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Summary  

The goal of this project is to design an electrochemical microfluidic chip, fabricate the chip which 

integrated either with platinum electrode or boron-doped diamond (BDD) electrodes, as well as 

characterize the electrochemical conversion efficiency of the chip. The application of this chip is in 

drug screening. The work is based on the former work of Dr. M Odijk and F. T.G van den Brink.  

A short introduction of the research goals and the application of the project, as well the outline of 

the thesis are given in chapter 1. In chapter 2, the basic theory about electrochemistry and some 

common used measurement techniques are introduced, followed by the fundamentals in 

microfluidics and a comparison of different kinds of micromixers. The electrode materials ς platinum 

and boron-doped diamond (BDD) ς are introduced and compared at last. 

With the presented theory, the electrochemical microfluidic chip is designed  which consists of an 

electrochemical flow cell for mimicking phase I drug metabolism, a 3D split-recombine mixer at 

downstream of the electrochemical cell to study phase II reactions, microfilters to prevent channel 

blockage, and flow resistors to maintain equal flow speed of the working electrode and the counter 

electrode in chapter 3. The electrochemical flow cell is designed in three different manners with frit 

channel system of different geometry connecting the working electrode and the counter electrode. 

The performance of the 3D split-recombine mixer is simulated in COMSOL Multiphysics. 

In chapter 4, the fabrication process of platinum and BDD chips are described, followed by a 

introduction of the measurement setups and protocols used in the electrochemical measurement 

and UV/vis conversion efficiency measurements.  

In chapter 5, the fabrication results are presented and analyzed, compared with the design of the 

chip. In the following part, the electrochemical measurements and conversion efficiency results of 

the electrochemical cell in three different manners are presented and compared with each other, as 

well as with the design in chapter 2. A brief summary of the performance of the mixer in 

fluorescence microscopy measurements did by Linda van der Hout is also given to compare with the 

simulation results.  

At last, all the work did in this project is concluded in chapter 6, with some recommendations for the 

future research.  
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Parameters  

Table: Parameters used in the report. 

Symbol Description Dimension Value 
” Fluid density ὯὫȾά  1000 
‘ Dynamic viscosity ὯὫȾίϽά   
– viscosity ὖὥϽί ψȢω ρπ  
○ Flow velocity άȾί  
╓ Diffusion coefficient ά Ⱦί τ ρπ  

φȢχ ρπ  
○□╪● Maximum flow 

velocity 
άȾί  

○● Flow velocity in ὼ 
direction 

άȾί  

ὖ Pressure ὖὥ  
╕ Body force ὔ  
ὗ Volumetric flow 

velocity 
‘ὒȾάὭὲ  

ὸȟ  Minimum residence 
time 

ίὩὧ  

ὸȟ  Average residence 
time 

ίὩὧ  

ᾀ ȟ  Minimum diffusion 
distance 

ά  

ώ  Diffusion distance ά  

Ὑ Hydrolic resistance Ҡ  
Ὑ Electrical resistance ɱ  
ὧ Concentration άέὰȾά   
ὃ  Atomic weight   
ὐ Current density ὃȾά   
‖ Conductivity ὛȾά  
ὰ Channel length ά  
Ὤ Channel height ά  
ύ Channel width ά  
◊ Dynamic velocity   
▪ Normal vector   
ὲ Number of electrons   
Ὥ Current ὃ  
Ὁ Potential ὠ  
Ὁ Absorbance   
‐ Extinction coefficient   
ὒ Extinction wavelegnth ὲά  
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1. Introduction  

1.1 Research goals 

The goal of this master project is to design, fabricate and test an electrochemical microfluidic chip. It 

is part of the PhD project of CΦ¢ΦD Ǿŀƴ ŘŜƴ .Ǌƛƴƪ ǿƘƛŎƘ ƛǎ ŎŀƭƭŜŘ ΨaƛƴƛŀǘǳǊƛȊŜŘ ŜƭŜŎǘǊƻŎƘŜƳƛŎŀƭ ŎŜƭƭǎ ŦƻǊ 

on-ƭƛƴŜ ǳǎŜ ǿƛǘƘ ƭƛǉǳƛŘ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅ ŀƴŘ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅ ŦƻǊ ŘǊǳƎ ǎŎǊŜŜƴƛƴƎ ŀƴŘ ǇǊƻǘŜƻƳƛŎǎΩ 

and is also a continuation of the work of Dr. M.Odijk. The miniaturized electrochemical cell can act as 

a complementary method of drug metabolic of in vitro test. On the other hand, on-chip 

electrochemistry integrated with other LC/MS can also be used for protein digestion, separation and 

analyzing the subsequent peptide by mass spectrometry. 

In the work of Dr. M.Odijk, he designed a miniaturized three-electrode electrochemical cell which 

achieved total conversion of fast reaction ions at high flow rates with small chip volume. In the work 

of F.T.G van den Brink, he further integrated a microfluidic mixer to the chip to study phase 2 

metabolism of drug compounds, as well as a ESI needle to the outlet of the chip for ionization of the 

molecules before detected in MS. This chip was made of plastic and integrated with carbon 

electrode. It has dimensions of 6 ὧά length and 1.5 ὧά width. The first goal of this project is re-

designing the chip based on a much smaller footprint (2 ὧά  1.5 ὧά). Both the electrodes will be 

rearranged and the mixer will be redesigned to fit in this small chip. Moreover, a new electrode 

material--boron-doped diamond (BDD)--is intended for the fabrication of the electrodes because of 

its prominent characteristics, such as wide potential window, less fouling, high conductivity, high 

hardness, compared with platinum electrodes.  

In summary, three research goals are formulated in this project: 

1. Design and simulate an electrochemical microfluidic chip for drug metabolism and 

proteomics, as well as a micromixer on the chip for controlling the microreactions.  

2. Fabricate both chips integrated with platinum electrodes and boron-doped diamond (BDD) 

electrodes. Investigate possible techniques for BDD cleanroom fabrication. 

3. Characterize the conversion efficiency of the chip via electrochemical and optical methods. 

1.2 Application of the projects  

On-chip electrochemistry mainly has two applications: drug-screening and proteomics.  

1) Drug screening 

Drug screening is a crucial stage in research of new drug candidates, in which large numbers of 

molecules are tested with the goal of identifying the most promising candidate. Usually, large 

amount of promising drug candidates are tested in animal models, but only very few compounds are 

selected for further clinical trials. The use of animal in drug screening is very time consuming and 

expensive and often leads to suffering of the used animals[1]. In order to reduce the use of animal 

test in drug-screening, on-chip electrochemistry stands out as an promising approach to mimic the 

metabolism of drugs in vitro to reduce animal use in the preclinical part of drug-screening[2].  
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Drug metabolism usually consists of two phases-phase 1 and phase 2. Phase 1 reaction includes 

oxidation, reduction or hydrolysis which convert a parent drug to more polar (water soluble) 

metabolites by unmasking or inserting a polar function group (-OH, -SH,-NH2), often in the liver[3]. 

Toxic metabolites may also be generated in phase-1 which is the main concern in drug-screening 

research. Phase 2 metabolism, also called conjugation reactions, includes glucuronidation, 

acetylation, and sulfation, which usually involve covalent bonding of the drug or phase 1 metabolite 

to other polar compounds[4]. 

An important enzyme family taking part in the drug metabolism process in human body is 

cytochrome P450 (CYP450) which is responsible for the oxidative metabolism in phase 1 of the 

majority of the drugs in current clinical use[5, 6]. Usually, liver cell extracts are used in vitro test to 

mimic the in vivo reaction catalyzed by CYP450[7]. However, the metabolic products may adhere to 

the cell membrane in the liver cell extracts to make them undetectable. Another in vitro method to 

induce oxidation reactions is to use direct electrochemical oxidation, in which most oxidation 

reactions catalyzed by CYP450 are also observed, except for epoxidation, alcohol, and aldehyde 

oxidation reactions. Direct electrochemical oxidation of drug candidates can be used as a 

complementary of CYP450 oxidation reaction. The method used in the on-chip electrochemistry cell 

of this project is direct electrochemistry oxidation which is faster and less costly than the use of liver 

cell extracts.  

2) Proteomics 

Proteomics is the science to study the proteins produced by an organism. In proteomics, proteins are 

cleaved into peptides and subsequently analyzed by mass spectrometry (MS). It relies on specific 

cleavage of proteins which is usually conducted by enzymatic digestion. Trypsin is the most 

commonly used enzyme in protein cleavage.  Direct electrochemical oxidation of peptides can works 

as an alternative method for protein cleavage. It allows specific cleavage of the peptide bonds next 

to tyrosine or tryptophan residues[8].Direct electrochemical cleavage will increase the speed of 

analysis and can be coupled on-line to a liquid chromatography(LC)-MS system[9].  

1.3 Thesis outline  

In the following chapters, the works done for this project will be discussed in detail. In chapter 2, 

relevant theory on electrochemistry and microfluidics, as well as the properties of boron-doped 

diamond as electrode material will be introduced. In chapter 3, the design and simulation of different 

components on the electrochemical microfluidic chip is discussed. The experimental procedure of 

chip fabrication and measurement set up and protocol for characterizing the electrochemical cell and 

mixer are described in chapter 4. The result of the fabrication process and measurements will be 

presented in chapter 5. Conclusion and recommendation for future works will be discussed in 

chapter 6.  
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2. Theory  

In this chapter theory related to the design of the electrochemical microfluidic chip will be 

introduced. First, some fundamentals of electrochemistry which is considered in designing the 

electrochemical cell are explained. Different measurement techniques which will be used in the 

experimentation are discussed. Then the basic theory on microfluidics is introduced for the design of 

a micromixer on chip. At last, properties of platinum and boron-doped diamond which will be used as 

the electrode materials are discussed.  

2.1 Fundamentals  of electrochemistry  

Electrochemistry is a branch of chemistry which studies the interrelation of electrical and chemical 

effects. Electric current pass through a chemical solution can cause chemical changes while the 

chemical reactions produce electrical energy on the other hand. Electrochemistry has a wide range of 

applications including electroanalytical sensors, electroplating of metals, waste water treatment, etc. 

It is also an important tool to electrochemically oxidize the drug and cleavage proteins which are 

main concern of this project. In the following subchapters, the basic concepts and principles in 

electrochemistry will be briefly introduced.  

2.1.1 Electrochemical cell and reactions  

A typical electrochemical cell with three electrodes is shown in Figure 2-1. A working electrode (WE), 

a counter electrode (CE) and a reference electrode (RE) are immersed in a solution containing ions 

(electrolyte). The three electrodes are connected via electro wiring to a potentiostat which applies 

voltage between the working electrode and the reference electrode while measuring the current 

flow between the working electrode and the counter electrode.  

 
Figure 2-1: Scheme of a three- electrode electrochemical system. 
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Two half-reactions take place at the surface of the working electrode and the counter electrode 

which make up of the overall chemical reaction in the cell. The two opposite half-reactions in which 

ions in the electrolyte donate or accept electrons are called oxidation reaction and reduction 

reaction, respectively. The half-reactions at the surfaces of the electrodes can be denoted by 

equation: 

 ὕ ὲϽὩ ᵮὙ ( 1 ) 

Whether an oxidation or reduction reaction can take place at the electrode-electrolyte interface is 

determined by the relative energy of the electrons within the working electrode compared with the 

energy of the ion in the electrolyte. By controlling the potential of the working electrode, the 

reaction at the surface of the electrode can be controlled as shown in Figure2-2. For instance, when 

more negative potentials are applied to the working electrode, the energy of the electron inside the 

working electrode is raised (ὡ ήϽὠ). If the energy reach a level higher than the vacant electronic 

states on ions in the electrolyte, a flow of electrons from electrodes to solution will occur which is 

the reduction reaction. On the other hand, the energy of the electrons in the working electrode can 

be lowered by imposing a more positive potential. At certain point, electrons on ions in the 

electrolyte will transfer to the electrode when the energy level of electrons in the working electrode 

is lower than the occupied electronic states on ions.  

 

 
Figure 2-2: Representation of (a) reduction and (b) oxidation process of a species. 
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2.1.2 Faradaic processes at the electrodes  

The reactions discussed above, in which charges are transferred across the metal-solution interface is 

ŎŀƭƭŜŘ CŀǊŀŘŀƛŎ ǇǊƻŎŜǎǎŜǎ ǎƛƴŎŜ ǎǳŎƘ ǊŜŀŎǘƛƻƴǎ ŀǊŜ ƎƻǾŜǊƴŜŘ ōȅ CŀǊŀŘŀȅΩǎ ƭŀǿΦ 9ƭŜŎǘǊƻƴ ǘǊŀƴǎŦŜǊ ŀǘ ǘƘŜ 

interface causes oxidation or reduction to occur. Either oxidation or reduction reactions at the 

electrodes are composed of a series of steps. The current in the electrochemical cell (or electrode 

reaction rate) is governed by four processes in general (Figure 2-3): 

a. Electron transfer at the electrode surface. 

b. Mass transfer of the species from bulk solution to the electrode surface. 

c. Chemical reactions preceding or following the electron transfer (e.g. protonation, 

dimerization, catalytic decomposition). 

d. Adsorption, desorption or crystallization at electrode surface. 

 
Figure 2-3: Different steps of a typical electrochemical reaction[10]. 

 

In most cases, the slowest step in an electrochemical reaction determines the overall reaction rate. 

Not all of the above steps involves in an electrochemical reactions.  Usually only mass transport and 

charge transfer are involved in a simple reaction.  

2.1.3 Kinetics of electron transfer  

For electron transfer reactions, the current flowing in either reductive or oxidative steps can be 

described by the following expressions[11]: 

 Ὥ ὲὊὃὯ ὧ ( 2 ) 

 Ὥ ὲὊὃὯ ὧ ( 3 ) 

Where ὲ is the number of electrons involved in the redox reaction, ὃ is the electrode area, Ὂis 

CŀǊŀŘŀȅΩǎ Ŏonstant, ὧ and ὧare the surface concentrations of reductive reactant and oxidative 

reactant, the rate constant of the electron transfer of oxidation and reduction are Ὧ  and Ὧ  , 
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respectively. The rate constant defines the rate at which the reaction will take place, and can be 

described by: 

 Ὧ ὯϽὩ ϽϽ Ⱦ Ͻ  ( 4 ) 

 Ὧ ὯϽὩ ϽϽ Ⱦ Ͻ  ( 5 ) 

In which Ὧ is the standard rate constant and ‌ the transfer coefficient, Ὑ the gas constant, Ὕ the 

temperature, Ὁ  the formal potential of a redox couple and Ὁ  the applied potential. This 

equation shows that the rate constant for the electron transfer steps are proportional to the 

exponential of the applied voltage. Thus, reaction rate at the electrode surface can be changed 

simply by changing the applied voltage.  

Besides the kinetics of the electron transfer which controls the electrochemical reaction, the rate of 

mass transfer also controls the overall reaction in many circumstances.  

2.1.4 Mass transfer  

Mass transfer is another crucial step which can affect or even dominate the overall reaction rate in 

an electrochemical reaction. When the electrode area (A) is fixed, the reaction at the electrode 

surface will be controlled by the rate constant Ὧ and the surface concentration of the reactant 

(ὅ ). If the cell has a large rate constant, any reactant close to the interface is immediately 

converted into products. Then the currents will be controlled by the amount of reactant reaching the 

interface from the bulk solution. There are three forms of mass transport which can influence an 

electrochemical reaction: diffusion, convection, and migration. 

Diffusion occurs in all solutions and is caused by the concentration gradient of the reactant. Because 

the conversion only occurs at the surface of the electrode, the reactant concentration at electrode 

will be lower than that in bulk solution which leads to continuous transport of ions to the electrode. 

On the other hand, a higher product concentration near the electrode with respect to the bulk 

solution will facilitate the product to be transported away. Migration refers to the movement of the 

ions under the influence of an electric field, while convection is caused by stirring or hydrodynamic 

transport of the medium.  

2.1.5 Ohmic drop  

As shown in chapter 2.1.1, the working electrode potential is measured with respect to reference 

electrode. In an electrochemical cell, current flows in electrolyte by the transport of charged ions. 

Suppose the resistance of the electrolyte between two electrodes is Ὑ , the potential drop on the 

electrolyte due to this resistance will be: 

 Ὁ ὭϽὙ  ( 6 ) 

which is called ohmic drop. Due to this effect, the measured working electrode potential will change 

as the current changes, which is an undesirable effect and will influence the accuracy of the 

measurement. Since the ohmic drop changes in time, it is not easy to compensate this effect. Thus, in 

the design of the electrochemical cell of this chip, some design strategies are used to minimize the 

effect of ohmic drop. In an electrochemical cell, different types of charge carriers can contribute to 

the current. The equivalent conductivity ‖ (ɱȾά) is defined by: 
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‖ Ὂ ȿᾀȿϽ‘Ͻὅ ( 7 ) 

Where ‘ is the mobility, ᾀ the charge and ὅ the concentration of the ion Ὦ. Thus, the conductance 

of a fluidic channel with cross-section area ὃ and length ὰ can be calculated by: 

 
Ὃ ‖

ὃ

ὰ
 ( 8 ) 

Accordingly, ohmic drop can be reduced either by increasing the concentration of electrolyte, the 

cross-sectional area of the channel, or reduce the distance between working electrode and reference 

electrode.  

2.1.6 Measurement techniques  

The electrochemical cell is usually connected to an instrument called potentiostat for the 

measurement. It controls the voltage between the working electrode and reference electrode, then 

measures the current flow through the cell. A wide variety of measurement methods can be realized 

with a potentiostat. In this report, only chronoamperometry (CA), cyclic voltammetry (CV), 

differential pulse voltammetry (DPV), impedance spectroscopy are used in the characterization of the 

chip performance.  

1) Chronoamperometry 

In chronoamperometry, the potential of the working electrode is stepped from a value at which no 

faradaic reaction occurs to a potential at which the faradaic reaction occurs, while the current is 

measured as a function of time[12]. The measured current is described by the Cottrell equation: 

 

Ὥὸ ὲϽὊϽὃϽὅ
Ὀ

“Ͻὸ
 ( 9 ) 

where ὅ is the concentration of the ion in the bulk solution.This current-time response reflects the 

change in the concentration gradient near the electrode surface. Due to the depletion of ions at the 

electrode surface, a high concentration gradient forms between the bulk solution and the surface. 

The current rises instantaneously after the change in voltage. As the time goes by, this depletion 

region expands, the concentration gradient drops. Then the current begin to drop as a function of 

time as consequence. For a short time period (t <50 ms), an additional background charging current 

is also contributes to the measured current[12]. Illustration of a chronoamperometry measurement 

is shown in Figure 2-4.  
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Figure2-4: Scheme of the chronoamperometry measurement result: voltage versus time (left) and current 
versus voltage (right). 

 

2) Cyclic voltammetry 

Unlike chronoamperometry, the voltage is scanned between a lower limit and an upper limit at fixed 

rate in cyclic voltammetry. When the voltage reaches one limit, the scan is reversed and the voltage 

is swept back to the other limit, as shown in Figure 2-5 (left). The current is measured as a function of 

potential which is indicated by Figure 2-5 (right) for a reversible single redox couple.  

 
Figure 2-5: Cyclic voltammetry measurement. The left figure shows the voltage as a function of time, while the 
right figure shows current as a function of voltage [13].  

 

At the start of the scan, when a low voltage is applied, the reaction rates (or current) are determined 

by the charge transfer between the electrode and the solution. The current will increase as the 

voltage increases.  At a certain point when the overpotential is sufficiently high, an ion depletion 

layer is formed between the electrode surface and the bulk solution. The reaction rates (or current) 

are now limited by mass transfer. The current begin to drop because the flux of reactant to the 
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electrode is not fast enough to satisfy the charges needed for the reaction. After the voltage scan to 

the high voltage limit, the scan direction starts to reverse. At a certain point, a reduction reaction will 

happen which is indicated by the negative current in Figure 2-5. Similarly, the reaction rate will first 

determined by the charge transfer, followed by the depletion of ions at electrode surface. The 

voltage scan direction then changes to positive again after the voltage reach the lower limit.  

3) Differential pulse voltammetry 

In differential pulse voltammetry, the potential wave form consists of small pulses of constant 

amplitude superimposed upon a staircase wave form as shown in Figure 2-6. Two current samples 

are taken during each pulse period. One is measured immediately before the pulse, the second is 

taken just before the potential drop. The current difference between the two measurements is 

plotted as a function of potential.  

At beginning of the experiment, when the baseline potential is much more positive than the redox 

potential, no faradaic reaction in response to the pulse, thus the difference current measured is 

approximate to zero. At potential around the redox potential, the difference current reaches a 

maximum, and decreases to zero as the current becomes diffusion rate determined. This technique 

discriminate faradaic current from capacitive current. The current response of differential pulse 

voltammetry is a symmetric peak. The height of the current peak is directly related to the 

concentration of the electroactive species in the solution.  

 
 

Figure 2-6: Differential pulse voltammetry measurement: applied potential as a function of time (left)[11], 
measured current as a function of voltage (right). 

 

2.2 Basics of microfluidics  

Electrochemistry on chip has a lot of advantages by taking use of microfluidic channels. As mentioned 

in chapter 2.1.4, mass transfer is one of the rate determine steps in electrochemical reactions. The 

diameters of  the channels are in micrometers which minimizes the diffusion time of the ions, leading 

to fast reaction and high conversion efficiency of the cell[14]. The small volume of the channel makes 

it possible to use small amounts of reactants which reduces the cost and the harm to the 

environment[15]. In addition, the electrochemical microfluidic chip is highly integrated. Different 

component like sampling, pre-treatment, separation and detection are combined in one microchip. 

Microelectronic sensors can also be integrated to the chip. Thus, the reaction can be precisely 
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controlled by the external voltage and flow speed[16]. In this sub-chapter, basic theory about 

microfluidics will be introduced.  

2.2.1 Flow behavior in microfluidic domain  

Microfluidic device can be identified by the fact that at least one dimension of the channels is around 

several hundred micrometers (‘ά) or less. The volume of the microchannel is usually several nano 

liters (ὲὒ). The flow behavior in microfluidic system differs from the flow behavior in macroscale.  

As the length scale of the fluidic channel decreases, surface forces applied to the flow become 

dominant. Flow behavior in microchannels is commonly characterized by the Reynolds number ὙὩ. 

The Reynolds number is a dimensionless number which represents the relative importance of inertial 

to viscous dissipation: 

 
ὙὩ

Ὠ”ὺ

–
 ( 10 ) 

Where ὺ is the average flow speed, Ὠ is the characteristic length scale of the channel, ” is the density 

of the liquid, and –is the dynamic viscosity of the liquid. It is the ratio of the work invested in kinetic 

energy by accelerating the liquid, and the energy that is continuously dissipated by friction with its 

surrounding liquid or the wall. For ὙὩ much less than 2000, viscous forces dominate, and the flow is 

laminar. When ὙὩ is above 2000, the flow becomes dominated by inertial forces, which produce 

instability leading to turbulence.  

Since the length scale in microchannel is usually small than 500‘ά, the Reynolds number is typically 

below 10. The flow in microchannels is laminar as viscous forces dominate in the system. Mixing of 

parallel streams in the channel only occur by diffusion across the interface of two streams without 

turbulent mixing.   

2.2.2 Mixing principle  

Because the flow in microfluidic channels is laminar, mixing of different flow is only by diffusion. The 

mixing time is determined by the diffusion length: 

 
ὸ
ὰ

ςὈ
 ( 11 ) 

Where ὰ is the diffusion length, Ὀ is the diffusion coefficiency.On the other hand, rapid mixing is 

essential in many microfluidic systems for chemical, biological and medical analysis, like drug 

discovery, sequencing or synthesis of nucleic acids that require mixing of reactants for initiation [17]. 

Thus, micromixers are often integrated in a microfluidic system or work as stand-alone devices.  

Micromixers can be categorized as passive micromixers and active micromixers. Active mixers use 

external field like electrical field or magnetic field to generate disturbance in the flow. Passive 

micromixers do not require external energy, only relies on molecular diffusion and chaotic advection. 

Compared to passive mixers, the structures of active mixers are often complicated and require 

energy input applied by external fields, such as electrical field and acoustic field. Thus, the more 

simple and stable passive micromixers are more favorable to be integrated in microfluidic systems. 

The mixer designed for this project is also a passive mixer which will be discussed in chapter 3.  
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For laminar streams in microchannels, mixing by diffusion is due to the concentration gradient 

perpendicular to the flow direction. A typical mixer in which the streams mix by diffusion is a T-shape 

mixer, as shown in figure 7.In order to decrease the mixing time, the laminar flow in microchannels is 

usually manipulated by increasing the contact surface between the different fluids and decreasing 

the diffusion path between them. For the T-shape mixer, it means an extremely long and narrow 

channel is required. In order to achieve this purpose, the main flow stream can be split into 

ὲsubstreams, then join into one stream as laminae which is a parallel lamination micromixer as 

shown in Figure 2-7. The more substreams it is divided, the faster mixing it can achieve.  

 
Figure 2-7:Illustration of the working principle of a simple T-shape mixer[18]. 

 

Similar to parallel lamination micromixers, another kind of mixer which can reduce the mixing path of 

the streams is a split-recombine mixer. As shown in Figure 2-8, streams from two inlets are first 

joined horizontally, then split into two streams again. In the next stage they join together vertically. 

After ὲ splitting and joining stages, ςὲ laminae layer will be formed which leads to ὲ times faster 

mixing[17].  

 
Figure 2-8: Schematic view of a split-recombine mixer(a) and corresponding cross-sectional view of the flow 
(b)[19]. 
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Besides diffusion, chaotic advection is usually used in micromixers to improve mixing significantly. 

For a passive mixer, some special geometries are used to generate chaotic advection, like splitting, 

stretching, folding and breaking of the flow[20].For flows at a high Reynolds number, chaotic 

advection is obtained by inserting obstacles structures either in the channel (Figure 2-9b)[21] or on 

the channel wall (Figure 2-9a)[22].Zig-zag microchannel is also used to generate chaotic advection 

due to the recirculation produced around the corner of the channel (Figure 2-9c). For flows at lower 

Reynolds number, simple zig-zag micromixer cannot achieve a highly efficient mixing, a 3D 

serpentine mixing channel can be used as an alternative as shown in Figure 10.  

 
 

 
Figure2-9: Planar designs for mixing with chaotic advection at high Reynolds numbers: (a) obstacles in the 
channel, (b) obstacles on wall, and (c) a zig-zag shaped channel.  
 

 
Figure 2-10: Scheme of a three-dimensional serpentine mixer (ἵ)[23].  

 

 

2.3 Electrode materials  

The working electrode is the electrode of interest in an electrochemical cell, because the electron 

transfers of redox couples occur at the interface between the electrode and the solution. For a good 

measurement of the targeted reaction behavior in an electrochemical cell, a fast and reproducible 

charge transfer is favorable. The material of the working electrode is crucial to electrochemical 

(a) (b) 

(c) 
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measurement. Several important criteria are usually considered when selecting the material. First of 

all, the electrode material should not take part in the chemical reactions in the solution[24]. 

Secondly, the solvent electrolysis window should be as wide as possible. When the electrode works 

beyond its potential window, redox reactions with the electrode materials will contribute to the 

faradaic current which leads to inaccurate measurements. Thirdly, electrode fouling is unwanted 

because it hampers the direct determination of the reactant and reduce the electrode sensitivity[25]. 

Other considerations include the cost of the material, the easiness of fabrication, the ease of surface 

renewal, and toxicity.  

Platinum is one of the most commonly used electrode materials because of its electrochemically 

inertness in most electrolyte and easiness of fabrication. However, the hydrogen adsorbed at the 

surface of platinum can be reduced to hydrogen gas at negative potentials which obscures the 

analytical signal of the electrolyte[26].  

Diamond has become a promising electrode material because of its extraordinary properties. It has 

high hardness, high thermal conductivity and high charge carrier mobilities. It is intrinsically an 

insulator with a band gap of 5.5 eV, but can acquire electrical conductivity by doping of acceptors like 

boron. The conductivity of boron-doped diamond (BDD) electrodes depends on its doping level. 

Usually, BDD electrodes have resistance between 5 and 100 άɱ in the doping level between 500 

ppm to 10,000 ppm[27].  

Boron-doped diamond electrode has very high overpotential  for both oxygen and hydrogen 

evolution in aqueous electrolytes which leads to the highest potential window(approximately 3.5V) 

in aqueous electrolyte compared to other commonly used electrode materials, such as platinum, 

gold, glassy carbon[28, 29]. Cyclic voltammograms of a platinum and a BDD electrode in 0.2 M H2SO4 

in the region of hydrogen and oxygen evolution are plotted in Figure 2-11. Boron-doped diamond 

also has other advantages like very low capacitance and low adsorption of contaminant[30].  

 
Figure2-11: Cyclic voltammogram of a platinum and a diamond electrode in 0.2 M H2SO4, v=100Mv/sec.[31] 
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The surface termination group of BDD contributes greatly to its physical and chemical properties as 

electrode. Diamond consists of sp3 hybridized carbon which means that approximately one carbon 

atom in a thousand is replaced by an atom of boron. However, there are some sp2 zones on the 

surface of BDD which lead to significant fractions of the electrode surface being non-conductive. This 

will lower the detection limits and sensitivity to target analytes[32].  

On the other hand, BDD thin film produced by chemical vapor deposition (CVD) possesses a hydrogen 

terminated surface which is due to the hydrogen containing atmosphere during the production 

process. These hydrogen-terminated groups make the surface of BDD electrode hydrophobic and are 

very stable in air at least for months[28]. The hydrogen-terminated surface can be changed to 

oxygen-terminated surface which is hydrophilic during anodic oxidation treatment in aqueous 

electrolytes. Anodic oxidation can also destroy sp2 carbon impurities on the surface.  
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3. Design and Simulation  

3.1 The chip overview  

The goal of designing this miniaturized electrochemical microfluidic chip is to realize both on-chip 

electrochemical conversion of drugs and protein digestion. The first design consideration is to fit  all 

the required functional components in the fixed dimension of the chip. The dimensions of the chip 

are defined by the custom-made chip holder which is 21.5cm2. The real work area which can fit the 

fluidic components is even smaller (approximately 1.6 1 cm2) because of nanoport through holes 

and electrical contact pads through holes (Figure 3-1).  

 
Figure 3-1: Dimensions of the chip in which Ȣ Ἣἵ is the chip area, Ȣ Ἣἵ is the work area 
defined by nanoport and electrical contact pads through holes.  
 

The chip is intended to mimic both phase I and phase II of in-vivo drug metabolism. The microfluidic 

channels containing the electrodes are used to mimic phase I reactions in which the drugs are 

oxidized at the liquid-electrode interface. The electrochemical cell contains a three-electrode system. 

The pseudo-reference electrode is put on the bottom of the inlet channel. Downstream the inlet 

channel splits into two channels which contain working electrode (WE) and counter electrodes (CE), 

respectively, on the bottom of the channels. A mixer is integrated downstream of the working 

electrode channel with a second inlet to add reactants for conjugation reactions.  

Other complementary fluidic components are also integrated in the chip for better control of the 

flow and reactions. Two microfilters consisting of arrays of micropillars are integrated near the 

channel inlet to prevent the particles and debris from blocking the channels. A flow resistor is added 

near the channel outlet of the WE channel to ensure an equal flow through both working and 

counter electrode channels. A frit channel system is designed to connect the WE and CE channels to 

reduce the ohmic drop between them, as well as to achieve an uniform current density over working 
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electrode. The overview of the chip and the fluidic components consist the chip are shown in Figure 

3-2. All these design elements will be discussed in the following subchapters.  

 
Figure 3-2: Illustration of the overview of the electrochemical microfluidic chip and different components. 

 

3.2 Electrochemical  cell  

The most critical part of this device is the electrochemical cell containing the three-electrode system 

where phase I in drug metabolism ς oxidation ς takes place. The working principle of the 

electrochemical system was described in Chapter 2. Calculations of the dimensions of the 

electrochemical cell in this part are based on the PhD thesis of Mathieu Odijk [33]. The designing goal 

of this part of chip is to realize a total conversion of the inserted chemical species of interest. Two 

main factors which determine the conversion efficiency of the electrochemical cell are the 

dimensions of the cell and the volumetric flow velocity.  

The Navier-Stokes equation for incompressible flow can be written as[34]: 

 
”
‬○ᴆ

‬ὸ
○ᴆϽɳ○ᴆ ὖɳ ‘ɳ ○ᴆ ╕ ( 12 ) 

Where ” is the fluid density, ‘ the dynamic viscosity, ὺᴆ is the flow velocity, ὖ is the pressure, ╕ is the 

body forces acting on the fluid. Because of the small channel dimensions (in ‘m range) and the slow 
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volume flow velocity (several ‘L/min), the flow in the channel is assumed to be laminar. In the flow 

direction of laminar flow where no convective acceleration exists, the Navier-Stokes equation can be 

simplified as: 

 
‘
‬ὺ ᾀ

‬ᾀ
ὖɳ ( 13 ) 

In which ὺ is the flow velocity in the flow direction (ὼ) (Figure 3-3). 

 
Figure 3-3: The axis system of the channel going to be used in the calculation. 

 

In this design, the electrodes will be incorporated in the bottom of the microchannels. In order to 

ensure a total conversion of the chemicals, a large working electrode area is preferred. Assuming the 

length (ὰ) of the working electrode is much larger than the width (ύ), which is in turn much larger 

than the height of the microchannel (Ὤ). As a result, the velocity flow profile in the flow direction of 

the channel can be derived as[33, 34]:  

 
ὺ ᾀ ὺ ρ τ

ᾀ

Ὤ
 ( 14 ) 

In which ὺ  is the maximum flow velocity in the channel. The volumetric flow velocity (ὗ) in the 

channel equals the integral of ὺ along the channel height multiplied by the channel width ύ: 

 
ὗ ύ ὺ

Ⱦ

Ⱦ

Ὠᾀ
ς

σ
ύὬὺ  ( 15 ) 

Thus, the minimum residence time (ὸȟ ) of an ion inside the channel is equal to: 

 
ὸȟ

ὰ

ὺ

ςύὬὰ

σὗ
 ( 16 ) 

In order to fully convert the ions flowing through the microchannels, the channel height (Ὤ) should 

be equal to or smaller than the minimum diffusion distance (ᾀ ȟ ) which is the diffusion distance 

of ions in the z-direction within the minimum residence time. The relation of channel height (Ὤ), 

minimum diffusion distance (ᾀ ȟ ), and minimum residence time (ὸȟ ) can be described by 

the following equation:    

 Ὤ ᾀ ȟ ςὈὸȟ  ( 17 ) 
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Where Ὀ is the diffusion coefficient. Due to the materials and process used for making the chip, the 

channel height above working electrode is fixed as 5 ‘ά. Thus, the channel length (ὰ) as a function of 

channel width (ύ) and volumetric flow velocity (Q) can be derived from Equation (5) and (6): 

 
ὰ
σὬὗ

τὈύ
 ( 18 ) 

Besides the conversion efficiency of the electrochemical cell, the maximum channel pressure the chip 

can stand is another design consideration. In order to prevent problems with fluidic interconnects 

and channel breakage, the pressure drop over the EC channel should be smaller than 10 bar. In 

Equation (7), length ὰ only refers to the length of the channel containing the working electrode. 

Therefore the pressure difference over this part of channel is considered in the following derivations. 

The pressure difference over the whole channel is slightly larger.  

The hydraulic channel resistance of a rectangular cross-section channel is equal to [34]: 

 
Ὑ
ὖ

ὗ

ρς–ὰ

ύὬ
 ( 19 ) 

Thus, the pressure difference (P) over the part of the channel containing the working electrode will 

be: 

 
ὖ ὗὙ

ρς–ὰὗ

ύὬ

ω–ὗ

ὈύὬ
 ( 20 ) 

The viscosity of the liquid is chosen to be the value of water (–=8.9 10-40ÁϽÓ). A small diffusion 

coefficient (e.g a protein) is used (D=410-11m2/s) and volume flow velocity of 1 ‘L/min is used in the 

calculation. According to Equation (7) and (9), the minimum channel length (ὰ ) containing the 

working electrode and the corresponding minimum pressure difference (ὖ ) can be calculated. The 

results are shown in Figure 3-4.  
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Figure 3-4: Channel length (a) and pressure drop (b) as a function of channel width. 

 

From the plotted graph, ὰ  and ὖ  are decreasing for larger channel widths (Figure 3-4(b)). 

Considering the dimensions and footprint of the chip holder (work area restricted by through holes), 

the channel width is chosen as 200 ‘m. When the volume flow velocity is chosen to be 1 ‘ὒȾάὭὲ, 

ὰ  is approximately 8 άά according to Figure 3-4(a). The selected length is chosen to be 30 άά 

which is approximately four times of this minimum length for the critical scenario. Thus, the ions 

which diffuse four times slower can still be conserved. The pressure difference over the channel part 
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containing the working electrode is 2.18 bar, which is in the safety range. The maximum volume flow 

velocity (ὗ) allowed by the channel is 4 ‘ὒȾάὭὲ for pressure difference below 10 bar.  

Moreover, the average residence time of the ions in the electrochemical cell is also considered. The 

average residence time can be expressed as following[35]: 

 
ὸȟ

ύὬὰ

ὗ
 ( 21 ) 

When the flow velocity is 1 ‘ὒȾάὭὲ, the average residence time of ions in a channel of 200 ‘ά wide, 

5 ‘ά high, and 30 άά is 1.2 seconds. Thus, the drugs flow through the channel can be conserved in 

seconds.  

Considering the geometry of the chip, the electrochemical channels containing working electrode 

and counter electrode are arranged within the working area in a meander shape in three different 

patterns as shown in Figure 3-5. The working electrode and counter electrode are put in separate 

channels to prevent mixing of reaction products generated at both electrodes[2]. Two of the designs 

contain anti-paralleled WE and CE channels, while the third design has parallel WE and CE channels. 

The length of the working electrode and counter electrode are comparable in all three designs. The 

different arrangements of the WE and CE channels are aimed for the characterization of the frit 

channels, in order to find the most effective design to achieve the lowest resistance between the WE 

and CE, even current density and ease of fabrication. The pseudo-reference electrode is put in the 

inlet channel near the working electrode to reduce ohmic drop (Figure 3-6).  
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Figure3-5: Geometry of three different electrode arrangements on chip. 
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Figure3-6: Scheme of the position of reference electrode and working electrode. 

 

3.3 Mixer  

A mixer is designed downstream of the working electrode channel for adding of reactants to imitate 

phase II reactions in drug metabolism, in which compounds oxidized in the phase I reaction can 

conjugate to more polar compounds as introduced in chapter 2. 

3.3.1 Design considerations  

As introduced in chapter 2, due to the small channel diameter and usually low flow speed in 

microchannels, the fluids in microchannels are laminar flow, where different streams only mix by 

diffusion. The simplest example is a T-shape mixer as shown in chapter 2, in which two streams meet 

in one channel and flows side by side in a laminar fashion, while the ions diffuse from high 

concentration area to low concentration area. In order to reach a total mixing of all the ions in both 

streams, the ions need to diffuse at least half of the channel width within the minimum residence 

time (ὸȟ ). Thus, the diffusion length (ώ ) of the ions in the channel should be equal to or larger 

than half of the channel width (ύȾς): 

 ώ
ύ

ς
 ( 22 ) 

Thus, the simplest way to reduce the mixing path is to make a narrow mixing channel and increase 

the interface of the two streams by increasing channel height (Ὤ). On the other hand, the maximum 

pressure difference in the channel should be considered as in the EC channel design. The total 

pressure difference (ὖ) should not exceed 10 bar to prevent fluidic leakage.  

The T-shape mixer leads to a significant long and narrow capillary to get complete mixing of the two 

streams, which will increase the pressure difference across the mixer. Due to the extremely small 

chip area of which the WE and CE channels have already taken most part, the simple T-shape mixer 

will not work for this chip design.  
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The chip can be fabricated using two layers for fluidic channels by bonding a SU8 channel layer to a 

glass channel layer. The detailed fabrication process will be discussed in chapter 4. Thus, two channel 

layers can be utilized to design a 3D mixer. A split-recombine mixer which takes advantage of two 

channel layers is designed. The mixer consists of two mixing units in which flow splitting, 

recombination and rearrangement steps are combined.  

3.3.2 Design concept 

Figure 3-7 shows the procedure to mix two fluids in the mixer. The two different streams flow 

separately either in the bottom channel or in the top channel in counter directions before they meet 

each other. At the interface of the two channel layers, the two streams meet each other and start to 

mix. The convergent stream then flow into the first mixing unit and are separated vertically to the 

counter directions. As soon as the convergent flow goes into the mixing unit, the interface of the two 

fluids will be greatly enlarged. The divided fluids which are in the one-layer height channels 

(Ὤ υ ‘ά) are then rearranged and are conducted into the two-layer height mixing chamber 

(Ὤ ρπ ‘ά) for further mixing. After the two fluids flow through the mixing chamber, they will be 

reshaped into one-layer channel and recombined at the interface of the two channel layers, flowing 

out the first mixing unit into the second mixing unit.  

 
Figure 3-7: Illustration of the mixing procedure in the two-layer split-recombine mixer. Red: Liquid 1; blue: 
Liquid 2; yellow, green, purple: mixture of Liquid 1 and Liquid 2.  

 

3.3.3 Device modeling and simu lation  

(1) Define Geometry 

The geometry of one mixing unit is shown in Figure 8. The mixer has two inlets and one outlet (Figure 

8(a)), and consists of two mixing units. The width of the two inlet channels is 200‘ά. The width of 

the interface of the two inlet channels is 10 ‘ά. The interface of the two inlet channels is connected 

with the first mixing unit with a convergent cubic which has dimensions of ρπ ‘ά ρπ ‘ά ρπ ‘ά. 

The same convergent cubic also placed at the connect part of the two mixing units and between the 
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second mixing unit and the outlet of the mixer. Each mixing unit has an entrance of 10 ‘ά  10 ‘ά 

cross-section that splits into two channels of 5 ‘ά  80‘ά cross section and 10 ‘ά length either in 

the top channel layer or the bottom channel layer in the perpendicular direction of the entrance 

(Figure 3-8(b)). Each of the channels is connected with a two-layer mixing chamber. At the other end 

of the two-layer mixing chamber, they are connected to the exit of the unit with a same but mirrored 

structure as at the entrance.  

 
Figure 3-8: Geometry of one mixing unit of the split-recombine mixer. 

 

(2) Domain equations: 

In order to study the mixing performance of the mixer, the design is modeled and simulated in the 

computational fluidic dynamic (CFD) module in the program COMSOL® Multiphysics 4. First, the 

geometry is defined according to the dimensions in Figure 8.  

Then the physical phenomena occurring in the specific geometry of the mixer is defined by domain 

equations which are a set of differential equations. Formulations that describe the behavior of a 

three-dimensional incompressible Newtonian fluid are used in the domain definition. The equations 

governing the system including the Navier-Stokes equations which states the conservation of 

momentum in a fluid[36]: 

 
”
‬◊

‬ὸ
◊Ͻɳ◊ ὖɳ ʈɳ ◊ ╕ ( 23 ) 

Where ◊ is the flow velocity, ” is the fluid density, ὖ is the pressure, ╕ represents body forces acting 

on the fluid.  

The fluid in the system should also satisfy the mass continuity equation of incompressible flow which 

states that, in any steady state process, the rate at which mass enters a system must be equal to the 

rate at which mass leaves the system[36]. 
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 ”ɳ◊ π ( 24 ) 

On the other hand, the Nernst-Planck equation is used to define the motion of chemical species in 

the fluid. In steady-state flow, the equation can be simplified in the following form[37].  

 
Ͻɳ Ὀɳ ὧ ◊ὧ

‬ὧ

‬ὸ
 ( 25 ) 

Where ὧ is the species concentration for mass transfer, Ὀ is the diffusion coefficient, ◊ is the 

dynamic velocity of the flow.  represents the reaction rate of the species. Ὀɳ ὧ is the diffusive 

flux, and ◊ὧ is the convective flux. 

The constants used in the simulation are listed in Table 3-1. The diffusion coefficient of GSH is used 

which is φȢχ ρπ  ά Ⱦί. If the design of the mixer is efficient under this small diffusion 

coefficient, the fluid containing ions with larger diffusion coefficient will have better mixing 

efficiency. The densities of the two fluids are chosen the same as the density of water (1000ὯὫȾά ). 

The viscosities of the fluids are also chosen the same as the viscosity of water (8.9ρπὖὥϽί). The 

volume flow velocity (ὗ) at both inlets are assumed to be 0.5 ‘ὒȾάὭὲ, so that the value at the mixer 

inlet will be 1 ‘ὒȾάὭὲ. The initial concentration of ions at inlet 1 is assumed to be ρ άέὰȾάὒ, while 

at inlet 2 it is assumed to be 0.  

 

Table 3-1: Constants used in the simulation 
 

Constant Value 

D φȢχ ρπ  ά Ⱦί 
” ρπππ ὯὫȾά  
– ψȢω ρπ ὖὥϽί 
Q πȢυ ‘ὒȾάὭὲ 
c ρπππ άέὰȾά  

 

(3) Boundary conditions: 

Besides defining the fluid properties of the system, the boundary conditions at the interface of flow 

and the wall of the mixer as well as at the inlets and outlet are also defined in order to solve the 

domain equations.  

a. Fluid flow boundary  

Wall boundary condition: The default boundary condition for a stationary solid wall  is no slip which 

means the fluid at the wall is not moving[38].  

 ◊ π ( 26 ) 

Inlet: The normal inflow velocity is specified as 

 ◊ ▪Ὗ  ( 27 ) 

where ▪ is the normal vector perpendicular to the boundary, Ὗ  is the velocity magnitude.  
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Outlet: The fluid flow condition at the outlet is assumed to be no viscous stress under given 

pressure[39] 

 ‘ ◊ɳ ◊ɳ π, ὴ ὴ ( 28 ) 

b. The chemical species transport 

Inflow: The concentration of species at one of the inlets is specified to be ὧ ὧ, while at the other 

inlet is ὧ π. 

Wall boundary condition:  Boundary conditions along the solid wall are governed by the flux of 

species from the bulk solution onto the wall. It is assumed no mass flows in or out of this boundary in 

the simulation. 

 ▪Ͻὧ◊ Ὀɳ ὧ π ( 29 ) 

Outflow: At outlet, it is assumed no concentration gradient across the boundary: 

 ▪Ͻɳὧ π ( 30 ) 

(4) Mesh definition:  

The domain equations are solved via finite element meshing in COMSOL Multiphysics. The Mesh 

feature enables the discretization of the geometry model into small units of simple shapes, or 

elements. Then the software is able to write a set of equations describing the solution to the 

governing equation. For a 3D geometry, like the mixer design in this report, the geometry will be 

discretized into free tetrahedral elements. Those meshing elements are used to represent the 

solution field of the domain equations. The solution is computed at the node points and is 

interpolated throughout the element to recover the total solution field. As the number of elements 

in the model increases, they represent the geometry more accurately, the solution will be more 

accurate, but it will take more computational resources. 

According to the geometry of the designed mixer, the most critical size is 5 ‘ά which is the height of 

one channel layer. A finer meshing is conducted before the computation. The maximum element size 

is the most important parameter. It should be small enough to ensure a sufficient mesh of the critical 

structures, but not too small to take too much computation time. The maximum element size used in 

the simulation is 2 ‘ά. The minimum element size is 0.259 ‘άȢ 

3.3.4 Result and discussion  

1) Mixing performance 

Two different fluids which possess the same viscosity as water are used in the simulation. Inlet 1 is 

assumed a species concentration of 0, while Inlet 2 has a species concentration of 1άέὰȾὒ. The 

performance of the mixer is illustrated qualitatively through the concentration field. Figure 3-9 shows 

the mixing process via the concentration field on the surface of the mixer along with the cross-

sectional views of the concentration profile. The dark blue color of fluid 1 represents concentration 0 

in the figure, while the dark red color of fluid 2 represents concentration of 1 άέὰȾὒ. The green color 

area in between represents the mixing region. The concentration profile of different cross section 

planes along the flow are plotted to investigate the mixing performance more quantitatively at 
















































































































