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Summary

The goal of this project is to design an electrochemical micradlugtip, fabricate the chip which
integrated either with platinum electrode or boresoped diamond (BDD) electrodes, as well as
characterize the electrochemical conversion efficiency of the chip. The application of this chip is in
drug screening. The woik 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 electrostngrand some
common used measurement techniques are introduced, followed by the fundamentals in
microfluidics and a comparison of different kinds of micromixers. The electrode matepisnum

and boronrdoped diamond (BDIX)are introduced and compackeat last.

With the presented theory, the electrochemical microfluidic chip is designed which consists of an
electrochemical flow cell for mimicking phase | drug metabolism, a 3Drepitmbine mixer at
downstream of the electrochemical cell to study gkall 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
chanrel system of different geometry connecting the working electrode and the counter electrode.
The performance of the 3D spfiécombine mixer is simulated in COMSOL Multiphysics.

In chapter 4, the fabrication process of platinum and BDD chips are descfidkxdyed by a
introduction of the measurement setups and protocols used in the electrochemical measurement
and UV/is conversion efficiency measurements.

In chapter 5the 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 gerformance 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.



Parameters

Table Parameters used in the report.

Symbol Description Dimension Value
” Fluid density KON ¢ 1000
: Dynamic viscosity Oni A
- viscosity 0 ¢ B pTI
Flow velocity axi
Diffusion coefficient a fi T pT
X pTm
Og4e Maximum flow ari
velocity
O, Flow velocityin & an
direction
0 Pressure 0 ®
3 Body force 0
0 Volumetric flow ©Ua Qe
velocity
OF Minimum residence i Qo
time
O Average residence i Qo
time
a p Minimum diffusion a
distance
W Diffusion distance a
Y Hydrolic resistance K
Y Electrical resistance m
o Concentration G & T
0 Atomic weight
0 Current density ofa
Il Conductivity "W
a Channel length a
0 Channel height a
0 Channéwidth a
0 Dynamic velocity
. Normal vector
€ Number of electrons
Q Current 0
0O Potential ()
O Absorbance
- Extinction coefficient
0 Extinction wavelegnth € a
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1. Introduction

1.1 Research goals

The goal of this master project is to design,rfadite and test an electrochemical microflddihip. It

ispart of the PhD projectd ®¢ ®D @Iy RSY . NAYy|l 6KAOK Aa Ol ffSR
onf AYS dzaS GHAGK fAljdZAR OKNRYFG23aN)ILKe YR YlFaa a
and is also a continuation of the work of.IM.Odijk. The miniaturized electrochemical cell can act as

a complementarymethod of drug metabdic of in vitro test On the other hand, owghip
electrochemistry integrated with other LC/MS can also be used for protein digestion, separation and
analyzinghe subsequent peptide by mass spectrometry.

In the work of Dr. M.Odijk, he designed a miniaturized thetartrode electrochemical cell which
achieved total conversion of fast reaction ions at high flow rates with smglivolume. In the work
of F.T.Gvan den Brink, he further integrated a microfluidic mixer to the clipstudy phase 2
metabolism of drug compouts, as well as BSI needle to the outlet of the chip for ionization of the
molecules before detectk in MS. This chip wamsiade of plastic andntegrated with carbon
electrode. It hasdimensiors of 6 dlength and 1.%0 dwidth. The first goal of this project is-re
designing the chip based on a much smaller footp(db & 1.5 ¢. Both the electrodes will be
rearranged and the mixer Wwibe redesigned to fit irthis small chip. Moreover a new electrode
material-boron-doped diamond (BDBJs intended for the fabrication of the electrodes becauge o
its prominent characteristigssuch aswide potential window, less fouling, high dahurctivity, high
hardnesscompared withplatinum electrode.

In summary, lireeresearch goals are formulated in this project:

1. Design and simulat an electrochemical microfluidichip for drug metabolism and
proteomics, as well as a micromixer on thepcfor cntrolling themicroreactions.

2. Fabricak both chips integrated with platinum electrodeand boron-doped diamond (BDD)
electrodes. Investigate possible techniques for BDD cleanroom fabrication.

3. Characterize theonversion efficiency of thehip via electrchemicaland optical methods.

1.2 Application of the projects
On-chip electrochemistry mainly has two applications: daggeening 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 dragening is very time consuming and
expensive and often leads to suffering of the used aniftthl$n order to reduce the use of animal

test in drugscreening, orchip electrochemistry stands out as an promising approach to mimic the
metabolism of drugs in vitro to reduce animal use in the preclinical part ofsitteening?].



Drug metabolism usually consists of two phapbase 1 andhase 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 gro@H;-SH;NH,), often in the livej3].

Toxic metabolites may aldoe generated in phasé& which is the main concern in drsgreening
research. Phase 2 metabolismalso called conjugation reactien inclugs glucuronidation,
acdylation, and sulfation, which usually involve covalent bonding of the drug or phase 1 metabolite
to other polar compound4].

An important enzyme family takg part in the drug metabolism process in human body is
cytochrome P450 (CYP450) whishresponsible for the deative metabolism in phase 1 of the
majority of the drugs in current clinical Use6]. Usually, liver cell extracts are used in vitro test to
mimic the in vivo reaction catalyzed by CYR4bMowever, 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 reaabins 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 candilaten be used as a
complementary of CYP450 oxidation reaction. The method used in tieliprelectrochemistry cell

of this project is direct electrochemistry oxidation which is faster and lesty¢han theuse ofliver

cell extracts.

2) Proteomics

Proteomics is the scierdo study the proteins produced by an organism. In proteomics, proteins are
cleaved into peptides and subsequently analybgdmass spectrometry (MS). rklies on specific
cleavage of proteins which is usually condutcty enzymatic digestionTrypsin isthe most
commonly used enzyme in protein cleavage. Direct electrochemical oxidation of peptides r&@n wo
as an alternative method fgorotein cleavage. It allows specific cleavage of the peptide bonds next
to tyrosine or tryptophan residugl8].Direct electrochemical cleavaggill increase thespeed of
analysis and can be coupled-bime to a liquidchromatography. C)MS systerfd].

1.3 Thesis outline

In the following chapters, the works done for this project will be discussed in detail. In ctpte
relevant theory on electrochemistry and microfluidics, as well as the properties of lamped
diamond as electrode material will be introduced. In chapter 3, the design and simulation of different
components on the electrochemical microfluidic clgpdiscussed. 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 bapter 5. Conclusion and recommendatioior future works will be discussed in
chapter 6.



2. Theory

In this chapter theory related to the design of the electrochemical microfluidic chip will be
introduced. First, some fundamentals of electrochemistvitich 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 lat, properties of platinum andoron-doped diamondvhich 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 solutman cause chemical changes whihe
chemical reactions producglectrical energy on the other hand. Electrochemistry has a vadge of
applications including electroanalyticalns®rs, electroplating afetals, waste water treatment, etc.

It is also an important tool to electrocheraity oxidize the drug and cleage proteins which are

main concern of thigroject. In the following subchapterghe basic concepts and principles in
electrochemistry will béoriefly introduced.

2.1.1 Electrochemical cell and reactions

A typical electrochemical cell with three electrodeshiswn in kgure2-1. A working electrod (WE),

a counter electrode (QEnd a reference electrode (RE) are immersed in a solution contaimisg io
(electrolyte). The three electrodes are connected via electro witdng potentiostat which pplies
voltage between the working electrode and the reference electrodgvhile measuring e current
flow between the working electrode and the counter eleas

Figure2-1: Scheme of a threeelectrodeelectrochemicakystem.



Two halfreactions take place at the surface of the working electrode and the counter electrode
which make up of the overall chemiagalaction in the cell. The twoppositehalf-reactionsin which
ions in the electrtyte donate or accept electronare called oxidation reaction and reduction
reaction, respectivelyThe halfreactions at the surfaces ohé¢ electrodes can be denoted by
equation:

0 ¢ EY (1)
Whether an oxidation or reduction reaction can take place at the electaidetrolyte interfaceis
determined by the relative energy of the electrons within the working electrode compaitdthe
energy of the ion in the electrolyte By controlling the potentiabf the working electrode, the
reaction at the surface of the electrode can be controlledshown in igure2-2. For instance, when
more negative potentials are applied to the working electrothe energy of the electron inside the
working electrode is raisedy( 1 Qw). 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 agbich is
the reduction reaction. On the other hand, the energy of the electrons in thkiwg electrode can
be lowered by imposing a more positive potentidit 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 electronicases on ions.

electrode solution electrode solution
—.—
Ee Ee
—0—0— —0—0—
low voltage (a) high voltage
electrode solution electrode solution
Ee Ee
——@— ——
—
high voltage (b) low voltage

Figure2-2: Representation of (a) reduction and (b) oxidation process of a species.



2.1.2 Faradaic processes at the electrodes

The reactions discussed above, in which charges are transfacreds the metasolution interface is

OFff SR CFN}YRFAO LINRPOSaasSa aiaAyOS adzOK NBIFOGA2Yya
interface causes oxidation or reduction to occHither oxidation or reduction reactions at the
electrodes are cmposed of a series of steps. The current in the electrochemical cell (or electrode
reaction rate) is governed bgur processes in generéfigure 2-3):

a. Electron transfer at the electrode surface.

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

c. Chemical reactions preceding or following the electron transferg. protonation,
dimerizatian, catalytic decompositign

d. Adsorption,desorption or crystallizatioat electrode surface.

Electrode surface region Bulk solution
Electrode - H
Chemical I Mass
reactions | transfer
" ’ ..:—
ﬁgﬂw“o‘\ o 2 Osuﬂm Obulk
1
R :
Q'ads g@e‘p |
|
I
: 1
ne T | | Electron |
==t— | | transfer |
R'ads S i
|
|

Og
% Chemical
‘40590% \ reactions
l!"O'-":J Hl’ e —— Hsur‘f'-ﬁm Hbulk

Figure2-3: Different steps of a typical electrochemical reacfibdj.

In most cases, the slowest sté@pan electrochemical reaction determines the overall reaction rate.
Not all of the above steps involves in an electrochemical reactions. Usually only mass transport and
charge trangdr are involved in a simple reaction.

2.1.3 Kinetics of electron transfer

Fa electron transfer reactiog the current flowing in either reductive or oxidative steps can be
described by the following expressi¢hs]:

N &0 O (2)

N E0R o (3)

Where¢ is the number of electrons involved in the redox reactions the electrode ared(s
Cl NJ Rongtatiy ai@ G are the surface concentrations of reductive reactant and oxidative
reactant, the rate constant of the electron transfer of oxidation and reduction@reandQ |,



respectively.The rate constant defines the ratg which the reaction will take place, and can be
described by:

D Q:m °° ™o (4)
N Qom °° 72 (5)

In whichQ is the standard rate constant andthe transfer coefficientYthe gas constantYthe
temperature,O the formal potential of a redox couple af@ the applied potential. This
equation show that the rate constant for the electn 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 conttbeselectrochemeal reaction, the rate of
mass transfer also controls the overall reaction in many circumstances.

2.1.4 Mass transfer

Mass transfer isnother crucial step which carffact or even dominate the overall reaction rate in

an electrochemical reactionVhen the eletrode area (A) is fixed, the reaction at the electrode
surface will be controlled by the rate constafand the surface concentration of the reactant

(6 ). If the cell has a large rate constant, any reactant close to the interface is imnigdiate
converted into products. Then the currents will be controllgdthe 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, andyration.

Diffusion occurs in all solats and is causeldly 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 wth leads to continuous tresport of ions to the electrode.

On the other hand, a higher product concentration near the electrad respect to the bulk
solutionwill facilitate the product to be transported awalligration refers to the movement of the
ions under the influencef an electric &ld, 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 elecbchemical cell, current flows in electrolyte by the transport of charged ions.
Suppose the resistance of the electrolyte between two electrod@é isthe potential drop on the
electrolyte due to this resistance will be:

O ‘Y (6)

which is calledhmic drop. Due to this effect, the measured working electrpdéential willchange

as the current changeswhich is an undesirable effect and will influence the accuracy of the
measurement. Since the ohmic drop ciges in time, its ot easy to compensate this effecthus, in

the design of the electrochemical cell of this chip, some design strategies ardcusgdimize the
effect of ohmic drop. In an electrochemical cdifferent types of charge carriers caortdribute to

the current. The equivalent conductivity(mfa ) is defined by:



I 'O s3I B (7)

Where' is the mobility,& the charge and the concentrationof the ion"QThus, the cotuctance
of a fluidic channel with crossection area and lengthtcan be calculated by:

5
0 I (8)
a

Accordingly, ohmic dropan be reduced either by increasitige concentration of electrolyte, the
crosssectional area othe 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 woikielectrode 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 voltemmetry (DPV), impedance spectroscopy are used in the characterization of the
chip performance.

1) Chronoamperometry

In chronoampeometry, the potential of the working electrode is stepped frenvalue at which no
faradaic reaction occurs to a potential at iwh the faradaic reaction occyrsvhile the current is
measured as a function of tifie2]. The measured current is described by the Cottrell equation:

0

9
D (9)

O £ 00® D
where0 is the concentration of the ion in the bulk solutidiscurrenttime response reflects the
change in the concentration gradient near the electrode surf&aee to the depletion of ionstahe
electrode surfacea high concentration gradient forms between the bulk solution and the surface.
The current rises instantaneously after the change in voltdgahe time goes bythis depletion
region expand, the concentrationgradientdrops. Then the current begin to drop as a function of
time as consequencéor a short time period @50 ms), an additional background charging current
is also contributes to the measured currgti]. lllustration of a chronoamp@metry measurement
is shown irFigure 2-4.



Voltage (V) Current(A)
A A

v2 |

vi fb0—

Time (t) Time (t)

Figure-4: Scheme of the chronoamperometry measurement result: voltage versus time (left) and L
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 voltammetryWhen the voltage reaches one limit, the scan is reversed and the voltage
is sweptback to the other limitas shown inigure2-5 (left). The current is measured as a function of
potentialwhich is indicated byigure 2-5 (right)for areversible single redox couple.

current

voltage

Vo

r
Vo voltage

Vi

Figure2-5: Cyclic vabmmetry measurement. The left figure shows the voltage as a function of time, thieil¢
right figure shows current as a function wéltage[13].

At the start of the scan, when a low voltage is applied, the reactitesr@r current) are determined
by the charge transfer between the electrode and the solutibhe current will increase as the
voltage inceases At a certain point when the overpotential is sufficiently high, an ion depletion
layer is formed between thelectrode surface and the bulk solution. The reaction rates (or current)
are now limited by mass transfefhe current begin to drop because the flux of reactant to the



electrode is not fast enough to satisfy the charges needed for the readhtiter. the voltage scan to
the high voltage limitthe scan direction stastto reverse. At a certain point reduction reaction will
happen whichis indicated bythe negative current ifigure 2-5. Similarly, the reaction rate will first
determined by the charge tresfer, followed by the depletion of ions at electrode surface. The
voltage scan direction then charg@ positive again after the voltage reach the lower limit.

3) Differential pulse voltammetry

In differential pulse voltammetry, the potential wave form eists of small pulses of constant
amplitude superimposed upon a staircasews form as shown inigure 2-6. Two current samples
are taken during each pulse perio®@ne is measured immediately before the pulse, the second is
taken just before the potential dp. The current difference between the two measumms is
plotted as a function of potential

At beginning of the experiment, when the baseline potential is much more positivettigaredox
potential, no faradaic reaction in response to the pulse, tthes 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 deternihisdtechnique
discriminate faradaic currenfrom capacitive currentThe current response of differential pulse
voltammetry is a symmetric peaklhe height of the current peak is directly related to the
concentration of the electroactive species in the solution.

— K—Pulse Width \
Step E—I —3k—Sample Period Current (A]
E
Fulse
xx“ﬁ[:l|LtUCE3 Sample Period

dume PW

t

Figure 2-6: Differential pulse voltammetry measurement: applied potential as a function of time [(l&ff)
measured current as a function of voltage (right).

>
Voltage (V)

2.2 Basics of microfluidics

Electrochemistry on chip has a lot of advantages by taking use of microfluidicetbafAs mentioned

in chapter2.1.4 mass transfer is one of the rate determine step&lectrochemical reactionsrhe
diameters ofthe channelsare in micometers whichminimizesthe diffusion time of the iondeadng

to fast reaction andhigh conversion efficiency of the aH]. The small volumef the channel make

it possible to use small amowntof reactans which reduces the cost and the harm to the
environmen{15]. In addition, the electrochemit¢amicrofluidic chip is highly integrated. Different
component like sampling, preeatment, separation and detection are combined in one microchip.
Microelectronic sensors can also be integrated to the chipus, he reaction can be precisely
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controlled by the external voltage and flow spedd]. In this subchgpter, 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 chasraisund
several hundred micrometer§ 0) or less.The volume of the microchannel is usually several nano
liters € ). The flow behavior in microfluidic systatiffers from the flow behavior in macroscale.

As the length scale of the fluidic channel decreases, surface forces applied ftowhd&ecome
dominant. Flow behavior in microchannels is commonly characterized by the Reynolds nirigber
The Reynolds number is a dimensionless number which represents the relative importance of inertial
to viscous dissipatian

.. Q"0u

YQ — (10)
Whereu is the average flow spee@is the characteristic length scale of the chanfigk the density
of the liquid, and-is thedynamicviscosity of the liquidlt is the ratio of the work invested in kinetic
energy by accelating the liquid, and the energy that is continuously dissipated by friction with its
surrounding liquid or the wallFor’Y ‘®nuch less than 2000, viscous foraksminate, and the flow is

laminar. WhenlY @ above 2000, the flow becomes dominated byriiaé¢ forces, which produce
instability leading to turbulence.

Since the length scale in microchannel is usually small38an ¢& the Reynolds numbes typically
below 10. The flow in microchannels is laminar as viscous forces dominate in the sybxémy. of
parallel streams in the channel only occur by diffusion across the interface of two streidnosit
turbulent mixing

2.2.2 Mixing principle

Because the flow in microfluidic channels is laminar, mixing of different flow is only byiaiffliee
mixing time is determined by thdiffusion lengh:

a
cO
Wheredais the diffusion lengthOis the diffusion coefficienc@n the other hand, rapid mixing is
essential in many microfluidic systenfiesr chemical, biological and medical analydike drug
discovery seqiencing or synthesis of nucleic acttiat require mixing of reactants for initiatigii 7].
Thus, micromixers are often integrated in a microfluidic system or work as-sland devices.

0 (11)

Micromixers can be categorized as passive micromixers and active microndigdve mixers use
external fietl like electrical field or magnetic field to generate disturbaimecethe flow. Passive
micromixers do not require external energy, only reliesolecular diffusion and chaotic advection.
Compared to passive mixers, the structures of active mixers aen afomplicated and require
energy input applied bexternal fields such as electrical field and acoustic fieldus, the more
simple and stablgpassive micromixers are more favorable to be integrated in microfluidic systems.
The mixer designed for this project is also a passive mixer which wil$tessed in chapter 3.
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For laminar streams in microchannels, mixing bffudion is due to theconcentration gradient
perpendicular to the flow directiorA typicalmixer in which the streams mby diffusion is a -Bhape
mixer, as shown in figur&.In order to decrease the mixing time, the laminar flow in microchannels is
usually manipulated by increag the contact surface between the different fluids and decreasing
the diffusion path between themkor the Tshape mixer, it means an extremely long and narrow
channel is requiredln order to achieve this purpose, the main flow stream can be split into
¢ substreams, then join into one stream as laminakich is a parallel lamination micromixes
shown in Figur@-7. The more substreams it is divided, the faster mixing it can achieve.

Fluid 1

Flid2”

Figure2-7:lllustration of the working principle of a simpleshape mixgrg].

Similar to parallel lamination micromixers, another kind of mixer which can reduce the mixing path of
the streams is a spliecombine mixer As shown in igure 2-8, streamsfrom two inlets are first
joined horizontally, then split into two streams again. In the next stage they join together vertically.
After ¢ splitting and joining stagegg laminae layer will be formed which leads &otimes faster
mixind17].

Split membrane

Guiding wall |
|
Split
i
 —

jun |

Guiding

Recombination

&
B
nun .z

(a) (h)

Figure2-8: Schematic view of a spliecombinemixer(a) and corresponding crasectional view of the flow
(b)[19].
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Besides diffusion, chaotic advection is usually used in microsiweimprove mixing significantly.
For a passive mixer, some special geometaiesused to generate chaotic advection, like splitting,
stretching, folding and breaking of the flf@0].For flows at a high Reynolds number, chaotic
advection is obtained by inserting obstes structureseither in the channel (Gure 2-9b)[21] or on
the channel wall (§ure 2-99)[22].Zigzagmicrochannel is also used to generate chaotic adwecti
due to the recirculation produced around tlwerner of the channelqgure 2-9¢). For flows at lower
Reynolds number, simple zigg micromixer cannot achievea highly efficient mixing, a 3D
serpentine mixing channel can be used as ter@tive as showin Fgure 10

—
o
@)

I:I_ (@) ° (b)

()

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

Figure 2-10: Scheme of a thredimensional serpentine mixer (i )[23].

2.3 Electrode materials

The working electrodés the electrode of interest iran electrochemical cell, becausige 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 favorahleThe material of the working etegode is crucial to electrochemical
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measurementSeveral important criteriare usually considered when selecting the materiatst of

all, the electrodematerial should not take part in the chemical reactions in the sol(ifidh
Secondly, thesolvent electolysis windowshould 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 measuremeiitsirdly, electrode fouling is uanted
becausat hampers the direct determination of the reactant and reduce the electrode sensj#gity
Other considerations includthe cost of the material, the easiness of fabrication, the ease of surface
renewal,and toxicity.

Platinum is one of the most camonly used electrode materialsecause of its electrochemically
inertnessin most electrolyteand easiness of fabricatiomowever, the hydrogen adsorbed at the
surface of platinum can be reduced to hydrogen gasmegative potentials whiclobscures the
analytical signal of the electrolyjt26].

Diamond has become promising electrode material because t§ extraordinary propertiesit has

high hardness, high thermal conductivity and high charge carrier mobilltigs. intrinsicallyan
insulatorwith a band gap of 5.5 eV, but can acquire electrical conductivity by doping of acceptors like
boron. The condictivity of borordoped diamond (BDD) electrodes depends on its doping level.
Usually, BDD electrodes have resistance between 5 andx b0 the doping level between 500

ppm to 10,000 ppri27].

Borondoped diamond electrode has very high overpotential for both oxygen and hydrogen
evolution in aqueous electrolytes which leads to the highest potential wirfdpproximately 3.5V)

in agueouselectrolyte compared to other commonly used electrode materials, such as platinum,
gold, glassy carb28, 29]. Cyclic voltammograms of a platinum and a BDD electrode in 0.230QH

in the region ofhydrogen and oxygen evolutioare plotted in Fgure 2-11. Borondoped diamond
also has other advantages like very low capacitancd@mdadsorption of contaminaf8Q].

10
diamond __ { oxygen {
electrode -_H""m-.-__ ) ,-';u evolution ;;.
o f — ll.l.ll
% 5+ .-* .
E T ..'I
= /
= f’F\ /
w04 f— ’
= ! | —_—
< f fl/\_/
g 5 f.-u- |:.' platinum electrode
5 7 f
[ /f
J I|'||'
i
_10 4 { hydrogen
J' evolution

T T T T
1.0 -05 0 0.5 1.0 15 20 25
potential / V vs. Ag/AgCl
Figure2-11: Cyclic voltammogram of a platinum and a diamond electrode in 0.230QHv=100v/sec[31]
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The surface termination group of BDD contributes greatly to its physical and chemical properties as
electrode Diamond consistsf sp’ hybridized carborwhich means thaapproximaely one carbon

atom in a thousand is replaced by an atom ofrdin However, there are some Spones o the
surface of BDD which lead to significénaictions of the electrode surface being noanductive. Ths

will lower the detection limits and sensitivity to target analyj&d.

On the other hand, BDD thin film produced by chemical vapoosiéipn (CVD) possesses a hydrogen
terminated surface which is due to the hydrogen containing atmosphere during the production
process Ttese hydrogerterminated groupsmake the surface of BDD electrode hydrophobic arel

very stable in air at least for omthg28]. The hydrogenrterminated surface can be changed to
oxygenterminated surface which is hydrophilic during anodic oxidation treatment in aqueous
electrolytes. Anodi oxidation can also destroysparbon impurities on the surface.
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3. Design and Simulation

3.1 The chip overview

The goal ofdesigningthis miniaturizedelectrochemical microfluidichip is to realize both cnhip
electrochemical conversion of drugs and protein digestidme first design consideration is tio all

the required functional components in the fixed dimension of the chip. The dimensions of the chip
are defined by the custormade chip holder which is 2L.5cnf. The real work area which can fit the
fluidic components is even smaller (approximately 116cnf) because ohanoport through holes

and electrical contact pads through hol@sgure3-1).

1.6cm
[
= o
\n 3
[}
3
nanoportthrowghholes 1
2cm
Figure 3-1: Dimensions of the chip in which 8 "Hi is the chip area, 8 "Hi is the work area

defined by nanoport and electrical contact pads through holes.

The chip is intended to mimic both phase | and phaseii-eivo drug metabolism. The microfluidic
channels contaiimg the electrodes are used to mimic phase | reactions in which the drugs are
oxidized at the liquieklectrode interface. The electrochemical cell contains a thaleetrode system.

The pseudeaeference electrode is put on the bottom of the inlet channebwnstream the inlet
channel splits into two channels which contain workéeigctrode (WEgnd counter electrode$CE)
respectively, on the bottom of the channels. A mixer is integrated downstream of the working
electrode channel with a second inlet tochceactants 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 micropibaes integrated near the
channel inlet to pregnt 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 WEEahdnnels 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 chipnd the fluidiccomponentsconsist the chip are shown Figure
3-2. All these design elements will be discussed in the following subchapters.

Phase |l Phase |

frit channels <
WE channel

— reference
electrode

"dllllllll——lllllllll"

microfilter

nanoport through holes 1

"""""""""""""""""""" n - > CE channel

T N N R R N I I B A R
R R R N U I B I R R
PR SR N A R R B R )
U R I R R B I B ]
LI I R A B R B B O )
LI RN R A R IR B B O
TR T EREEREErIIPYYYY
TP PR E RISy
LI S B S B I I I R )
e e RE P ERERFIIINNTTY
YT rewnna

Frraenwn

flow resistor mixer microfilter
Figure3-2: lllustration of the overview of the electrochemical microfluidic chip and diffecamhponents

3.2 Electrochemical cell

The most critical part of this device is the electrochemical cell containing the-diee&rode system
where phase | in drug metabolisrg oxidation ¢ takes place. The working principle of the
electrochemical system was described in ChaplerCalcudtions of the dimensions of the
electrochemical cell in this part are based on the PhD thesis of Mathieu[38]ijk he designing goal

of this part of chip is to realize @tal conversion of the inserted chemical species of interésio

main factors which determine the conversion efficiency of the electrochemical cell are the
dimensions of the cell and the volumetric flow velocity.

The NavieiStokes equation for incompresée flow can be written d84]:

®
" 'I'_é 2D no ‘N @ 3 (12)

Where” is the fluid density, the dynamic viscositypis the flow velocityD is the pressurey is the
body forces acting on the fluid. Because of the small channetriars (in* m range) and the slow
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volume flow velocity (severalL/min), the flow in the channel is assumed to be laminar. In the flow
direction of laminar flow where no convective acceleration exists, the N&tes equation can be
simplified as:

0 & .
! - no (13)

Ta

In whichv is the flow velocity in the flow directiony (Figure3-3).

= /

/

Y
Figure3-3: The axisystem 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. igstueni
length @ of the working electrode is much larger than the width),(which is in turn much larger
than the height of the microchannel). As a result, the velocity flow profile in the flow direction of
the channel can be derived 88, 34]:

o

O \ < (14)
U a U p T,,Q

In whicho is the maximum flow velocity in the channel. The volumetoevfielocity ) in the
channel equals the integral of along the channel height multiplied by the channel width
7 S
o 0 0 Qa -0D (15)
T o

Thus, the minimum residence timé{ ) of anion inside the channel is equal to:

. a QL 16
Op — =

h 5 s (16)
In order to fully convert the ions flowing through the microchannels, the channel hé@rshould
be equal to or smaller than the minimum diéfien distanceq ) which is the diffusion distance
of ions in the direction within the minimum residence tim&he relation of channel height(},

minimum diffusion distanced( ), and minimum residence tim&{ ) can be described by
the following equation:

Q o GO0 ; (17)
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WhereOis the diffusion coefficientDue to the materials and process used for making the chip, the
channel height above workinglectrode is fixed as 5 & Thus, the channel lengtl @s a function of
channel width § ) and volumetric flow velocity (Q) can be derived from Equatirand (6):

o
100
Besides the conversion efficiency oéthlectrochemical 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), lengthixonly 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.

a (18)

The hyraulic channel resistance of a rectangular cresstion channel is equal {84]:

(19)

Thus, the preage difference (P) over the part of the channel containing the working electrode will
be:

.., PEGD WD
20
0 U'Y O 00 0 (20)
The viscosity of the liquid is chaséo be the value ofvater (=8.9 100 AX). Asmall diffusion
coefficient(e.g aprotein) is used (D=410"m?s) and volume flow velocity of 1L/min is used in the
calculation. According to Equation (7) and (9), the minimum channel length) (containing the
working electrode and the corspondng minimum pressure differenc&( ) can be calculated. The

results are shown ifigure3-4.
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(a) Channel length vs. width (h=5um)
80 T T

Channel length (mm)

| |
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( b) Pressure drop vs. channel width (h=5um)

Pressure drop (bar)

| |
0 100 200 300
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Figure3-4: Channel length (a) and pressure drop (b) as a function of channel width.

From the plotted graphd and0 are decreasing for larger channel widths (FigGrd(b)).
Considering the dimensions and footprint of the chip holder (work area restricted by through holes),
the channel width is chosen as 20t. When the volumdlow velocity is chosen to be‘l ¥ "Q¢

O is approximately & & according to Figur@-4(a). The selected length is chosen to bed30

which is approximately four times of this minimum length for the critical scenario. Thus, the ions
which dffuse 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 ) allowed by the channel is'4 ¥& "Qfor 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 folld@8jg

. 0" 1
h 6 (21)

When the flow velocity is 1 ¥a "Qéhe average residence time of ions in a channel of 2@3vide,

5 ahigh, and 3@ & is 1.2 seconds. Thus, the drugs flow through the channel can be conserved

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 Figui®5. The working electde and counter electrode are put in separate
channels to prevent mixing of reaction products generated at both elect{@ieEwo of the designs
contain antiparalleled WE and CE channels, while the third design has parallel WE and CE channels.
The length of the working electrode andunter electrode are comparable in all three designs. The
different arrangements of the WE and CE channels are aimed for the charatiteriaf 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 psefeience electrode is put in the

inlet channel near the working electrode to reduce ohmic drop (Fig6e
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Figure3-5: Geometry of thre different electrode arrangemesbn chip.
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Figure8-6: Scheme of the position of reference electrode and working electrode.

3.3 Mixer

A mixer is designed downstream of the working electrode channel foingdaf reactants to imitate
phase Il reactions in drug metabolism, in which compounds oxidized in the phase | reaction can
conjugate to more polar compounds as introduced in chapter 2.

3.3.1 Design considerations

As introduced in chapter 2Jue to the small chamel 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 &fape mixer as shown in chapter 2, in which two streams meet
in one channel ad flows side by side in a laminar fashiomhile 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 witenminimum residence
time O ). Thus, the diffusion length ) of the ions in the channel should be equal to or larger
than half of the channel widthi(#¢):

, v

(@) c (22)
Thus, the simplest way to reduce the mixing patioisnake a narrow mixing channel and increase
the interface of the two streams by increasing channel hei@ht©n the other hand, the maximum
pressure difference in the channel should be considered as in the EC channel design. The total
pressure differene 0) should not exceed 10 bar to prevent fluidic leakage.

The Fshape 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 extrenadly sm
chip area of which the WE and CE channels have already taken most part, the sshpfgeTmixer

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 l&y. The detailed fabrication process will be discussathapter 4 Thus, two channel

layers can be utilized to design a 3D mixer. A-sptibmbine mixer which takes advantage of two
channel layers is designed. The mixer consists of two mixing unitshich wilow 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
separatelyeither in the bottom channel or in the top channel in countenedtions 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 directionsAs soon a the convergent flow goes into the mixing unit, the interface of the two
fluids will be greatly enlargedThe divided fluids whickare in the onelayer height channsl

(Q v‘' @& are then rearranged and are conducted into the Hager height mixing chango

(Q p 1t @ for further mixing. After the two fluids flow through the mixing chamber, they will be
reshaped into ondayer channel and recombined at the interface of the two channel layers, flowing
out the first mixing unit into the second mixing unit.
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||‘ \\,’"’ " \ \ ‘.‘
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Figure 3-7: lllustration of the miing procedure in the twedayer splitrecombine mixerRed: 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 obne mixing uniis shown inFigure 8 The mixer has two inlets and one outlet (Figure
8(a)), and consists of two mixing units. The width of the two inlet chann@80is & The width of
the interface of the two inlet channels is 10& The interface of the two inlet channels is connected
with the first mixing unit with a convergent cubic which has dimensafgst & p 1t & p 1 &
The same convergent cubic aldaged 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 061010° &
crosssection that splits into two channetf 5 & 80 dcross section and 10 alengtheither in

the top channel layer or the bottom channel layer in the perpendicular direction of the entrance
(Figure3-8(b)). Each of the channalsconneotd with a two-layer mixing chamber. At the other end

of the two-layer mixing chamber, they amnnected to the exit of the unit with a same but mirrored
structure as at the entrance.

L
! inletl $
inlet2 inletl $ inlet2 1 5 wm
R I .
- | |10 um - 5um
T 10 um
= sum) 1
80 pm =1 |5 um
020 um, L.} 1
10 1 <> €<—>
10 um 10 um

$100 p T

(a) ‘ P (b) |

Figure3-8: Geometry of one mixing unit of the sptiécombine mixer.

(2) Domain equations:

In order to study themixing 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 phenoema 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 definitio®.efuations
governing the system including the Navi&iokes equations which states the conservation of
momentum in a fluif36]:
IRY ~
” o O 0 no (o 3 (23)

Where¢ is the flow velocity? is the fluid density) is the pressurey represents body forces acting
on the fluid.

The fluid in the system shoullso 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 sys{@®.
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"o T (24)

On the other hand, the Nern®lanck equation is used to define the motion of chemical species in
the fluid. In steadystate flow, the equation can be simplified in the following f¢8].
1 i it T (;)
n) Ow dw —, (25)
T 0
Whereis the species concentration for mass transt@®is the diffusion coefficient) is the
dynamic velocity of the flow= represents the reaction rate of the speciesOn qis the diffusive

flux, ando is the convective flux.

The constants used in tr@mulation are listed in Tablg1. The diffusion coefficient of GSH is used
which ise& p m & 7%i. 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 densésof the two fluids are chosen the same as the density of water (XDED ).

The viscosiesof the fluids are also chosen the sangthe viscosity of water (8.9p 11 0 ¢31). The
volume flow velocity§) at both inlets are assumed to be 0.5¥4 "Qéso that the value at the mixer
inlet will be 1' & "QEThe initial concentration of ions at inlet 1 is assumed t@ Beéd@a 0, while
atinlet 2 it is assumed to be 0.

Table3-1: Constans used in the simulation

Constant Value
D X pm a T
" p T TIQHEH
- o p1 0l
Q ™ Ja Q¢
c p Tt TOTE K
(3) Bourdary 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 bounday

Wall boundary conditionThe default boundary condition for a stationary solid wall is no slip which
means the fluid at the wall is not movif3g].

O T (26)

Inlet: The normal inflow velocitis specified as

o =Y (27)

where= is the normal vector perpendicular to the boundaly is the velocity magnitude.
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Outlet: The fluid flow condition at the outlet imssumed to be no viscous stress under given
pressurg39

o o TN N (28)

b. The chemical species transport

Inflow: The concentration of speci@t one ofthe inletsis specified to b& &, while at the other
inletis® Tt

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.

=0 OGO T (29)

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

s O T (20)
(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 thisrttethe geometry will be
discretized into free tetrahedral element3hose 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 recovehe 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 mixdre most critical size is‘5 awhich 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 sméato take too much computation timé&he maximum element size used in

the simulationis 2 & The minimum element size is 0.2598

3.3.4 Result and discussion

1) Mixing performance

Two different fluids which possess the same viscosity as water are uskd gintulation. Inlet 1 is
assumed a species concentration of 0, while Inlet 2 has a species concentrationédidl The
performance of the mixer is illustrated qualitatively through the concentration field. Figi@rshows

the mixing process via the coentration field on the surface of the mixer alomgth the cross
sectioral views of the concentration profileThe dark blue color of fluid 1 represents concentration 0

in the figure, while the dark red color of fluid 2 represents concentration@fed0. 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
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