.04438 ◦C−1).

As expected, the fluorescent intensity is temperature dependent. This is due
to the effect of temperature on quantum yield of RhB. In the next step, the effect
of RhB adsorption in a PDMS microchannel on temperature was studied. Plain
DI water was flushed through the device after each measurement and the emission
intensity was recorded. No emission intensity was observed when only pure water
was flowing in the channel. Therefore, it can be concluded that the adsorption did
not influence the temperature measurement in this experimental set-up.

2.6 Conclusions

In this chapter, the fabrication of a simple micro-optofluidic device is presented.
It features a microchannel for sample fluid flow and embedded optical fibres for
excitation (light guide) and fluorescence collection. The excitation light is guided
inside the fluidic environment (microchannel) to excite a small volume of the fluor-
escence sample, Rhodamine B. The fluorescence signal is recorded by another fibre
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Figure 2.12: Normalized fluorescence intensity as a function of temperature. An
aqueous solution of Rhodamine B (0.1 mM) was used as a fluorescent sample. The
solution was continuously flowing during the measurement. The laser power is 4.5
mW and the measuring spot size is 500 µm × 125 µm. The solid line is an exponen-
tial fit. The ◦ and 4 represent the measured data for two independent experiments.

placed orthogonally (with respect to the excitation fibre) and ultimately connected
to a spectrometer. The spectroscopic measurement system is capable to measure
on-chip fluorescence locally in a micro-environment in real time using simple op-
tical components. The flow characterization measurement gives insight into the
behaviour of the system under various flow regimes. The fluorescence emission in-
tensity change with change in flow rates. This evokes a flow rate selection criteria to
be considered while performing real time measurement. The results for local tem-
perature measurements with a Rhodamine B solution demonstrate the sensitivity
of this device for temperature dependence fluorescence. The simple optical detec-
tion system demonstrated can also be used in other applications which employs
fluorescence measurements such as cell counting, particle detection and electrolyte
concentration measurements.
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Chapter 3

Fluorescent PET Sensor: Device
Fabrication, Functionalization
and Analysis

“By believing passionately in something that still does not exist, we create it.
The non-existent is whatever we have not sufficiently desired.”

—Franz Kafka

3.1 Introduction

In the previous chapter, the design, fabrication and characterization of a micro-
optofluidic device was presented. It was demonstrated for bulk fluorescence meas-
urement in a micro-environment. A brief discussion about the basic principles of
fluorescence was also outlined. In this chapter, a fluorescent molecular system
in which the fluorescence can be switched “on” and “off” while interacting with
cationic species is presented. The working principle is based on photoinduced
electron transfer (PET) processes and hence it is called PET sensor molecules.
The main aspects of the fluorescent molecular sensors for cation recognition are:
(i)photophysics: responsible for photo-induced processes (electron transfer, charge
transfer, exciplex formation1, energy transfer.) leading to a change in physical prop-
erties (emission, absorption, lifetime, quantum efficiency) and (ii) supramolecular
chemistry: topology of ligand (shape, size, chemical structure) for a particular char-

This chapter is based on the work: Sharma, M. K., Göstl, R., Frijns, A. J. H., Wieringa, F. P.,
Kooman, J. P., Sijbesma, R. P., and Smeulders, D. M. J. (2018). A fluorescent micro-optofluidic
sensor for in-line ion selective electrolyte monitoring (under review)

1Exciplex are bio-molecular excited states formed by electron transfer from a donor to an acceptor.
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acteristic of cation (size, charge, hard2, soft3). The molecular structure of PET
sensor molecules are such that, it is selective for a specific ion (Na+, K+ or Ca2+).
Figure 3.1 illustrates the main characteristics of a fluorescent molecular system. In
this thesis, a PET sensor molecule responsive to sodium ion is used.

Photophysics Supramolecular 
chemistry

Cation control of photoinduced
processes:
 Electron transfer
 Energy transfer
 Charge transfer
 Excimer or exciplex

(formation/disappearance)

Photophysical changes
 λem λabs ϕ τ

Ligand topology
 Size, shape, 
 Chemical structure
Characteristics of the 
cation
 Diameter
 Charge 
 Nature
 Hard/soft/heavy

Eternal factors
 Presence of other ion
 Nature of medium
 Range of cation 

concentration

Figure 3.1: Schematic illustration of the main characteristics of a fluorescence PET
molecular sensors [144]. –λem is fluorescence emission λabs is absorption, φ is
quantum efficiency and τ is lifetime.

The chapter begins with a description of the working principle of the PET sensor
molecule. This is followed by investigation of the synthesized sensor molecules us-
ing spectro-fluorometric measurements to analyze the absorption spectrum, molar
extinction coefficient and response to change in sodium ion concentrations. The
PET sensor molecules are covalently immobilized onto the microchannel walls of
the fabricated micro-optofluidic device. This not only potentially eliminates sample
fouling (by leaching) during measurements, enables real-time measurements but
alos makes the device robust and reliable for multiple measurements. An analysis

2Hard: Small species with high charge states and weakly polarizable. e.g Na+, K+, Ca2+, Mg2+.
3Soft: Big species with low charge states and strongly polarizable. e.g. P3−, Ag+, Au+, As3+.
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Chapter 3. Device Functionalization

about the strategies to covalently immobilize the PET sensor molecules on a PDMS
surface are discussed in detail. Thereafter, the functionalized PDMS surface is ana-
lyzed using an optical microscope, a fluorescence microscope and an atomic force
microscope to investigate the functionalization process. Finally, the functionalized
device was used to determine sodium concentrations and pH in a flowing medium.

3.2 Photoinduced Electron Transfer

Photoinduced electron transfer is a well known phenomenon in the chemistry of
life. Plants produce oxygen via photosynthesis [164] using this process. This phe-
nomenon is extensively used for synthesis of organic molecules, development of
solar energy storage and in conversion systems using transition metal complexes.
The evolution in the development of crown ethers and cryptands in supramolecu-
lar chemistry4 led to the development of cation recognition sesnor molecules with
improved selectivity. PET principles have also been demonstrated in the design of
molecular computing systems [165–167].

Fluorescent PET sensors are molecular systems in which the binding of an ion or
other species lead to perturbation in the competition between de-excitation pathways
of fluorescence and electron transfer. The key principle in the signaling process is
photoinduced electron transfer. It is based on an “on-off” switching mechanism
through fluorescence or quenching5 due to cation binding. In brief, an electron
migrates between a photo-excited state and a ground-state species.

The fluorescent sensor consists of a fluorophore linked to an ionophore via a
spacer and hence called a fluoroionophore (Figure 3.2). The fluorophore part, also
known as a signaling moiety or photon-interaction site, acts as a transducer. The
changes in the photo-physical characteristics of the fluorophore are expressed as an
optical signal (e.g. fluorescence intensity). The ionophore, also known as recog-
nition moiety or guest-binding site, is responsible for ion-selectivity and efficiency
of the binding. The guest binding depends on factors such as ionic radius, charge,
hardness and nature of solvents (e.g. pH, ionic strength). The stability of compl-
exation between a given ligand and a cation depends also on external factors such
as nature of the cations, solvents, temperature, ionic strength and pH. The analyte
complexation and photophysical properties in the design (Figure 3.2) shows the
terminal modules as quantitative predictors for the sensory properties. The act of
analyte binding at the receptor site is transmitted across the spacer to cause a change
in photophysical properties of the fluorophore.

A schematic illustration of the general working principle of a fluorescent PET
sensor is presented in Figure 3.3. In the absence of an analyte, the HOMO (highest

4Supramolecular chemistry: Typically a bottom up approach to a nanoscale system, this domain
of chemistry deals with interaction between molecules

5Fluorescence quenching is loss of fluorescence intensity
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Fluorophore Spacer Receptor/
Ionophore

signalling moiety recognition moiety

Figure 3.2: Schematic illustration of a fluorophore-spacer-receptor format of a PET
sensor molecule.

occupied molecular orbital) of the excited fluorophore is lower than the HOMO of
the unbound receptor6. This energy difference causes an electron transfer from the
receptor (ionophore) to the fluorophore in the excited state, thus ‘quenching’ the
fluorescence process. This state is also known as off-state. But, when the receptor
is bound to an analyte, the energy level of the excited fluorophore is higher than
HOMO of the receptor. Therefore, it is not energetically favourable for an electron
transfer from receptor to the fluorophore. This leads to relaxation of the excited
electron to the ground state (HOMO), resulting in fluorescence emission. This is
known as on-state. This on-off switching mechanisms of the sensor molecule results
into an intensity based sensor upon complexation with an ion.

The key to the development of a stable fluoroionophore is the selection of a
suitable fluorophore and an ionophore. The fluorophore can be selected such that
excitation wavelength is compatible with the spectrum of an LED (light emitting
diode) or a hand-held laser module and the ionophore is designed for a specific
cation to be determined. PET molecules have been studied extensively for their
use as sensors and switches [75, 168, 169]. For a detailed description about the
energetics of PET processes, please refer to [168, 170, 171].

A table top measurement system employing PET molecules has been designed
and commercialized [79, 80]. The system is called OptiLION, and can measure
all essential electrolytes. However, this is only configured for off-line analysis of
discrete fluid samples in the clinics in a static environment and not yet practical for
real time in-line electrolyte monitoring. Florian et al. [81] reported a PET based
micro-structured optical fibre dip sensor to measure sodium concentrations. Yet,
the size and complex measurement system limits its application. Moreover, the
PET sensor molecules were not immobilized on the surface, rendering the system
prone to elution of the fluorescent indicator molecules.

In this work, we have custom synthesized (by SyMO-Chem BV, The Nether-
lands) the PET sensor molecules reported by Florian et al. [81], to which an anchor-
ing carboxylic acid functional group (-COOH) is added. This functional group is
used to covalently immobilize the PET molecules on a polymer substrate contain-

6For a detail description about HOMO and LUMO molecular orbital, please refer to Chapter 2
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Figure 3.3: Schematic representation of PET working principle. HOMO: highest
occupied molecular orbital, LUMO: lowest unoccupied molecular orbital. Upon
excitation, (a) Off-state: In the absence of an analyte, an electron transfers from
the receptor to the fluorophore. (b) On-state: the analyte is bound to the receptor
moiety. Due to the changes in orbital energy levels, fluorescence emission takes
place.

ing primary amine groups. Covalent immobilization of the PET sensors have several
advantages such as no sample fouling, no leaching, high sensitivity (fixed number
of sensor molecules) and stability. The molecular structure of the PET sensor mo-
lecule (referred as 1) is shown in Figure 3.4. The ‘on-off’ PET mechanism for cation

O O
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H
N

N

O
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O

HO

Fluorophore
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Figure 3.4: Fluorescent PET sensor molecule for sodium recognition. The func-
tional group –COOH is used for covalent attachment on a PDMS substrate.

sensing is explained using the schematic illustration in Figure 3.5. Briefly, in the ab-
sence of a sodium ion, the tertiary amine with the phenyl ring forms a conjugated
system and acts as an electron donor. When the molecule is illuminated, an elec-
tron gets transferred across the spacer, thus quenching the fluorescence emission.
However, when a sodium ion binds to the ionophore (receptor), the nitrogen lone
pair decouples from the aromatic ring. This disrupts the PET process, resulting in
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fluorescence emission.
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Figure 3.5: ON-OFF fluorescent PET mechanism for sodium sensing using the syn-
thesized fluoroionophore.

3.2.1 Photophysical characteristics of the PET molecule

Absorption. According to the Stark-Einstein law, when a molecule absorbs light,
and if the energy of the incident light matches with the energy difference between
the ground state and excited state, the absorption of the light brings the molecules
in excited states. Molar extinction coefficient7 is a measure of efficient absorption8.
Spectrophotometric measurements are performed to study the absorbance and molar
extinction coefficient of the synthesized PET sensor molecules 1. For this, 1 was dis-
solved in tetrahydrofuran (THF), the solution was then filled in a standard quartz cu-
vette (optical path length 1 cm) and placed into a spectrophotometer (Perkin Elmer)
holder. First, a baseline correction measurement was recorded with only THF in the
cuvette. Afterwards, the absorbance of 1 was measured, first with a concentration
of 60 µM and then with varying concentrations (14 µM, 28 µM, 44 µM and 66 µM)

7Extinction coefficient: Ability of a chemical species to absorb light at a particular wavelength.
8Refer Chapter 2 for a detailed description about absorptivity and extinction coefficient.
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Chapter 3. Device Functionalization

to observe the change in absorption as a function of concentrations. The results are
plotted and presented in Figure 3.6.

The molar extinction coefficient can be calculated using Equation 3.1.

A = εbc (3.1)

where A is absorbance, b is optical path length (cm), c is concentration (mol·L−1),
ε= Molar extinction coefficient (L·mol−1 ·cm). From Figure 3.6(a), we observe
that A = 0.96 and we know that b = 1 cm (standard cuvette size) and c= 60 µM.
Substituting these values in Equation 3.1 gives ε = 16000.
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Figure 3.6: (a) Absorption spectrum of sodium fluoroionophore 1 dissolved in THF
(c=60 µM) and (b) Absorption spectra of sodium fluoroionophore 1 dissolved in
THF with varying dye concentrations.

Basically, ε gives information about the ability of light absorption of the fluoroiono-
phore. It should be noted that, quantitatively, fluorescence intensity (output per
fluorophore) is dependent on the same parameter as absorbance as well as quantum
yield9. Therefore, the fluorescence intensity is directly proportional to ε and quantum
yield. Typically, the quantum yield of a crown containing fluorescent PET sensor is
low, but it increases upon cation binding [144].

3.3 Device Functionalization

The micro-optofluidic device was fabricated in polydimethylsiloxane (PDMS) using
soft-lithography (refer Chapter 2 for fabrication steps). The device consists of a

9Quantum yield: Ratio of photons absorbed to photons emitted through fluorescence
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microchannel (500 µm wide and 225 µm high) for fluid flow and a fiber coupler
groove (225 µm wide and 225 µm high) for optical fiber integration (Figure 3.7(a)).
Micropillars were fabricated within the interrogation (measurement) area to increase
the surface area for functionalization (i.e., immobilization of the PET molecules to
the surface). The micropillars have a distance of 100 µm and 50 µm in axial and
radial directions. The optimization process for micropillars fabrication is discussed
in Appendix A.
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Figure 3.7: (a) Schematic depiction of a microfabricated device. The microchannel
has a width of 500 µm and a height of 225 µm. The integrated micropillars are
100 µm in diameter. The highlighted area shows the interrogation area and (b)
Fluorescence microscope image of a functionalized device. The micropillars are
clearly visible in the interrogation (measurement) area.

In order to determine real-time sodium concentrations in a flowing medium, the
PET sensor molecules needed to be covalently immobilized onto the microchannel
walls. Covalent immobilization of the fluorescent PET sensor molecules for sodium
ions was performed onto an amino functionalized PDMS surface. The functional-
ization process was optimized after performing several tests and varying paramet-
ers such as solvents, functionalization time, temperature and surface passivation
of PDMS with a high molecular weight polymer called PEMA (Poly(Ethylene-alt-
Maleic-Anhydride)). The optimization process is discussed in Appendix B. Here,
only the optimized immobilization process is presented.

Firstly, a primary amine functionality was grafted onto the microchannel inner
surface by treating the PDMS device with oxygen plasma (60W, 60s) and introdu-
cing a solution of 3-aminopropyl triethoxysilane (APTES) in deionized (DI) water
and ethanol in the microchannel immediately after. The APTES solution was left
in the microchannel for 2 h. Subsequently, the channels were abundantly flushed
with DI water to remove unbound APTES. Annealing at 120 ◦C for 1 h then yiel-
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Chapter 3. Device Functionalization

ded a covalently crosslinked siloxane network grafted with surface-exposed primary
amine groups. PET sensor 1 was covalently immobilized on the primary amine graf-
ted PDMS microchannel by a carbodiimide-promoted amidation reaction. For that
purpose, a solution of PET sensor 1, N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC·HCl) and triethylamine
(Et3N) in tetrahydrofuran (THF) was flushed continuously into the microchannel
for 1 h at a flow rate of 2 µL·min−1. The microchannel was then flushed several
times with THF followed by DI water to remove un-reacted sensor molecules. A
schematic illustration of the immobilization process is shown in Figure 3.8.

The uniformity and homogeneity of the functionalized device was first invest-
igated under a fluorescence microscope with an excitation wavelength of 470 nm
(Figure 3.7(b)). Once the functionalized surface was investigated, the optical fiber
was inserted into the fiber coupler groove and sealed with an optically curing ad-
hesive (NOA 81).
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Figure 3.8: Schematic illustration of the functionalization process of the PDMS
microchannel with PET sensor molecule 1.
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3.4 Fluorescence Measurement

3.4.1 Experimental setup

The experimental set-up consisted of a laser module (CPS 450, Thorlabs) operating
at a wavelength of 450 nm and 4.5 mW power for optical excitation. A syringe pump
(PHD2000, Harvard) for controlled fluid flow, the functionalized micro-optofluidic
chip with integrated optical fiber (for optical readout). A longpass filter (FELH0500,
Thorlabs) with a cut-on wavelength of 500 nm to remove the excitation light and a
spectrometer (Torus, Ocean Optics) to record the fluorescence emission signal. The
spectrometer was set to an integration time of 100 ms. The data were processed and
plotted using Matlab software. The elliptical beam profile (radii 3.2 mm and 1 mm)
of the laser light resulted in full illumination of the interrogation area. A schematic
depiction of the experimental set-up is shown in Figure 3.9.

The laser light first hits the mirror and is then incident on the device such that
it is orthogonal to the fluorescence recording fiber. The device is placed on an X-Y
stage. Once the light is incident on the chip, the X-Y stage was moved until highest
fluorescence intensity was observed.

Laser Module
Laser light

Laser light

Micro-optofluidic device

Optical 
fiber

Mirror

Spectrometer

Syringe 
pump

Cannister

Longpass filter

Figure 3.9: Schematic illustration of the experimental set-up.

3.4.2 Bulk Fluorescence Measurement

For reference, first the solution fluorescence behavior of the PET sensor 1 dissolved
in a sodium solution was investigated. For this, a microfluidic device was used
where the microchannel walls were not functionalized. A solution of sodium per-
chlorate (NaClO4) in acetonitrile was prepared with varying concentrations of so-
dium (1·10−3 M-10·10−3 M, 20·10−3 M, 30·10 −3 M, 40·10−3 M and 50·10 −3 M).
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Chapter 3. Device Functionalization

PET sensor molecule 1 was then dissolved in acetonitrile with a fixed concentra-
tion of 20 µM. Hence, only sodium concentration was changed. A solution of n-
Bu4NClO4 (0.1 M) in acetonitrile was used as an ionic buffer. The PET molecule
1 and NaClO4 solutions were mixed and left for incubation for at least 60 minutes
before the measurements.
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Figure 3.10: Fluorescence intensity as a function of sodium concentrations. So-
dium perchlorate dissolved in acetonitrile serves as a source of sodium ions and
n-Bu4NClO4 is used to keep the ionic strength at 0.1 M. A blue laser module oper-
ating at a wavelength of 450 nm and 4.5 mW power is used as an excitation light
source. The PET sensor molecules are dissolved in the solution and the peak fluor-
escence intensities are measured at a wavelength of 530 nm.

During the measurements, the sample flow was set at a flow rate of 300 µL·min−1.
Once the sample flow was stabilized, the excitation light source was switched on
and fluorescence intensity was recorded. This process was repeated for all sodium
concentrations. All measurements were recorded at room temperature (22 ◦C). The
fluorescence emission spectrum for each concentration was recorded and a plot of
the peak emission spectra was made against sodium concentrations. Figure 3.10
shows a typical result between sodium concentrations and fluorescence intensity. It
is observed from Figure 3.10 that, as expected, the fluorescence intensity increases
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with increase in sodium concentrations and reaches a saturation level. Background
fluorescence was also recorded in the absence of sodium ions because the fluores-
cence emission of the PET sensor molecules cannot be fully quenched [81].

3.4.3 Sodium Measurement-Functionalized Device

Next, a functionalized device was used to measure sodium concentrations in a flow-
ing medium. A solution of NaClO4 in acetonitrile was used as a source of so-
dium ions. A solution of n-Bu4NClO4 in acetonitrile was used to maintain the ionic
strength at 0.1 M. The solution of NaClO4 was prepared with a varying concen-
tration of sodium (1·10−3 M-10·10 −3 M, 20·10−3 M, 30·10−3 M, 40·10−3 M and
50·10−3 M).

Syringe pump

Laser

Spectrometer

Mirror

Chip

Fluorescence 
emission

X-Y stage

Figure 3.11: Fluorescence spectroscopy experimental set-up. The enlarged view of
the device with fluorescence emission (green) is shown.

First, only n-Bu4NClO4 dissolved in acetonitrile (ionic strength = 0.1 M) was
measured. Once the flow stabilized, the excitation light source was turned on and
the fluorescence emission spectrum was recorded. This process was repeated for
each sodium concentrations. In Figure 3.11, we can see the fluorescence emission
(green) when the excitation source is turned on. All measurements were performed
at room temperature. Peak fluorescence emission of each concentration is recorded
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and a plot of peak fluorescence intensity against sodium concentration is shown in
Figure 3.12. It is evident that the fluorescence intensity of the functionalized devices
increases with increasing sodium concentrations.
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Figure 3.12: Peak fluorescence intensity of a functionalized micro-optofluidic
device as a function of sodium concentrations (flow condition). NaClO4 dissolved in
acetonitrile is used as a source of sodium and a solution of n-Bu4NClO4 in acetoni-
trile is used to maintain the ionic strength at 0.1 M. The peak fluorescence intensities
are measured at a wavelength of 530 nm.

Comparing Figures 3.10 and 3.12, it is observed that, in both cases (with and
without functionalized surfaces), the fluorescence intensity is enhanced in presence
of sodium ions. As the sodium concentration is increased, fluorescence intensity
increases. The increase is three-folds in the presence of sodium ions. The fluores-
cence increase (slope) between zero and 10 mM is linear, whereas between 10 mM
and 20 mM, it increases less steep and finally starts to saturate from 20 mM and at
higher concentrations.

Noticeably, the peak fluorescence intensity in Figure 3.10 is higher than that of
Figure 3.12. This is because, unlike in the dissolved state, the functionalization of
the PET sensor molecules is dependent on factors such as the number of primary
amine groups on the PDMS surface during the functionalization process. Also, un-
like in bulk solution, the fluorescence emission takes place on the surface of the
device and the photons should travel through the sample solution before it is re-
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corded by the optical fiber. This can also result in loss of fluorescence emission.
However, as expected, the increase in signal intensity trend is similar in both the
experiments.

3.4.4 pH Measurement

The presence of an amino group in the molecular structure of PET sensor molecule
1 also makes it sensitive to changes in pH environment of the solution. The change
in fluorescence intensity with changes in pH can be explained using Figure 3.5.
Briefly, the PET process takes place from amino group to the aromatic hydrocarbon,
thus quenching the fluorescence of the aromatic hydrocarbon (fluorophore). Proton-
ation10 of the amino group inhibits electron transfer and results in the enhancement
of the fluorescence emission intensity. This mechanism in terms of molecular or-
bitals can also be explained using Figure 3.3. Namely, upon fluorophore excitation,
an electron of the HOMO is promoted to the LUMO, this enables electron transfer
from the HOMO of the receptor/donor (proton-free amine) to that of the fluoro-
phore, resulting in fluorescence quenching of the latter. However, upon protonation,
the fluorescence quenching is suppressed and the electron transfer is no longer be
possible.

The pH response of a functionalized device in absence of sodium ions was de-
termined. A series of solution from pH 2-10 was made using citric acid mono-
hydrate (0.1 M) and potassium phosphate dibasic (0.1 M) in DI water. The max-
imum fluorescence intensity at each pH was recorded and plotted against the value
of pH. Figure 3.13 shows the fluorescence response of a functionalized device in a
flowing solution. As mentioned earlier, the increase in fluorescence intensity can be
attributed to the protonation of the trigger nitrogen which inhibits the PET process.
The solid curve is a polynomial fit (linear model poly3 in Matlab) through the data
points and is represented by Equation 3.2.

f (x) = p1 ∗ x3 + p2 ∗ x2 + p3 ∗ x + p4 (3.2)

where x is normalized by mean 6 and std 2.739. Coefficients (with 95% confidence
bounds): p1 = 144.5 (-13.79, 302.8), p2 = 14.48 (-109.9, 138.8), p3 = -810.4 (-1080,
-540.9), p4 = 2665 (2518, 2812).

The measured value of pH observed in this functionalized device in a flowing
medium is in good agreement to the one observed by He et al. in ther critical care
analyzer system [78,80]. The maximum fluorescence intensity between pH 2 and 4
indicates complete protonation of the triggered nitrogen. Importantly, it can be seen
from Figure 3.13, that only small changes in fluorescence intensity are observed
between pH 7 and above. This is important for physiological environment (ph 7.4)
because when the sample pH falls below pH 7, then it is important to use a measured
pH and correct the recorded sodium intensity.

10Protonation: Addition of a proton (H+) to an atom, molecule or ion.
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Figure 3.13: pH response curve of a functionalized device in the absence of sodium
ions. Excitation at 470 nm, emission at 540 nm (flow condition). Citric acid mono-
hydrate (0.1 M) and potassium phosphate dibasic (0.1 M) dissolved in deionized
water is used to make a series of solution with pH varying from 2-10.

3.5 Conclusions

An optical sensor system for real-time ion concentration measurement is presented.
We have combined the advantages of lab-on-a-chip with those of fluorescent pho-
toinduced electron transfer (PET) based sensor molecules. This is demonstrated by
fabricating a micro-optofluidic device with integrated optical fiber. The PET sensor
molecules are covalently immobilized onto the microchannel walls. This design has
enabled optical measurement of sodium concentrations without any special optics.

A detailed discussion about the working principle of the PET sensor molecule
is also presented. It is seen from the experiments that the ‘on-off’ switching mech-
anism of the PET sensor molecules makes it an excellent ion sensor for real-time
detection. As a proof-of-concept, we measure sodium and pH in a flowing medium.
We observe that, in the presence of sodium ions, the enhancement in fluorescence
intensity is three folds. The covalent immobilization of the PET sensor molecules
can potentially prevent sample fouling (leaching) during measurements.

The presence of an amine group in the PET sensor molecule makes it also sens-
itive to changes in pH of the working solution. This is demonstrated by measuring
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the pH of solutions from pH 2-10. The experimental result shows that, the max-
imum fluorescence peak at low pH (2 and 4) is due to complete protonation of the
amine group. The steep slope between pH 4 and 8 shows the sensitivity of the sys-
tem. Only a small change in fluorescence intensity is observed between pH 7 and
10. This is important for physiological sample (pH 7.4) because when the sample
pH falls below 7, then it becomes vital to correct the reported sodium intensity with
a measured pH.

Lastly, the experimental results demonstrate that this first proof-of-concept micro-
optofluidic device functionalized with PET sensor molecules can be used to optic-
ally measure sodium ion concentrations in a flowing medium in real-time. The mo-
lecules used in this proof-of-concept device can be used for sodium concentration
measurements, but they have limitations: saturation occurs at 20 mM and the solvent
used was acetonitrile. Both limitations can be overcome, as shown by Thomas et
al. [172] in the bulk measurement: to reach the physiological range (120-150 mM)
an additional donor can be attached to the receptor part of the PET sensor molecule,
which also works in aqueous solutions [78, 172, 173].
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Chapter 4

Multifiber Optical Chip for
Sodium Concentration
Measurements

“When something is important enough, you do it even if the odds are not in
your favour.”

—Elon Musk

4.1 Introduction

In an optical detection system, the quanta of light called photons carry the in-
formation about the species being analyzed (qualitative) or measured (quantitative).
Therefore, it is exceedingly important to precisely detect (measure) these photons
in such a system. This improves the signal to noise ratio (SNR) and hence increases
reliability and sensitivity.

In this chapter, a new micro-optofluidic device has been designed and fabric-
ated for improved fluorescence measurement. The device features a microchannel
for fluid flow and six embedded optical fibers to collect fluorescence emission. In
this ‘Volumetric Spectroscopy’ measurement system (Figure 4.1), the fluorescence
emission is measured in a quasi two-dimensional manner. The fabrication and char-
acterization of this multifiber detection system has been described. The system is
then applied to determine sodium concentrations in a flowing medium in acetonitrile
and aqueous solutions. This new fluorescence sensor system has also been tested
for cross-sensitivity in presence of other competing ions (potassium and calcium),

This chapter is based on the work: Sharma, M. K., Göstl, R., Frijns, A. J. H., Wieringa, F. P.,
Kooman, J. P., Sijbesma, R. P., and Smeulders, D. M. J. Real time electrolyte monitoring using a
fluorescent micro-optofluidic sensor (in preparation)
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stability for a period of ten days storage at room temperature and leaching due to
the effect of fluid flow. The experimental results are reported in this chapter.

Fluorescence 
emission

L
W

H

Figure 4.1: Schematic illustration of the micro-optofluidic chip showing volumetric
fluorescence measurement. Illustration shows six integrated optical fibers and the
illumination (interrogation) area.

4.2 Device Design and Fabrication

The device design comprised of a straight microchannel (L= 35 mm, W= 500 µm
and H= 220 µm) with an input and output for fluid flow, micropillars and embed-
ded optical fibers for fluorescence collection. The feature height of the microfluidic
channel corresponds to the diameter of the standard optical fiber (core diameter is
200 µm and cladding diameter is 220 µm). The micropillars are 100 µm in diameter
and approximately 200 µm in height and have a distance of 100 µm and 80 µm in
axial and radial directions. The device was fabricated according to the procedure
described in Chapter 2. Briefly, a PDMS micro-optofluidic device was replica mol-
ded from its respective master. The master mold was fabricated on a standard 4 inch
silicon wafer by photo-lithographic patterning of SU8-2150 (Microchem). PDMS
preploymer (Sylgard 184) was mixed with curing agent in the ratio 10:1, degassed
and poured onto the master. It was then cured overnight at 65◦C. Once cured, the
devices were peeled carefully and then individually cut with a sharp blade. Tubing
inlet and outlet (outer diameter is 1.2 mm) were made using a metallic punch. The
PDMS devices were then cleaned in ethanol and deionized (DI) water. Microscopic
glass slides were cleaned with ethanol and acetone to seal (fourth wall) the device.
Therefore, this is a PDMS-glass hybrid device.
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Device functionalization. A cleaned PDMS device and a microscopic glass slide
were oxygen-plasma treated and brought into contact such that no air pockets were
formed, this ensured a non-reversible sealing of the device. Then, the device was
functionalized with the PET sensor molecules according to the protocol described
in Chapter 3. In brief, first a primary amine functionality was grafted onto the mi-
crochannel walls by treating the PDMS microchannel with oxygen-plasma (60W,
60s) and introducing 3-aminopropyl triethoxysilane (APTES) solution in deionized
(DI) water and ethanol immediately after. The APTES solution was left in the mi-
crochannel for 2 h. It was then abundantly flushed with DI water to remove unbound
APTES. Annealing at 120◦C for 1 h yielded a covalently cross-linked siloxane net-
work grafted with surface-exposed primary amine groups. PET sensor molecules
were covalently immobilized on the primary amine grafted PDMS microchannel by
a carbodiimide-promoted amidation reaction. A solution of PET sensor molecule,
NHS, EDC·HCl and triethylamine was prepared in THF and flushed continuously
into the microchannel for 1h at a flow rate of 2 µL·min−1. The microchannel was
then flushed several times with THF followed by DI water to remove un-reacted
sensor molecules. The functionalized device was investigated under a fluorescence
microscope for uniformity and homogeneity. This was followed by carefully em-
bedding the optical fibers inside the lithographically designed fiber coupler grooves.
The optical fibers were fixed using an optical adhesive (NOA 81). Figure 4.2 shows
a sketch of the device design with interrogation area and a fluorescence microscope
image of a functionalized device.

An optical microscope image (200X magnification, Keyence) shows the optical
interrogation area (860 µm × 500 µm) and an example of a fabricated device with
embedded optical fibers in Figure 4.3. The micropillars were fabricated to increase
the surface area of functionalization.

4.3 Materials and Reagents

The solution for bulk fluorescence measurement was prepared by dissolving PET
sensor molecules in acetonitrile (ACN). Sodium perchlorate (NaClO4) dissolved
in ACN served as a source of sodium ions and a 0.1 M solution of tetrabutylam-
monium perchlorate (n-Bu4NClO4) in ACN was used as an ionic buffer. The dye
concentration was kept constant at 20 µM.

For the first set of experiments, the solution for sodium concentration measure-
ments in a functionalized device consisted of NaClO4 dissolved in ACN. Sodium
solutions with varying concentrations (1·10 −3 M - 10·10 −3 M, 20·10 −3 M, 30·10
−3 M, 40·10 −3 M and 50·10 −3 M) were prepared and stored overnight at room
temperature. A 0.1 M solution of n-Bu4NClO4 in ACN was used as an ionic buffer.

For the second set of experiments, an aqueous sodium solution was prepared
using sodium chloride (NaCl) in deionized (DI) water. A 0.1 M aqueous solution
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(Micropillars)
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Figure 4.2: (a) Schematic illustration of the device design. The microchannel has a
width of 500 µm and a height of 225 µm. The integrated micropillars are 100 µm
in diameter and approximately 200 µm in height have a distance of 100 µm and 80
µm in axial and radial directions. The highlighted area shows the interrogation area
(b) Fluorescence microscope image of a functionalized device. The micropillars are
clearly visible in the interrogation area.

Figure 4.3: (a) Optical microscope image (200X magnification) shows the optical
interrogation area of the device. The height of the microchannel as well as the
diameter of the optical fibers are 220 µm. (b) A fabricated device with embedded
optical fibers

of HEPES buffer was made and the pH was adjusted to 7.4 using trace metal basis
KOH (potassium hydroxide). The pH of NaCl solution was adjusted to 7.4 using
the HEPES buffer to mimic the physiological environment.
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For the cross-sensitivity measurements, an aqueous solution of potassium chlor-
ide (KCl) and calcium chloride (CaCl2) was made and the pH was adjusted to 7.4
using HEPES buffer.

4.4 Optical Detection System

The core of the optical detection system consists of a micro-optofluidic device with
six embedded fibers. The optical fiber bundle (1 × 6 fan out) with six inputs to the
device and one output to the spectrometer was custom designed (by Thorlabs). A
schematic illustration of the fiber bundle is shown in Figure 4.4. The multimode
optical fibers used in the split ends (single legs) has diameters of 200 µm and the
fiber at the common end (common leg) has a core diameter diameter of 910 µm,
connected to a SMA connector.

Single legs

Common leg with 
SMA connector

6 fibers bundle with 
200 µm core diameter

Fiber with 910 µm 
core diameter

Figure 4.4: Schematic diagram of a custom made 1×6 fan out fiber bundle. The
six single legs have multimode optical fibers with core diameters of 200 µm (clad-
ding diameter 220 µm) and a common leg with a core diameter 910 µm (cladding
diameter 1000 µm) connected to a SMA connector.

A 4.5 mW 450 nm (CPS 450, Thorlabs) laser module was used as an excita-
tion source and delivered orthogonally to the interrogation area of the device. The
laser module has an elliptical beam (radii 3.2 mm and 1 mm) with Gaussian profile,
which resulted in the illumination of the whole interrogation area. The fluorescence
signal was acquired using a spectrometer (TORUS, Ocean Optics) operating at an
integration time of 100 ms. A longpass filter (FELH0500, Thorlabs) with a cut-on
wavelength of 500 nm was used to filter the laser signal. A syringe pump (PHD2000,
Harvard) was used to precisely control the fluid flow. Figure 4.5 shows a schematic
illustration of the experimental set-up. The laser light is first incident on a mirror
and then guided to the interrogation area of the device. The device was placed on
an X-Y stage. After incidence of the light source, the X-Y stage was moved un-
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til maximum fluorescence was observed. The data were digitally processed using
MATLAB scripts.

Laser Module
Laser light

Laser light

Optical 
fibres

Mirror

Spectrometer
Syringe 
pump

Cannister

Longpass filter

Figure 4.5: Schematic diagram of the experimental set-up.

4.5 Response of Sensor to Sodium

Sodium measurements were performed using three different methods. First, bulk
fluorescence measurements were performed in a microfluidic device where the mi-
crochannel walls were not functionalized. Secondly, NaClO4 dissolved in ACN was
used as a source of sodium. Finally, an aqueous solution of NaCl with pH 7.4 was
used to mimic the physiological environment.

4.5.1 Bulk Fluorescence Measurement

Bulk fluorescence measurements were performed to investigate the solution fluor-
escence behaviour of the PET molecules in this volumetric spectroscopy set-up. In
these measurements, a microfluidic device was used where the microchannel walls
were not functionalized. Figure 4.6 shows the experimental set-up, which was used
for the fluorescence measurements. The PET sensor molecules were dissolved in
ACN with a fixed concentration (20 µM). After preparation, the solution was left
for incubation for 1 h before measurements. During the experiments, only sodium
concentrations were changed.

The flow was set at 300 µL·min−1. Once the flow stabilized, the excitation light
source was turned on and the fluorescence intensity was recorded. First, only the
pure dye solution without any sodium was measured. This was followed by solu-
tions with increasing sodium concentrations (1-50 mM). The fluorescence emission
spectrum of each sodium concentration was recorded and a plot of the peak emission
spectra was made against sodium concentrations. All measurements were recorded
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Figure 4.6: Experimental set-up used for ‘volumetric’ fluorescence spectroscopy.
The inset shows green fluorescence emission when the device is illuminated with a
blue laser module.

at room temperature. Figure 4.7 shows a typical result between sodium concentra-
tion and fluorescence intensity. As expected, the fluorescence intensity increases
with increase in the sodium concentrations. The fluorescence increase (slope) is lin-
ear from 1 mM-10 mM, between 10 mM-15 mM, it increases less steep and finally
saturates from 20 mM and at higher concentration. In Figure 4.7, also a compar-
ison between peak fluorescence intensity of the single and the multi-fiber detection
system is shown. It is noted that, the fluorescence emission intensity is higher in
a multi-fiber system when compared to the single fiber detection system. Notice-
ably, the increase is approximately 8.5 folds. This is not unexpected because, in
the multi-fiber system, the fluid volume increases considerably (4 folds) when com-
pared to a single fiber system. This increase in fluid volume results in an increased
number of PET molecules and hence the increase in fluorescence intensity. The
bulk measurement demonstrates the PET effect of the sensor molecules. It is seen
that the fluorescence intensity enhances (2.5 folds) in presence of sodium ions. The
experimental results shows the high sensitivity of the multi-fiber detection system in
a bulk measurement. In the next steps, the PET sensor molecules will be covalently
immobilized on the microchannel walls to determine sodium concentrations.

4.5.2 Fluorescence Measurement- Functionalized Device

Covalent immobilization exemplifies the most effective scheme to prevent indicator
(PET sensor molecules) migration and leaching. This is why, the PET sensor mo-
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Figure 4.7: Fluorescence intensity as a function of bulk sodium concentration of
a single fiber and a multi-fiber system. The PET molecule concentration is kept
constant at 20 µM. Sodium perchlorate dissolved in acetonitrile is used as a source
of sodium ions and n-Bu4NClO4 is used to maintain the ionic strength at 0.1 M. A
blue laser module operating at a wavelength of 450 nm and 4.5 mW power is used
as an excitation source. Fluorescence emission is observed at a 530 nm.

lecules were covalently immobilized onto the microchannel walls. The PET sensor
molecules used in this work show enhanced fluorescence upon sodium binding [81].
Two sets of experiments were performed. First, sodium concentration measure-
ments in ACN solution. This was followed by a set of experiments in an aqueous
solution.

Sensor response in ACN solution. NaClO4 dissolved in ACN was used as a
source of sodium ions. The flow was set at 300 µL·min−1. Once the flow stabilized,
the excitation source was turned on and fluorescence intensity was recorded. For ref-
erence, first, only n-Bu4NClO4 dissolved in ACN (ionic strength = 0.1 M) without
any sodium was measured. This was followed by increasing the sodium concen-
tration from 1 mM to 50 mM. Three independent measurements were performed.
Fluorescence emission intensities were recorded and the data were normalized by
the mean intensities values at 30, 40 and 50 mM concentrations. The normalized

62



Chapter 4. Multi-fiber System

fluorescence intensity is plotted against sodium concentration (Figure 4.8). It is seen
that the fluorescence intensity is enhanced (23%) in the presence of sodium ions.
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Figure 4.8: Normalized fluorescence emission as a function of sodium concentra-
tion. NaClO4 dissolved in acetonitrile is used as a source of sodium ions and n-
Bu4NClO4 is used to maintain the ionic strength at 0.1 M. A 4.5 mW, 450 nm laser
module is used as an excitation source. Fluorescence emission at 520 nm. The error
bars are calculated using the standard deviation of three independent measurements.

The fluorescence responses of a surface functionalized device with a single fiber
and a multi-fiber systems were also compared (Figure 4.9). The average values of
three measurements of a multi-fiber device is compared to a typical measurement
of a single fiber device. Although, both the devices show similar fluorescence re-
sponse in presence of sodium concentrations, it is seen that, compared to a device
with a single fiber, the device with multi-fiber shows approximately 3.5 folds in-
crease in fluorescence emission intensity. Also, the fluorescence response from bulk
solutions is compared to the response from a functionalized device (Figure 4.7 and
Figure 4.9). It is observed that, compared to bulk measurements, the fluorescence
intensity of a functionalized device is low. However, the fluorescence intensities re-
sponse of bulk solution and a functionalized device show similar trends in intensit-
ies when the sodium ion concentrations were increased. This was expected because,
compared to a bulk solution, the number of PET sensor molecules on a functional-
ized surface is limited. Also, the number of immobilized sensor molecules depend
on the factors such as, the number of primary amine groups on the surface during the
functionalization process. Moreover, unlike in bulk solution, the fluorescence emis-
sion of a functionalized device takes place on the surface and the photons should
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travel through the sample solution to the fluorescence collection fiber. This can also
result in loss of fluorescence emission. Another factor which can influence the in-
teraction of sodium ions with surface functionalized PET sensor molecules is the
hydrophobic/hydrophilic nature of the PDMS surface.
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Figure 4.9: Fluorescence emission as a function of sodium concentrations. The plot
show the response of a functionalized device in presence of sodium using a single
fiber and a multi-fiber system.

Sensor response in an aqueous media. The targeted application of this fluores-
cent sensor is real-time electrolyte monitoring in dialysis. Therefore, it is important
to demonstrate its applicability in a physiologically relevant medium i.e. aqueous
solution, preferably at pH 7.4. Thus, the functionalized device was subjected to de-
termine sodium concentrations in an aqueous medium. NaCl dissolved in DI water
served as a source of sodium ions. To mimic physiological environment, pH of the
solution was adjusted to 7.4 using HEPES buffer. Six independent measurement
were performed using a newly functionalized device. The data were normalized by
the mean intensity values at 30, 40 and 50 mM concentrations. Figure 4.10 shows
the response of a functionalized device in an aqueous solution of NaCl.

It is seen (Figure 4.10) that, fluorescence intensity increases (slope) linearly
between 0-10 mM and then less steep upto 15 mM. Then it starts to saturate from
20 mM and at higher concentrations. Comparing Figure 4.8 and Figure 4.10, it is no-
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Figure 4.10: Normalized fluorescence emission as a function of sodium concentra-
tion. An aqueous solution of sodium chloride is used as a source of sodium ions.
pH of the solution is adjusted to 7.4 using HEPES buffer. A 4.5 mW, 450 nm laser
module is used as an excitation source. Fluorescence emission at 520 nm. The error
bars are calculated using the standard deviation of six independent measurements.

ticeable that although, the florescence intensity trend is similar in both cases (ACN
and aqueous medium), the fluorescence enhancement in ACN is 23% while in case
of an aqueous solution, it is approximately 10%. The relative change in the absolute
fluorescence emission is approximately 20%. This change in fluorescence emission
intensity in different solvents can be attributed to solvatochromic effect [174, 175].
It has been extensively studied that the polarity of the solvent influences quantum
yield and fluorescence lifetimes [176, 177]. Therefore, the functionalized surfaces
show different fluorescence emission intensities in ACN and aqueous solutions. The
reduced emission intensity affects the sensitivity of the sensor negatively because it
might be difficult to distinguish between fluorescence intensities if there are small
changes in sodium concentrations.

This would also indicate that, this functionalized PET sensor molecule would
be less suitable for aqueous solutions. However, PET sensor molecules have been
reported in literature which are sensitive and selective to cations in aqueous solu-
tions [172, 178, 179]. Huarui et al. [179] have demonstrated a PET sensor molecule
with good stability and sensitivity in an aqueous solution. The sensor molecule is
similar to the one used in this thesis except there is a methoxy group placed in the
othro-position(Figure 4.11(a)). The presence of this methoxy group makes it suit-
able for measurements of sodium in clinically important concentrations (100-140
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mM). These PET molecules can be modified so that it has an anchoring group (e.g.
-COOH) and can be functionalized on a PDMS substrate with the functionalization
protocol described in this thesis. PET molecules for other essential electrolytes (po-
tassium, calcium) have also been reported [79] and studied. These molecules have
same fluorophore part which can be modified and immobilized on a polymer sub-
strate according to the procedure described in this thesis. The PET sensor molecules
for sodium, potassium and calcium are shown in Figure 4.11(b).
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Figure 4.11: (a) PET sensor molecules for sodium. (left) molecules used in this
thesis and (right) same molecules modified with a methoxy group (b) PET sensor
molecules for sodium potassium and calcium. Reprinted with permission from [79].
Copyright 2005 American Chemical Society.

4.5.3 Sensor Stability

The device was stored at room temperature for a period of 10 days in a dark envir-
onment to study the sensor stability. Once measurement was performed on day one,
DI water was flushed through the microchannel and the device was stored. This
process was repeated on day seven and day ten. The fluorescence emission intensit-
ies were normalized by the average intensities at 30, 40 and 50 mM concentrations
and the sensor response was plotted as a function of varying sodium concentrations,
as shown in Figure 4.12. It is seen that the sensor shows good stability, leading to
almost no change in fluorescence intensity after ten days of storage at room temper-
ature in a dark environment.
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Figure 4.12: Sensor stability over a period of 10 days storage at room temperature
in a dark environment.

4.6 Cross-Sensitivity to Cations

The selectivity of the PET sensor molecules (indicator dye) is largely determined
by the size of the crown ether [180]. Crown ether is the recognition unit of the
PET sensor molecule. Therefore, the cross-sensitivity to other cations depend of
two factors, namely, size and charge of the ions [181]. Since, the PET molecules in
this work is designed for a cation (Na+), ideally, there will be no crosstalk with an-
ions (e.g. bicarbonate). The crown ether (aza-15-crown-5) used in this molecule is
well-studied for Na+ complexation and shows good selectivity against other cations.
However, the reported studies were performed either in solution phase [172] or in a
bulk functionalized (non covalent immobilization) [178] polymers or hydrogels.

The cross-sensitivity and selectivity of the functionalized fluorescent sensor
device was investigated for potassium (K+) and calcium (Ca2+). An aqueous solu-
tion of KCl was prepared with varying concentrations (1 mM to 50 mM). A 0.1
M HEPES buffer solution was prepared to adjust the pH of the solution at 7.4.
Similarly, CaCl2 solution in DI water was prepared with pH 7.4. Three sets of
measurements were performed. Firstly, only buffer solution was flushed through
the microchannel. This was followed by flushing NaCl solution. The flow was set
at 300 µL·min−1. The concentrations were increased in steps and the corresponding
fluorescence emission intensities were recorded. Similarly, KCl and CaCl2 solutions
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Figure 4.13: Cross-sensitivity of sodium ions to common cations (potassium and
calcium ions) at pH 7.4 (100 mM HEPES buffer).

were flushed and the corresponding fluorescence emission intensities were recorded.
Figure 4.13 presents the selectivity of the fluorescent sensor. It is seen that, some
crosstalk exist to K+ at concentrations above 5 mM. However, this crosstalk should
not be problematic for applications in electrolyte monitoring during dialysis as low
K+ (1-4 mM) concentrations are present in dialysate. Noticeably, no crosstalk to
Ca2+ is observed.

4.7 Leaching

Next to cross-sensitivity, it is crucial that the functionalized PET sensor molecules
do not extract from the device by the action of flow during measurements. This
extraction of chemical species in a solution due to action of water flow is termed as
leaching. Any loss or extraction of the chemical substance will not only influence
the sensitivity of the device, but it might also make the solution flowing through the
microchannel toxic as well. This is also one of the standards set in biomedical eval-
uation of medical devices for systemic toxicity [182]. Leaching can be investigated
in two ways, by measuring the absorbance of the flowed through solution and/or by
fluorescence spectroscopy. There will be a shift in the absorption peak only if there
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is heavy leaching. However, fluorescence spectroscopy is inherently highly sens-
itive to detect even lowest amount of immbolized PET molecules leached into the
solutions. Therefore, fluorescence spectroscopy was the chosen method to invest-
igate leaching. The device was continuously rinsed at a flow rate of 500 µL·min−1

with NaCl and NaClO4 solutions for 1h. The flowed through sample solutions were
collected at an interval of 10 minutes and then analyzed using a multifiber optical
device which was not functionalized. Since the fluorescence emission in both the
cases (ACN and aqueous solvent) saturates at 20 mM, the sodium concentration of
the solution to investigate leaching was kept at 20 mM. A plot of fluorescence in-
tensity against time is shown in Figure 4.14. It is seen (Figure 4.14) that, in both
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Figure 4.14: Leaching of a functionalized device under flow condition of sodium
perchlorate in acetonitrile (strength 0.1 M) and an aqueous solution of sodium chlor-
ide (pH 7.4 and strength 0.1 M). The sodium concentrations used in both cases were
kept constant at 20 mM.

cases (ACN and aqueous solutions), leaching is observed. However, this is small
and can be optimized with extra rinsing steps during the device functionalization
process.

4.8 Conclusions

An optical sensor system with multiple fibers (1×6 fan out) for fluorescence emis-
sion measurement has been developed and presented. This volumetric spectroscopy
uses a quasi 2D method of measurement. The volumetric spectroscopy in combin-
ation with surface functionalized device resulted in a sensitive and robust optical
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sensor system. The sensor system has been subjected to determine sodium concen-
trations in acetonitrile and aqueous solutions (to mimic physiological environment).
In both the solvents, fluorescence emission intensity was enhanced in presence of
sodium ions. However, the increase in intensity is more than 20% in acetonitrile
while it is approximately 10% in an aqueous solution. This change in intensity is
attributed to the solvent polarity which influences the quantum yield of the PET
sensor molecules. The sensor displays excellent stability over a period of ten days
storage at room temperature in a dark environment. The sensor also exhibits good
selectivity over other competing ions (potassium and calcium) in aqueous solution
at physiologically relevant pH (7.4). Importantly, only a small amount of leaching
of the immobilized PET sensors molecules was observed on continuous flushing of
the functionalized device for several minutes, but this can be improved with extra
rinsing steps during functionalization process. The experimental results demon-
strate the potential of optical sensing system for real-time electrolyte monitoring of
important ions.
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Chapter 5

Conclusions and Outlook

5.1 Conclusions

Over the last few decades, technological evolution has played a significant role in the
field of dialysis. Technological advantages have allowed the accessibility and safety
of haemodialysis treatment, which has transformed from an experimental treatment
for a highly selected group of patients in the early sixties to a routine treatment for
more than two million patients worldwide [183]. However, the current dialysis treat-
ment is still not personalized. As each patient has individual needs and tolerance,
the conventional method of using a standard dialysate composition for all patients
may result in health hazards such as hypertension, heart rhythm disturbances and
renal bone disease. Therefore, over the years, a need for individualized treatment
has emerged to alleviate comorbidity and improve mortality among patients. In
individualizing the dialysis treatment, in-line monitoring of essential electrolytes
(mainly, sodium, potassium and calcium) plays a vital role.

Considerable improvements have been made in biofeedback systems and in
the in-line monitoring of blood volume, temperature, conductivity measurements
and urea. In in-line monitoring of dialysate composition, one major breakthrough
has been, in-line monitoring of dialysate conductivity, allowing the assessment of
dialysis adequacy. In smaller studies, dialysate and (derived) plasma conductivity
measurement have also been used to estimate and model sodium kinetics during
haemodialysis [22, 37, 46, 47, 184]. Nevertheless, the system measures ionic mass
balance only as a surrogate of net sodium removal and plasma conductivity as a
surrogate of plasma sodium concentration. As per the present safety standards for
dialysis equipment [185], a direct and absolute measurement method is desired. Fur-
thermore, ions other than sodium also affect conductivity, so, a direct measurement
is the need of the hour. Finally, direct measurements could also allow for studying
kinetics of relevant ions beyond sodium, such as potassium and calcium.

The main goal of this thesis was to bridge this gap by developing a dispos-
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able sensor device for in-line electrolyte monitoring. To realize this, molecular
fluorescence sensors and microfluidics have been used to develop an optical sens-
ing system. The smaller dimensions and relatively simple fabrication process us-
ing polymeric materials make such an optical sensing system an ideal platform for
the development of a disposable device for in-line monitoring of all essential elec-
trolytes in dialysis. As a proof-of-concept, a device for electrolyte (in particular,
sodium) monitoring in real time using simple a optical system has been presented.
The main contributions of the thesis is twofold: (i) design and fabrication of a dis-
posable device (Chapter 2) and, (ii) in-depth evaluation of the device (Chapter 4).
To aid the device evaluation, a study on device immobilization and characterization
is performed in Chapter 3.

Design and Fabrication. Chapter 2 presents the design and fabrication of a ro-
bust micro-optofluidic device with embedded optical fibres. The device is fabric-
ated in polydimethylsiloxane (PDMS) using soft-lithography in a clean room en-
vironment. It features a microchannel for fluid flow and fibre coupler grooves for
optical fibres integration. The optical sensing principle is based on fluorescence
emission intensity measurement. The experimental set-up includes a laser module
for optical excitation and a spectrometer for fluorescence emission collection. The
advantages of such a set-up is that, it is simple and needs no special optical compon-
ents. Fluorescence emission intensity is influenced by factors such as temperature,
dye concentration, flow rates, laser power and solvent medium. Since the aim is
to develop a device for real time measurements, the effect of flow rates was stud-
ied. All other factors were kept constant during the experimental measurements.
An aqueous solution of Rhodamine B served as a fluorescent sample. The exper-
imental data on flow characterization provides insights into the effect of various
flow regimes on fluorescence emission intensity. The results show that the fluores-
cence intensity increases with increasing flow rates. The increase was about 14%
between zero and 200 µL·min−1, while the increase between 200 µL·min−1 and 400
µL·min−1 was only 4%. A constant mid-value of 300 µL·min−1 was chosen to per-
form temperature measurement. Only the fluid temperature was varied. Real time
temperature of up to 50◦C with an accuracy of 2◦C was successfully measured.

Device Functionalization. It is essential to covalently immobilize the PET sensor
molecules (indicator dye) to enable continuous measurement in real time. Covalent
coupling presents highly efficient and eliminates not only migration of indicator
dye but also leaching due to the action of flow. In Chapter 3, first, bulk fluorescence
property of the indicator dye was studied using a device where the microchannel
walls were not functionalized. During this measurement, the dye concentration was
kept constant and only the sodium concentration was varied. The indicator dye was
then covalently immobilized onto the microchannel walls of the device. All the ex-
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periments were done at room temperature in a dark environment. The experimental
data shows that, the fluorescence emission intensity of an immobilized surface is
low when compared to bulk solution. This is expected because of scattering and the
number of indicator dye on an immobilized surface is less than in a bulk solution.
To solve this problem and increase the density of the indicator dye, micropillars
were fabricated in the interrogation area of the microchannel. A whole optimization
process of microchannel with micropillars in a single step fabrication is presented.
An aspect which stands out in the optimization is that the reduction in the exposure
energy significantly influences the micropillars formation (Appendix A). The exper-
imental work on optimization of the immobilization process in Chapter 3 has given
additional insights to the challenges in surface immobilization of indicator dye in a
PDMS microchannel. One such insight is that the immobilization time and swelling
of the PDMS are directly proportional to each other in the solvents such as Tet-
rahydrofuran (THF), dimethylformamide (DMF). Furthermore, the PDMS swelling
influences the immobilization process on the whole. In fact, the fluorescence mi-
croscopic and spectroscopic experiments on the device showed that a successful
immobilization of PET sensor molecules onto PDMS microchannel walls can be
achieved by reducing the immobilization time. The device with a single fibre us-
ing the fluorescence spectroscopy method presented in Chapter 3 yielded results to
determine sodium concentrations in a flowing medium. Besides ion concentrations,
pH of the solution was also monitored. But, the device should be recalibrated and
fluorescence intensity must be compensated for a change in pH during ion concen-
tration measurements.

Multifiber Optical System. Chapter 4 considers a new device design with six
embedded fibres for fluorescence emission collection. This multi-fibre approach
measured fluorescence emission in a three-dimensional manner. The experiments
carried out with the new device show improved fluorescence collection efficiency.
Most significantly, the new device with multiple fibres resulted in more than three-
fold (3.5) increase in fluorescence emission intensity when compared to the device
with single fibre considered in Chapter 3. This enhancement in fluorescence emis-
sion intensity led to an increased device sensitivity. The multi-fibre system was
used to determine sodium concentrations in a flowing medium. The experimental
results demonstrate that, in a physiological environment (pH 7.4), the fluorescence
intensity is enhanced in presence of sodium. The reversible fluorescence emission
intensity with changing sodium concentrations show the device sensitivity and ro-
bustness. The device showed good stability over a period of ten days storage at
room temperature. One noticeable advantage of this sensor system is that, unlike
conductivity measurements using ion selective electrodes, the fluorescent optical
sensor presented in this thesis do not suffer from ion crosstalk. This is evident
from the cross-sensitivity experimental results presented in Chapter 4. No crosstalk
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was observed in presence of competing ions (potassium and calcium) in a physiolo-
gically relevant medium. As per the standards set in biomedical evaluation of a
medical devices for systemic toxicity [182], there should be no leaching during the
use of a medical device. The experimental data on leaching experiment show that,
there is negligibly small amount of leaching after extensive rinsing of the device.
This can be improved by cleaning the microchannel after immobilization with addi-
tional solvents. However, this leaching does not influence the fluorescence emission
intensity in the current proof-of-concept device as even with highly sensitive fluor-
escence method, the leaching is negligibly very less. The optical system presented
can be a foundation for a highly sensitive, robust and reliable method to monitor all
electrolytes in real time.

5.2 Outlook

This thesis demonstrates the possibility to use the PET principle for monitoring elec-
trolyte concentrations in real time during dialysis. The aim of this thesis was not
only to develop a system suited in the lab but also to show that the technology (if de-
veloped further) can be easily integrated into the existing dialysis machines. A mini-
aturized disposable device and a relatively simple optical detection system (without
requiring special optical components) would be sufficient. Also, the device should
be easy to use (typically plug and measure) by a clinician without any special train-
ing. An optical sensor system based on the combination of molecular fluorescence
and lab-on-a-chip resulted in a successful proof-of-concept device. However, the re-
search presented in this thesis opens up many further research challenges regarding
materials, optimization of device functionalization and optical system design.

The ease of rapid prototyping with the silicone-based PDMS makes it an im-
mensely popular material in the microfluidics community. The inherent advantages
include optical transparency, flexibility, porous, cheap and quick fabrication. These
properties of PDMS made it the obvious choice of material for device fabrication in
the work presented in this thesis. Nevertheless, even with the aforementioned ap-
pealing properties, it has the following issues: (i) it is highly hydrophobic by nature
and (ii) it absorbs small molecules and organic solvent. These issues can be over-
come by treating PDMS surface with high energy radiation (plasma treatment) and
coating the surface. But over time it returns to its hydrophobic nature which might
result in unwanted phenomena such as adsorption. These are the reasons PDMS
is not an ideal material for commercial mass-produced devices and limited only to
labs [186].

Besides PDMS, there is a whole lot range of other materials which can be poten-
tially used for device fabrication and prototyping. This includes glass, polymethyl-
methacrylate (PMMA), cyclicolefin copolymer (COC), polystyrene (PS) and ther-
moset polyester (TPE). These materials can be explored to fabricate devices which
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would be in line with existing industry standards and technologies for precise and
cheap mass-production. However, the immobilization protocol would not be com-
patible if a new material for device fabrication is chosen and should be optimized
accordingly. In order to use the afore-mentioned materials, covalent immobilization
of the PET sensor molecules should be feasible to enable measurements in con-
tinuous flow. The most important criteria is amination (surface containing primary
amine groups) of the substrate. The glass/polymer surfaces can be modified with
amino groups according to the amination process described in literature [187–191].
The amine functionalized surface can then be coupled and to the PET sensor mo-
lecules with a caboxylic acid group.

The covalent immobilization method described in Chapter 3 was optimized for a
PDMS surface by working around its property. Although the functionalization was
done in a single day, it resulted in sometimes good, sometimes bad functionalized
surfaces. Starting from baking time of PDMS during device fabrication, plasma
treatment to the solvents, a number of factors can play a role. This leads to many
variants of the described immobilization protocol to work upon. One can look into
these parameters in depth and optimize the immobilization process. This would not
only increase the device sensitivity but also prevent leaching that was observed in
Chapter 4.

In this thesis, the whole microchannel was immobilized with PET sensor mo-
lecules that respond only to sodium ions. But, ideally, a device should have func-
tionality to measure other potentially relevant ions such as potassium and calcium.
This will be possible if the PET sensor molecules that respond to the ions other than
sodium are also covalently immobilized in the same microchannel at different spots.
This will result in a multi-analyte sensing system and hence opens up the following
possibility for further research.

The current device can be extended to support local immobilization of the PET
sensor molecules for measuring potassium and calcium ion concentrations, in ad-
dition to sodium. A possible method to carry out such a local immobilization is
outlined here. As a first step, primary amine groups have to be grafted locally in the
device. This can be done through micro-contact printing [192, 193]. It mainly in-
volves hydroxylating (silanol groups) the PDMS surface with oxygen plasma treat-
ment and then selectively stamping the primary amine groups onto the PDMS sur-
face. This method is illustrated in Figure 5.1.

The portable device with predefined fibre coupler grooves is robust as no align-
ment was needed once the fibres were integrated. Vibration of measurement plat-
form or movement of fibres during measurement did not influence the optical signal
either. However, various aspects of the current device design can be modified for
functional improvement, specifically in clinical testing. Some ideas for improving
the device are discussed below.

75



PDMS

OH O OH OH

Si
O O

NH2

PDMS

OH O HO OH

Si
O O

NH

O PET Molecule

Local amination Local immobilisation 
of PET molecules

Figure 5.1: A schematic illustration of an example showing local immobilization
of the PET sensor molecules. The functional -COOH group of the PET sensor
molecules selectively binds to the locally grafted primary amines.

Integrated Waveguides. In the current device, the fibres were sealed after manual
integration to prevent fluid leakage through the fibre coupler grooves. After taking
measurements, these fibres needed to be carefully removed from the device, cleaned
and their open ends were sliced smoothly. This makes them ready to be used in a
new device. The process of removing, slicing and re-inserting the fibres in a new
device can result in misaligned fibres in the grooves or uneven fibre ends. Such
factors can influence the fluorescence measurement. Therefore, identical data can-
not be produced despite using the same functionalization protocol and experimental
set-up. As a result, every device needs to be calibrated individually, which is not
desirable in mass-production.

A possible solution to the above problem is to design the device with integrated
waveguides for fluorescence collection [117, 194]. These waveguides can then be
coupled with either optical fibres or detectors. An example for such a design with
detectors is shown in Figure 5.2. This design leads to a standalone device which can
be just plugged into an optical detection system.

Integration of Blood-Plasma Separation Module to the Device. In accordance
with the goal of this thesis, a proof-of-concept device has been developed for real
time monitoring of electrolytes. Specifically, sodium was chosen as a representative
electrolyte. The device works successfully for determining sodium concentrations
under laboratory conditions. Considering that dialysate used in dialysis treatment is
an aqueous medium, the device can be used to monitor sodium in dialysate. How-
ever, if the medium is blood, then the device can no longer be used for sodium
monitoring. This is due to the clogging of microchannel in the device by the con-
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Figure 5.2: Schematic diagram of a proposed device with integrated waveguides
and detector elements.

stituents of blood. That is why, clinical deployment of the device in its current
form is not trivial. So, the future work on this device could include the following
extension to enable clinical deployment.

Blood is a highly complex fluid containing constituents of many different sizes
and shapes suspended in plasma. The separation of these constituents from plasma
is vital to minimize interference in an analyte1 detection. A module that separates
the constituents in the blood [195–197] can be integrated into the device to solve the
afore-mentioned clogging problem. An example of such a design with blood plasma
separation module with optical detection system is shown in Figure 5.3. This design
leads to a complete lab-on-a-chip based system.

Inlet Outlet
Optical 
detection

BPS module

Whole blood
Plasma

Figure 5.3: Schematic diagram of a proposed device with integrated blood-plasma
separation (BPS) module.

1We refer to an ‘analyte’ here instead of an electrolyte because several kinds of electrolytes can be
analyzed at once.
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Technology Readiness Level. Technology Readiness Levels (TRL) are a met-
ric based measurement system used to assess the maturity and associated risk of a
particular technology under development. Every technological project is evaluated
against its respective technological parameters and after careful evaluation assigned
a TRL rating. There are nine TRLs, TRL 1 being the lowest and TRL 9 the highest.
In fact, the TRL level determines, how far is a technology from being deployed for
widespread use.

According to the TRL specifications for biomedical devices defined by NATO
[198], the work presented in this thesis is currently at TRL 3. This is because a
proof-of-concept device is the result of the thesis work. The work included design,
development and evaluation of the designed device by means of analytical and ex-
perimental studies on a lab scale. The current device can be converted from a proof-
of-concept device to a device that can be used in clinical testing by implementing
the proposals mentioned in the above section. As a result, elevated TRL can be
achieved and the technology can be realized in practice in near future.

Specifically, the main parameters affecting the device response to the changing
electrolyte concentration is the quality of surface functionalization and fluorescence
signal collection. These parameters can be optimized in the following ways to elev-
ate the device to TRL 4 and TRL 5. First, the surface functionalization of the device
needs to be further optimized by choosing different solvents, temperature and time
to obtain a universal calibration curve that is valid across all devices. Then, other
relevant PET sensor molecules for potassium and calcium can be coated along the
microchannel in the device. This will produce a multi-analyte sensor to detect all
electrolytes relevant for dialysis. Finally, the fabrication of integrated waveguides
and cleaved end of optical fibre improves the signal to noise ratio of the fluorescence
emission. With the above enhancements to the current device, it can used to test the
spent dialysate in the laboratory as well as in the clinical environment, thus making
the device technologically ready as per the levels 4 and 5.

Cost Estimation One of the appealing aspects of lab-on-a-chip devices is their
low cost even at a mature TRL. Such a lab-on-a-chip device is at the core of the
sensor system discussed in the thesis. This system is still at an early stage of devel-
opment, and its technological, economical and social impact has not yet been eval-
uated. The associated cost for the system’s development is one of the main factors
that will impact its acceptance and adoption in the real world. This cost includes
the cost of the components: an excitation source, a detector, a microfluidic device
and the device surface coating. The microfluidic device and its surface coating are
the direct results of this thesis. It is to be noted that among all the components in
the sensor system, only the microfluidic device is disposable. Therefore, the cost
estimation of the device is done first.

Currently, the device is fabricated in PDMS with integrated optical fibres and its
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surface is functionalized with PET sensor molecules. The cost per unit of this device
with integrated optical fibres is approximately e453. To break it down further, the
functionalized device costs e3 and optical fibre bundle costs e450. Furthermore,
the sensor system consists of a spectrometer (e3800), a laser module (e150) and
an optical filter (e70). In total, the complete sensor system costs about e4500 as
per our estimation.

With the suggestions stated below, the cost of the complete sensor system can
brought down to almost 50 times lesser than the current cost.

Device fabrication. In the case of a large-scale production using fabrication meth-
ods such as 3D printing or injection molding can be used to further bring
down the fabrication cost of the microfluidic device from e3 to a few euro
cents.

Combined fabrication and functionalization. An in-situ functionalization of the
device during its fabrication would not only bring down the cost from e3 to
a few euro cents.

Replacing spectrometer. As we can see, the spectrometer is the most expensive
component of the sensor system. We can bring down the cost of the sys-
tem if we use simpler detector such as a PIN diode or a photo-diode whose
maximum price2 is often very low compared to a spectrometer.

Replacing the laser module. A cheaper excitation source such as an LED can be
used in place of the laser module. The price of an LED that suits our system
requirements can range between e0.5 and e10.

Replacing optical filter. If a detector with in-built filter module is used in the sensor
system, then a separate optical filter (as used in the current system) is no more
required.

Final Remarks The device developed as a result of this thesis has the potential to
enable personalized treatments to end stage renal disease patients and also lead to
the development of an electrolyte-specific biofeedback control unit and an artificial,
intelligent, portable kidney [127, 129]. In addition to dialysis, the device can also
be used for other applications such as electrolyte monitoring during surgeries (e.g.
heart/lung machine), water quality monitoring and in agriculture. It can reach its
potential and become a reality only if continued efforts are put into further research
on this device following this thesis.

2The price range of a PIN diode or photodiode can vary from e10 to e150
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Zucchelli, P., “Haemodialysis with on-line monitoring equipment: Tools or
toys?,” Nephrol. Dial. Transplant. 20, 22–33 (jan 2005).

[28] Schindler, J. G., Schindler, M. M., Herna, K., Reisinger, E., Kuhlmann, U.,
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Summary

Patients with end-stage renal disease (ESRD) depend on dialysis treatments, such as
haemodialysis and peritoneal dialysis, for the removal of toxic waste products, fluid
overload and for maintenance of electrolyte balance. The most commonly used dia-
lysis treatment is haemodialysis, which has prolonged millions of lives by making
chronic kidney failure a manageable disease. Currently, haemodialysis is performed
using a ‘one-size-fits-all’ approach using a standard electrolyte concentration. How-
ever, the electrolyte concentration in the blood plasma may vary from one patient
to another. So, the prevalent ‘one-size-fits-all’ model may result in adverse side
effects in patients, such as hypertension, hypotension, hyperkalemia, heart rhythm
disturbances and renal bone disease, among others. This is why, in-line monitoring
of vital electrolytes such as sodium, potassium and calcium during dialysis, plays
a significant role in individualizing the dialysis treatment and mitigating the health
complications. However, there is a lack of such an in-line ion-selective electrolyte
monitoring method.

The goal of this PhD work is to design, develop and validate an optical sensor
system for in-line ion selective electrolyte monitoring during dialysis. To realize
this, we employ the advantages of microsystem technologies and those of fluores-
cence based PET (photoinduced electron transfer) sensor molecules. Such an op-
tical measurement method is not only non-invasive, highly sensitive and less prone
to fouling but also there is a complete absence of electrical contact in the patient
circuit. Furthermore, microsystem technologies have the potential to offer low cost,
flexible and disposable sensors for multiple analyte detection.

The core of the optical sensor system is a micro-optofluidic device with integ-
rated optical fibres for fluorescence emission collection. The device contains a mi-
crochannel for fluid flow and pre-defined fibre coupler grooves for the integration
of optical fibres. We have used soft-lithography for device fabrication in a poly-
meric material called PDMS (polydimethylsiloxane). The optical fibres are manu-
ally inserted into the coupler grooves and sealed with an optical adhesive. We have
fabricated devices with single and multiple (six) fibres for fluorescence emission
collection.

We have developed an experimental set-up which consists of a laser module as
an excitation source, a spectrometer for fluorescence collection and a syringe pump
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to control the fluid flow. The excitation source is placed orthogonally to the collec-
tion fibres. We have measured flow rates and temperature dependence in real time
using simple optical components. For this, we have used the device with single fibre
for fluorescence collection and an aqueous solution of Rhodamine B. The experi-
mental results show that, the fluorescence emission intensity increases with increas-
ing flow rates. The increase is about 14% between zero and 200 µL·min−1, while
the increase between 200 µL·min−1 and 400 µL·min−1 is only 4%. We chose a fixed
mid-value of 300 µL·min−1 to perform temperature measurements and successfully
perform real time temperature measurement of up to 50◦C with an accuracy of 2◦C.

For electrolyte (specifically, sodium) measurements, the PET sensor molecules
are covalently immobilized onto the microchannel walls, thereby avoiding sample
fouling by leaching during measurements. We have fabricated micropillars in the
microchannel to increase the density (number of PET sensor molecules) of the im-
mobilized PET sensor molecules. We present two types of device designs, one with
a single fibre for fluorescence collection and another with multiple (six) fibres.

Firstly, we determine sodium concentrations using the device with a single fibre.
The experimental results show that, the fluorescence intensity increases with in-
crease in sodium concentrations and then reaches saturation. The increase between
zero and 10 mM is linear, whereas between 10 mM and 20 mM, it increases gradu-
ally and then starts to saturate from 20 mM and at higher concentrations. Simil-
arly, the device with multi-fibre is subjected to determine sodium concentrations in
a flowing medium. As expected, the fluorescence intensity is enhanced 3.5 folds
in presence of sodium ions when compared to the device with single fibre. The
experimental data from the multi-fibre device show improved signal-to-noise ratio
resulting in an enhanced fluorescence emission intensity. This not only makes the
optical sensing system sensitive but also the measurements reliable.

The multi-fibre optical device was put to test for cross-sensitivity in presence
of competing ions (calcium and potassium) and leaching due to action of flowing
medium. The results show that, no cross-sensitivity for calcium ions but there is
very little cross-sensitivity for potassium ions at higher concentrations (5 mM and
above). Extensive rinsing of the device with acetonitrile and deionized water with
20 mM sodium concentrations show negligibly small leaching. The devices show
good signal stability even after ten days of storage at room temperature.

In conclusion, we have presented a micro-optofluidic device for in-line electro-
lyte measurement pertaining to application in dialysis. As a proof-of-concept, we
determine sodium concentrations in a flowing medium. Besides sodium, the sensor
system can also be used for pH measurements. The measurement range for sodium
can be extended to a physiological range (120-150 mM) by slightly changing the
PET sensor molecule. Also, the measurement approach presented in this thesis can
be extended to determine other essential electrolytes (potassium, calcium) by using
their respective PET sensor molecules.
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Appendix A

Micropillar Fabrication

To enhance the fluorescence intensity, the density of fluoroionophores should be
high in the interrogation area. A larger number of immobilized PET molecules on
the surface will lead to fluorescence emission enhancement and hence increased
sensitivity. Since the fluoroionophores are immobilized on the microchannel walls,
the fluoroionophore density amongst other things depends on the surface to volume
ratio. In order to increase the surface to volume ratio, internal structures like pillars
have been fabricated in the microchannel. However, the number of micropillars
into the channel should not be densely packed. This will cause an increased flow
resistance, an increased pressure drop over the microchannel and also the chance of
microchannel clogging (for blood analysis).

Soft-lithography has been extensively used to fabricate micropillars with 100-
125 µm height and 50-10 µm diameters [199–201]. In this thesis, micropillars with
a diameter of 50 µm was fabricated. The channel height was chosen to be the
same as the outer diameter of the optical fibre without cladding (125 µm). The
standard soft-lithography process was optimized for sylgard 184 PDMS to fabricate
the whole chip (micropillars and microchannel) in a single photo-lithography step.
To optimize the fabrication process, baking time (soft and post exposure), exposure
energy and development time was thoroughly investigated.

Exposure Energy

The optimal amount of acid generator molecules depends on the solvent concen-
tration and exposure energy. Exposure was performed with an ABM stand-alone
exposure system. It has a near UV lamp (OmniCure S2000) with standard (320-
500 nm) filter. It emits collimated light but has a non-uniform intensity distribution.
Therefore, the non-uniformity of the light was taken into account while calculating
the exposure time. Wavelengths below 365 nm were filtered out during exposure
with a longpass filter. The exposure energy was varied from 240 mJ·cm−2 to 50
mJ·cm−2. The results can be divided into three parts:
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• Exposure energy > 120 mJ·cm−2: Generally bumps were formed similar to
those shown in Figure A.1.

• Exposure energy between 90 and 120 mJ·cm−2: The diffusion of the acid
generator molecules is sufficiently low to allow the holes to be formed on
the master mold and hence the micropillars are formed (Figure A.2 and Fig-
ure A.4).

• Exposure energy < 90 mJ·cm−2: Usually the micropillars were formed but
the side channels detached during development (Figure A.3).

Initially, the standard fabrication procedures recommended by Microchem for
SU8-2000 has been followed for fabricating the chip containing a microfluidic chan-
nel of 400 µm in width and 125 µm in height and containing micropillars with dia-
meters of 40 µm and 125 µm height. The pillars were inspected using a Keyence
VHX-5000 digital microscope. Figure A.1 presents a microscopic image of mi-
cropillars fabricated with an exposure energy of 240 mJ·cm−2. This standard pro-
cedure resulted in bumps of approximately 15 µm height inside the microchannel
instead of micropillars and therefore the procedure needed to be adjusted.

Figure A.1: Microscopic image (VHX-5000 digital microscope 100x magnifica-
tion) of fabricated micropillars. The device is fabricated according to the standard
Microchem procedure for SU8-2000 using an exposure energy of 240 mJ·cm−2.

Next, the same standard procedure was followed but the exposure energy was
changed. Figure A.2 shows that when the exposure energy was decreased from 103
mJ·cm−2 to 96 mJ·cm−2, larger micropillar structures were formed. However, their
shape was then slightly conical. Further reduction in the exposure energy to values
below 90 mJ·cm−2, micropillars were formed but the side channels detached during
development (Figure A.3. Therefore, we chose to use 96 mJ·cm−2 exposure energy
to fabricate micropillars with diameter 40 µm and height 125 µm.

Baking time

Soft baking time determines the solvent concentration of the photoresist. Shorter
soft baking means higher solvent concentration. A high solvent concentration leads
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Appendix-A. Micropillar Fabrication

Figure A.2: Microscopic image (VHX-5000 digital microscope 100x magnification)
of fabricated micropillars. The device was fabricated according to the standard pro-
cedure of Microchem for SU8-2000. Left: Micropillars in the channel are formed,
the pillars in the middle are slightly conical. The pillars are approximately 125 µm
in height. The exposure energy was 96 mJ·cm−2. Right: The pillars are approxim-
ately 100 µm in height and are conical. The exposure energy was 103 mJ·cm−2

Figure A.3: Microscopic image (VHX-5000 digital microscope 20X magnification)
of the showing the top of the master mold with detached side channels. An exposure
energy: 86 mJ· cm−2 was used.

to increased lateral diffusion rates of the acid generator molecules outside the masked
areas during post-exposure baking. The molecules cross-link and result in a lower
contrast between cross-linked and unlinked areas.

The unexposed volumes, which were intended to become holes (negative of the
micropillars) are surrounded by exposed photoresists, it was plausible that this had
caused the conical shapes of the micropillars. In addition, the silicon wafer spin
coated with SU-8 was heated on a hot plate from below while evaporation takes
place at the top. This could explain why at the top layer of the resist there is less
diffusion of the acid generator molecules and the holes were formed. To investigate
this, the standard soft bake time was increased from 25 to 35 minutes. But, this did
not improve the shape of the pillars.
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Figure A.4: Scanning electron microscope (SEM) image of the section of a fabric-
ated microfluidic device. The pillars have a height of 125 µm and some are slightly
conical. Exposure energy: 110 mJ·cm−2

A long soft bake does not guarantee a low solvent concentration, because, there
is a chance of a dried and glassy polymer ‘skin formation’ on the surface of the
SU-8 film during the soft bake [202]. Liu et al applied a solution to overcome this
‘skin formation’ by covering their wafers with a half petri dish during soft bake to
trap the solvent vapor [203]. We also experimented with covering the wafer during
soft bake but in our experiments it showed no improved results in the micropillars
formation. Therefore, the standard soft bake procedure was followed.

Development

The developer (PGMEA) molecules diffuse into the non cross-linked SU-8 regions
during the development process. This causes the solvable polymer chains to diffuse
out of the non-cross-linked area into the developer solution. Because the unexposed
volumes of the photoresist (intended to become pillars) are relatively isolated and
therefore hard to reach by the PGMEA, it was hypothesized that diffusion was lim-
iting the development. To validate this, the development time was increased to 8
h with the standard fabrication procedure. The results showed similar bumps as
shown in Figure A.1.

Later on, development was performed under ultrasonic waves. However, this
also showed no significant improvement. This led to the conclusion that the de-
velopment step did not seem to have much influence in the micropillar formation.
In another process, during development, a glass petri-dish filled with PGMEA (ap-
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proximately 1 cm) was placed on a shaker. The developer was replaced with a new
batch every 3 min (take out the wafer, throw away the PGMEA, add a fresh de-
veloper solution). The development was done for about 12 min under continuous
monitoring and stopped as soon as any detachment was observed.

Step Process description

Spin coating Dispense about 10 ml of SU8-2050 carefully (avoid
air bubbles) and follow standard spin coating pro-
cedure from microchem manual.

Soft baking Bake for 5 min at 65 ◦C and then bake for 25 min at
95 ◦C. Let it cool down to room temperature

Exposure Place the wafer, photomask and filter (in this order)
under the UV lamp. Expose at 110 mJ·cm−2. Meas-
ure the intensity of the lamp and calculate the expos-
ure time.

Post exposure bak-
ing

Bake for 5 min at 65 ◦C and then bake for 10 min at
95 ◦C. Let it cool down to room temperature.

Development Develop in PGMEA developer for about 12 min.
Stop development if the features start to detach.

Rinse and dry Rinse with extra PGMEA followed by isopropanol
and blow dry with nitrogen.

Hard baking Hard bake at 150 ◦C for 15 min

Table A.1: Custom procedure for micropillars fabrication using UV-
photolithography on a standard 4 inch silicon wafer

Another important during the fabrication process was peeling off the PDMS
features from the master mold. It was peeled very carefully such that the fragile
pillars did not break during the process. A few drops of isopropanol (IPA) were
added to ease the peeling-off process as and when needed. The optimized process
is summarized in Table A.1. In addition, exposure energy seems to play a key role
with very narrow tolerances.
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Appendix B

Device Functionalization

The physical and chemical properties of PDMS (polydimethylsiloxane) makes it
a star material in the microfluidics community. Some of the qualities that attract
its use in rapid prototyping are easy patterning by soft-lithography, optical trans-
parency, flexibility, low-cost, chemical inertness and gas permeability. Although,
the material is attractive, it also has certain problems such as absorption of organic
solvents and small molecules as well as auto-fluorescence [204]. Also, by nature it
is highly hydrophobic. Yet, the silicone can be put to its best advantages by working
around these properties.

Several surface modification techniques have been developed to modify PDMS
surface for sealing and introduction of new functional groups. The highly homogen-
eous distribution of the electron density of C–Si requires high-energy irradiation or
high energy potential reactants for surface modifications. Plasma (air, oxygen) treat-
ment at low temperature and pressure (vacuum) [205, 206], corona discharge treat-
ment [207] and UV-irradiation [208] have been applied for PDMS surface modific-
ation, largely keeping the bulk properties of the polymer unchanged.

In this work, surface plasma treatment of PDMS was applied for a subsequent
grafting-to procedure to introduce a functional group. The surface functional group
(-NH2) produced by oxygen plasma treatment of PDMS followed by treatment with
3-aminopropyl triethoxysilane (APTES) (Sigma Aldrich) were used as anchors to
graft the PET sensor molecules with carboxylic acid group. In addition, the primary
amine (-NH2) group were used as an adhesion promoter to graft the PEMA co-
polymer.

PET Immobilization using EDC

Firstly, PDMS microchips were cleaned with ethanol (EtOH) and DI (deionized)
water and blow dried with nitrogen. The cleaned microchips were oxygen plasma
treated (60 W, 1 min) and sealed against another flat PDMS layer treated with oxy-
gen plasma. This was immediately followed by introduction of APTES in DI wa-
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ter and EtOH in the microchannel for 2 h. Subsequently, the microchannels were
abundantly flushed with DI water to remove any unbound APTES. After rinsing,
the microdevices were annealed in an oven at 120 ◦C for 1 h. This resulted in a
covalently grafted cross-linked siloxane network with primary amine (-NH2) group
at the surface(Figure 3.8).

The immobilization procedure of PET sensor molecules on -NH2 grafted PDMS
microchannel consisted of the following steps: A freshly prepared solution of PET
sensor molecules (0.3 mmol), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hy-
drochloride (EDC·HCl) (3 mmol) and triethylamine (Et3N) (2 equivalents) in an-
hydrous dimethylformamide (DMF) (5 ml) was prepared and flushed through the
microchannel and left overnight. The microchannel was then flushed several times
with DMF and DI water to remove any unbound PET sensor molecules. This yiel-
ded microchannel grafted with PET molecules. Once the functionalization process
was completed, the optical fibres were integrated and fixed with an optically curing
adhesive (NOA 81). The channels were then filled with a HEPES buffer solution
(pH 7.4) for at least 12 h.

Fluorescence microscope (EVOS FL, Thermo Fisher) image of the functional-
ized microchannel (top) and a flat PDMS layer (bottom) are shown in Figure B.1. It
is seen that, the PET molecules are immobilized but the functionalization is not uni-
form. These devices were used to measure sodium concentration using an aqueous
solution of NaCl (sodium chloride) at pH 7.4. HEPES buffer was used to make the
pH solution and the pH was adjusted using trace metal basis KOH (potassium hy-
droxide) (Sigma Aldrich) pellets. Sodium concentration was varied from zero to 50
mM in steps. A plot of peak fluorescence against sodium concentration is shown
in Figure B.2. Two independent measurements were performed. It is seen that, the
fluorescence intensity changes with change in sodium concentration but the change
is not consistent and significant to distinguish between the concentration change.
It was assumed that, this could happen due to adsorption of the PET sensor mo-
lecules into the PDMS. This adsorption can cause large background fluorescence
thereby diminishing the change in fluorescence emission due to interaction of PET
molecules with flowing sodium ions. As a next step to prevent this adsorption, the
PDMS surface was passivated with a high molecular weight polymer called PEMA
(poly-ethylene-alt-maleic-anhydride).

PDMS Surface Passivation

The grafting to procedure using PEMA co-polymer consisted of the following steps.
A solution (0.4% wt) of PEMA copolymer was made in dry pyridine. The pyrid-
ine was dried using molecular sieves. Thereafter, the solution was flushed through
APTES modified PDMS microchannel for 10 min. This was followed by annealing
at 120 ◦C for 2 h. This resulted in grafting the PEMA onto PDMS surface. Non-
grafted PEMA co-polymer was removed by continuous flushing of the microchan-
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Figure B.1: Fluorescence microscope images of two fabricated microfluidic devices
and a flat PDMS surface. The devices were functionalized using EDC·HCl and
DMF. Top: Images of the functionalized devices. Bottom: Image of a functional-
ized flat PDMS layer. For comparison, the fluorescence images are takes at same
fluorescence intensity and at same scale.

nel with DI water. After flushing several times and blow drying with nitrogen, the
hydrolyzed PEMA was annealed at 120 ◦C for 2 h to reconvert it to its anhydride
form before immobilizing the PET sensor molecules 1. The PET sensor molecules
1 with an amine group was used to bind to the polymer substrate consisting of -NH2
functional group.

Fluorescence microscope images of the functionalized microchannel (top) and
a flat PDMS layer (bottom) are shown in Figure B.3. It is seen that the PET sensor
molecules bind to the surface but there are some flaky structures on the PDMS sur-
face. These flaky structures appears to be either precipitates or non-grafted PEMA
co-polymer which remained on the substrate.

The devices, surface passivated with PEMA were used to measure sodium con-
centrations using an aqueous solution of NaCl at pH 7.4. Sodium concentration was
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Figure B.2: (a) Peak fluorescence intensity as a function of sodium concentrations.
An aqueous solution of sodium chloride (NaCl) at pH 7.4 is used. An aqueous
solution of HEPES buffer is used. pH of the solution is adjusted using KOH. Two
independent measurements are shown in (a) and (b). Excitation at 450 nm and
emission at 520 nm.

varied from zero to 40 mM and peak fluorescence against sodium concentration is
shown in Figure B.4.

Two things are observed from Figure B.4. First, the peak fluorescence intensities
are low. This could be due to the precipitate type structures (non grafted PEMA) de-
posited in the microchannel where the PET sensor molecules are clogged, which res-
ulted in non-uniform functionalization. Second, the fluorescence intensity decreases
with increasing concentration. This could happen due to either photo-bleaching ef-
fect or the large background fluorescence generating large signal noise due to the
presence of the flaky structures. The fluorescence change due to change in sodium
concentration was masked. Since this procedure did not result in an improved func-
tionalization, we chose to modify the protocol in a different way.

PET Immobilization using EDC-NHS

In the previous section (B), we described the protocol for amide bond formation
(or amidation) from carboxylic acid by carbodiimide (EDC·HCl) activation. In this
section, we have used the same protocol, but, in addition, an additive, NHS (N-
hydroxysuccinimide) was also used.

A solution of PET sensor molecule (0.1 mM), EDC·HCl (0.5 mM), NHS (0.5
mM) and Et3N (1 mM) was made in THF. The solution was filled in the microchan-
nel and left overnight. This was followed by flushing the microchannel with extra
THF and DI water several times to remove unbound PET sensor molecules. Fluor-
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Appendix-B. Device Functionalization

Figure B.3: Fluorescence microscope images of two microfluidic devices and flat
PDMS surface. The PDMS devices as well as the flat surface is passivated with
PEMA co-polymer dissolved in dry pyridine. The devices are functionalized using
EDC-HCl and DMF. Top: Images of the functionalized devices. Bottom: Images
of functionalized flat PDMS layers. The images were taken with same fluorescence
intensity and same scale for comparison.

escence microscope images of the functionalized devices is shown in Figure B.5.
The figures show a uniform functionalization.

The functionalized devices were used for sodium concentration measurements
in a flowing medium. An aqueous solution of NaCl at pH 7.4. Figure B.6 presents
three independent measurements. It is seen that, in Figure B.6(a), the fluorescence
intensity increases with increase in sodium concentration whereas in Figures B.6
(b) and (c), approximately no change in fluorescence emission intensity is observed
with increase in sodium concentrations. This leads to a conclusion that, although,
the functionalization was uniform, the sodium measurement results were not con-
sistent.

In the next steps, two different sources of sodium were used. First, an aqueous
solution of a weakly co-ordinated salt, NaBF4 (sodium tetrafluoroborate) with pH
7.4 (HEPES buffer) was used. Second, a solution of sodium perchlorate (NaClO4)
in acetonitrile (ACN) was used as a source of sodium. The ionic strength of the
ACN solution was maintained at 0.1 M using a solution of n-Bu4NClO4 (tetrabutyl
ammonium perchlorate). This did not result in any improvement in fluorescence
intensity (Figure B.7).
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Fluorescence Vs sodium concentration
for a PEMA functionalized chip

Figure B.4: Peak fluorescence intensity as a function of sodium concentration.
PDMS surface (microchannel) was passivated with PEMA copolymer solution in
dry pyridine. The device was functionalized using EDC-HCl and DMF. Excitation
at 450 nm and emission at 520 nm.

Figure B.5: Fluorescence microscope images of the devices functionalized using
EDC-NHS and THF as a solvent.

Therefore, we hypothesized that, this might happen due to the fact that, the
organic solvents (DMF, THF) induces swelling in PDMS [209]. The swelling can
cause the PET sensor molecules to migrate inside PDMS and hence sodium ions
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(c)

Figure B.6: (a) Peak fluorescence intensity as a function of sodium concentrations.
An aqueous solution of sodium chloride (NaCl) at pH 7.4 was used as source of
sodium. Three independent measurements are shown in (a), (b) and (c). Excitation
at 450 nm and emission at 520 nm.
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(b)

Figure B.7: (a) Peak fluorescence intensity as a function of sodium concentrations.
Sodium perchlorate (NaClO4) dissolved in acetonitrile was used as source of so-
dium. A solution of n-Bu4NClO4 (tetrabutyl ammonium perchlorate) in acetonitrile
was used to maintain the ionic strength of the solution at 100 mM. (a) shows the res-
ults of very low (1 µM) to concentration upto 5 mM and (b) shows the concentration
from 1 mM upto 50 mM. Excitation at 450 nm and emission at 530 nm.

flowing in the solution might not interact with the PET sensor molecules. It is also
reported in literature that the swelling is dependent on the exposure time of PDMS
to a particular solvent [210]. It was presumed that this reduction in time will result
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in swelling the PDMS to a lesser extent. Therefore, the functionalization time was
reduced in the next step.
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Figure B.8: Peak fluorescence intensity as a function of sodium concentration.
PDMS surface (microchannel) was using EDC-NHS functionalization protocol. So-
dium perchlorate dissolved in acetonitrile was used as a source of sodium and the
ionic strength of the solution was maintained at 100 mM using tetrabutyl ammonium
perchlorate. Excitation at 450 nm and emission at 520 nm.

Later on, the same functionalization protocol was followed, except that the func-
tionalization time was reduced to 1 h. As expected and evident from Figure B.8,
this showed considerable improvement, in the fluorescence response of the sensor
towards change in sodium concentration. Therefore, this is the protocol that further-
more will be used throughout the thesis for immobilization process. The customized
protocol used in the functionalization of the devices is summarized in Table B.1.

Surface Morphology

The surface morphology of a plain, amine grafted and PET sensor functionalized
PDMS surface was investigated by atomic force microscopy (AFM). An AFM ex-
ploits the inter-atomic force between a tip and the sample surface for imaging the
sample surface. The basic components of an AFM include a tip (sharp) mounted
on a cantilever, cantilever deflection sensing system, a feedback system to control
and monitor deflection, a scanning system and a display [211]. A schematic il-
lustration of the basic components are shown in Figure B.9. The AFM uses the
optical lever to measure vertical and lateral deflections of the cantilever. The tip is
brought in contact with the sample and raster scanned along a small area (typically
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Step Process description

PDMS surface cleaning Clean PDMS microchannel and a flat PDMS
surface (for sealing the microchannel) with
ethanol and water. Blow dry with nitrogen.

Plasma treatment Place the cleaned PDMS surfaces in the
plasma asher. Oxygen plasma treatment at 60
W for 1 min.

Primary amine grafting Prepare a solution of 3-
aminopropyltriethoxysilane (APTES) in
ethanol and deionized water (1:4:40 v/v/v
%) and introduce this mixture (for 2 h) into
the microchannel immediately after plasma
treatment. Rinse the sample extensively
with deionized water to remove any unbound
APTES. Blow dry with nitrogen and anneal
the sample at 120 ◦C for 1 h to produce
covalently grafted, cross-linked siloxane
network.

PET functionalization Prepare a solution of PET sensor molecule
(0.1 mM), EDC·HCl (0.5 mM), NHS (0.5
mM) and triethylamine (1 mM) in THF. Flush
the solution in the microchannel continuously
for 1 h, making sure that the microchannel
does not dry. Afterwards, extensively flush
the microchannel with extra THF and deion-
ized water several times to remove unbound
PET sensor molecules and blow dry with ni-
trogen.

Table B.1: Custom protocol (developed in this thesis) for PDMS microchannel func-
tionalization with fluorescent PET sensor molecules.

10×10 µm2). The change is sample height will result in cantilever deflections. An
electronic feedback system adjust the probe height.

First a cured flat layer of PDMS was prepared and cleaned with ethanol and
deionized water. Three different samples were prepared for comparison.

• A clean and untreated PDMS layer
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• PDMS layer grafted with a primary amine group.

• PDMS layer functionalized with the PET sensor molecules as described in
Chapter 3

Position sensitive detector
Laser

Cantilever
Tip

Sample surface

Figure B.9: Schematic illustration of the working of an atomic force microscope.

(a) (b) (c)

Figure B.10: AFM height images of (a) untreated PDMS (b) primary amine grafted
PDMS and (c) PET functionalized PDMS. Image size 10×10 µm2.

Topography scans giving a height scan (surface roughness) were performed on
a typical 10×10 µm2 area. Figure B.10 shows AFM height images of an untreated,
amine grafted and a PDMS surface functionalized with PET sensor molecules. The
topographical differences is clearly observed. The amine grafted PDMS surface is
slightly rough compared to a plain untreated PDMS. However, the surface rough-
ness of a PET functionalized surface is the highest. This surface roughness can be
attributed to the solvent (THF) used in the functionalization process.
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