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Abstract

The demand for Organ-on-Chip systems has risen due to a shift away from animal testing and the need to
make more complex cell culture systems. A modular platform is being designed using the ISO 22916:2022
standard to advocate standardization within the field. It strives to be a true lab-on-chip and not chip-in-a-lab
system by integrating microfluidics and electronics within the size of a multiwells plate, which reduces the
number of external connections needed. The goal of this master’s project is to reduce further the external
connections needed by designing a way of integrating electrochemical sensor read-out onto the modular
platform. The device’s design is chosen as a modular one-cable solution using the EmStat Pico module
from PalmSens integrated on a PCB. The device’s footprint is 35 x 38 mm and can fit on top of a 30 x 30 mm
microfluidic building block. Proof-of-concept measurements are carried out using a three-electrode setup
with platinum working and counter electrodes and a quasi-reference Ag/AgCl electrode. Electrical imped-
ance spectroscopy is used to show a difference in KCI concentration. Differences in oxygen concentration
are shown in cyclic voltammetry and chronoamperometry. With the device integrated on the platform, the
experiments show successful electrochemical measurements for monitoring Organ-on-Chip system para-
meters.



Wouter Nijenhuis Integrating Compact Electrochemical Measurement Readouts on a Modular Organ-on-Chip Platform 3

1 Introduction

The development of society has paved the way for people wanting to live longer and healthier lives. This has
created the need for more treatments to achieve this lifestyle. Developing these treatments is a lengthy and
costly process, mainly due to the clinical trials that need to be performed!. For example, drugs need to be
tested in an environment that closely matches its target to determine the effectiveness and side effects. This
can be done in animals that have the same kind of mechanisms as the human body. These in vivo studies
bring a lot of complexity and, therefore, uncertainty since the test environment is not precisely controlled.
Furthermore, animal testing is becoming less and less desired by governing bodies due to ethics concerns!?.
To aim for quicker testing and a more controlled environment, in vitro methods have been designed. Here, a
small sample of target tissue is tested in a controlled lab environment. In the simplicity of in vitro testing also
lies a drawback®l. The testing in these environments does not take into account the complex interconnected
systems and environments of the human body. A solution would be to include more tissue types, simulate
more accurate environments, and use those together to make the model more complex. One of the methods
to make in vitro systems more complex is to use Organ-on-Chip (OoC) platforms. With this technology, the
cell cultures are made inside microfluidic devices where the physiology can be mimicked by replicating its
3D cell structure and where the environment can be precisely controlled by adding, for example, mechanical
stress to the cells. Different cultures can be connected as well, making a network of multiple cell cultures to
mimic the systems in the human body better.

The development of microfluidic platforms has grown in the last few years®! but has not seen widespread
adoption in clinical trials. Due to their complex and multidisciplinary nature, full OoC platforms are hard to
develop by the researchers who also want to use them. Next to that, the platforms are highly specific for the
tissue that is used inside of the 0oC and what needs to be tested on that tissuel®l. This means that every 0oC
platform has different specifications and dimensions to fit the lab and the equipment that is supposed to be
used. Therefore platforms and setups are hard to connect together or implement in a different location. To
give more guidance in the development of microfluidic platforms (including OoC) and make it possible for
manufacturers to develop modules for microfluidic systems that more researchers can use, a consortium
consistin[g] of companies and research institutes developed a standard on which these platforms can be
designed!”.

While this standard is supposed to solve the issue of inter-compatibility, it is not yet widespread in use, and
the complexity of fabricating the systems is not yet tackled. To advocate that the standard can be applied
to 0oC applications and to get a usable platform in the hands of researchers, a Starterkit is being developed
at the BIOS Lab-on-a-Chip group shown in Figure 1. The Starterkit is a modular microfluidic platform for OoC
applications and interconnects microfluidic building blocks with pumps and reservoirs via a customizable
routing block. The goal of the Starterkit is to develop a true standalone setup by reducing the number of
external microfluidic and electrical connections needed to work with and test on a microfluidic chip.

Monitoring cell cultures is important to see the effect during experiments in OoC research and the goal of
the Starterkit is to have an all-in-one platform for OoC research. Therefore, the goal of this master project
is to design a way of integrating electrochemical sensor read-out onto the Starterkit in a standardized and
open manner, ensuring optimal signal quality and ease of use while requiring minimal external connections.
This report will show the process of this project and the reasoning behind it. The background elaborates on
which open standards need to be adhered to. That section will also give information about which signals
will need to be processed so optimal signal quality can be ensured while moving to the design of the device.
Theory about electrochemical measurements will be given so the methods and results can be understood
more clearly. In the design chapter, the information from the background will be formulated as requirements,
and the choices for the design will be explained. The methods for the production of the design and the
proof of concept experiments are shown after. The results are shown and discussed in the next chapter to
conclude the functioning of the device. The last chapter of this report introduces future design choices and
experiments.
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Figure 1: Overview of the Starterkit by A. Paul (unpublished). A) An exploded view of the components that make up the Starterkit. B)
A schematic overview of how the different components are connected. C) A picture of the assembled Starterkit.
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Figure 2: From left to right a quick history of modular microfluidic platforms.

2 Background

2.1 State of Modular Microfluidics

The microfluidic field has already started playing with modular concepts, starting in the 1990s. First, the
idea of combining sensors and fluidics in one chip was proposed with the micro total analysis system by
Manz et al. [8]. After this, the concept quickly gained traction, and already a modular system was proposed
by Lammerink et al. [9]. They proposed a system where modules would be bonded using existing bonding
techniques to a substrate with the fluidic channel network called the Channel Circuit Board. This design
was further worked out by Schabmueller et al. [10] in 1999 to use pyrex-silicon sandwich material so only
anodic bonding would be used for attaching the modules. While these solutions were modular, the modules
would be attached permanently, and they would not be reusable. In 2005 Gilde et al. [11] proposed a new
solution they called '"MATAS’, Modular Assembly Technology for micro Analysis/synthesis Systems, where
the sensors were pushed on the channel network, now called Fluidic Circuit Board (FCB), and held in place by
solder in a bigger Printed Circuit Board (PCB). This solution favored small sensors and showed an interest
in developing modular microfluidic platforms by companies.

Due to the high rise in interest in microfluidic systems but the lack of consistency in their fabrication and
use, a consortium for Microfluidic Manufacturing set up an ISO workshop in 2016 to start developing a mi-
crofluidic standard”l. The idea is that this would increase the ease of use of microfluidic platforms in re-
search by easily combining modules from different manufacturers to suit the application’s needs['. The
usability of this standard was demonstrated by Dekker et al. [13] by making a modular coulter-counter that
was interconnected through an FCB.

The I1SO 22916:2022 standard(™ following this workshop outlines how to interconnect different modules.
The basis is to fit all modular fluidic building blocks (MFBBs) inside the size of a 96 wells multiplate. A
framework is laid out on which modules can be built by defining the reference points, dimensions, port pitch,
and exclusion zones. An example of how the standard can be applied can be seen in Figure 3. The standard
is aimed at the whole field of microfluidics and is, therefore, rather general. How the clamping and sealing
of the connections is done is not explicitly stated in the ISO documentation and is left to the developer of
a module. To show the potential of the standard for organ-on-chip applications and to advocate its use,
a Starterkit is being developed that also tries to fill in the unknowns of the ISO standard. The goal of the
Starterkit is to have as much as possible integrated and contained within the Starterkit dimensions such that
the least amount of cables and external devices are needed to run the platform and its experiments. This is
specifically useful for the target organ-on-chip applications since the devices need to fit in an environmentally
controlled chamber. The Starterkit strives to be open and accessible. Therefore, researchers can add their
modules to the platform. While all these integrations increase the complexity of the platform, they should
not compromise the platform'’s ease of use.

Shown in Figure 1 A, the basis of the Starterkit consists of a pump module with six peristaltic pumps, which
can be controlled individually, and three reservoir blocks in the middle with each two reservoirs. Three mi-
crofluidic building blocks (MFBBs) of 30 x 30 mm are designed to be swapped for functional blocks, such as
a chamber for cell cultures. On the side, there is room for three 15 x 15 mm MFBBs, which can be connected
to measurement setups to do measurements of the fluids inside the channels. Everything is connected by
the FCB, which has a fully customizable routing block, so the layout of the connections can be changed per
application as shown in B. For now, the measurements carried out on the processes on the board are done
with external devices.
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Figure 3: Example application of the ISO standard on Modular Fluidic Building Blocks for the growth of cell tissues by Safai [14] as
used in the Translational OoC Platform Project and the Starterkit. (units: mm)

2.2 Monitoring Organ-on-Chip

An Organ-on-Chip (0oC) is a microfluidic platform with cell cultures to mimic the functions of a human
organl’l. At the center of an OoC system is the tissue to be studied. This cell culture has to be monitored to
keep it in good condition and to measure the effects of tests done. Since the environment around the cells
is a very good indicator of how the culture itself is functioning, a feasible solution can be to not look at the
cells directly but the environment around them for continuous monitoring. Environmental variables like pH,
oxygen and/or carbon dioxide concentrations, and the presence of specific ions are essential for the viability
of the culture. Electrical sensors are the preferred way of monitoring these kinds of variables in OoCs due to
their simplicity and the field’s maturity in micro-electronics and electrodes!™l.

pH can, for instance, be measured by use of an lon-Sensitive Field Effect Transistor (ISFET)"! or lon-Sensitive
Metal Oxide electrodel™. Both of these techniques rely on measuring a change in potential. The Nernst
equation governs the signal measured and can reach a maximum resolution of 59 mV/pH!"], and a common
resolution is around 46 mV/pH[20l.

Oxygen concentration is more easily measured by its diffusion to inert electrodes. The main problem is that
these kinds of sensors consume the dissolved oxygen in the solution. These sensors measure a change in
conducting current to the electrode with resolutions up to a couple of nA per mg/L oxygenl?'l.

Specific ion concentrations can be determined using electrodes coated in ionophores, which change their
charge based on ion concentration in the solution??l. Again, the response of these electrodes is governed
by the Nernst potential. This means that when measuring ranges of ion concentrations in human serum, the
potential change is about 9.5 mV for a change in K* concentration from 3.5 to 5.0 mMI23l.

To inspect the integrity of cell layers, the potential drop across a barrier of cells can be measured. At a
fixed or sweeping frequency, the layer’s electrical resistance can, therefore, be determined. The technique
used for this kind of measurement is Electrical Impedance Spectroscopy, and the typical frequencies range
from 10 Hz to 100 kHz but sometimes go up to 1 MHz[24. The impedance can be monitored over time and
give information about the development of the cell layer. These Trans Epithelial Electrical Resistance (TEER)
measurements are important in, for instance, intestinal epithelium cell cultures?®l.

2.3 Electrochemistry

The electronic sensors used in 0oCs are often based on electrochemical principles. The mechanisms of
the measurements can be divided into non-faradaic and faradaic measurements. With non-faradaic, there
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Table 1: Overview of specifications of commonly used sensors in Organ on Chip applications.

Variable Expected output Expected input

pH sensing Change in potential; 46-59 mV/pH 71201 negative bias voltage for ISFET
Oxygen concentration nA current change -0.7 V potential supply!2!

lon concentration changes in a couple of mVI23] No input, measure OCP

Excitation potential 1-100 kHz

} Hude ~ [24][25]
TEER 1100 kHz, amplitude ~10 pA 10 mV amplitude

is no charge transfer from the electrode to the analyte. Instead, a double-layer capacitance is formed on
the surface of the electrode, which is consequently charged and discharged. These measurements with an
alternating current are called Electrical Impedance Spectroscopy (EIS). In principle, this method only requires
two electrodes, a Working Electrode (WE) and a Counter Electrode (CE) in non-faradaic situations®”. An elec-
tronic equivalent circuit can be derived when sweeping the frequency and measuring the current response.
A Randles circuit is the basic electronic equivalent circuit that describes an electrochemical cell. This circuit
describes the impedance of the solution and the electrode-electrolyte interfacel28l. This interface consists
of a double-layer capacitance and the charge transfer resistance, as seen in Figure 4.

Randles Circuit

Cdl

Impedance |Z|
Phase [deg]
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Figure 4: The Randles Circuit and its simulated typical response to an AC signal sweep. For the simulation Rs = 560 Q, Cdl = 33 nF
and Charge transfer resistance = 10 kQ.

Faradaic measurements, on the other hand, have at their basis measuring reactions that release electrons to
or consume electrons from an electrode. This can be measured as a change in the electrode’s potential or a
current of electrons flowing to sustain the chemical reaction. This means the reaction kinetics are measured
and need to be taken into account?%l. Faradaic measurements, in turn, can be split up into potentiometric
and amperometric measurements. For potentiometric measurements, a change in potential between elec-
trodes is measured. Measuring the Open Circuit Potential (OCP) is potentiometric since it does not apply a
potential to the electrodes and measures the resting potential at the electrodes. To have a reference at which
these potentials are measured, a third Reference Electrode (RE) has to be added to the Working and Counter
Electrode. The measured resting potential is caused by the rate of oxidation and reduction reactions on the
electrode surface when no current is flowing. This means that the OCP gives information about the ratio
between redox species in a solution and can give information about the concentration of the species!3%.

With amperometric measurements, the current is measured by applying a voltage. Cyclic Voltammetry (CV)
is an example where a sweeping voltage is applied, and the current response of the analyte is measured!°.
This response is proportionate to the chemical reaction at the electrode and follows the Randles-Sevcik

Equation:
nFvD, 1
o) 1)

Where the peak current (ip), the difference before the peak starts and the highest point, will linearly increase
with the square root of the scan rate (v) and is dependent on the number of electrons transferred during the
reaction (n), the Faraday constant (F), the area of the electrode (A), the bulk concentration of the analyte
(C), the diffusion coefficient of the oxidized analyte (D,), the temperature in Kelvin (T) and the gas constant

ip = 0.4463nFAC(
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(R). Following equation 1, the current response depends on the concentration and the scan rate when the
environment stays the same. An example of such a measurement has been carried out. It can be seen in
Figure 5 where the peaks in the graph represent the potentials at which the oxidation (higher potential of the
two) or reduction (lower potential) takes place. When more redox couples are present in the solution, more
peaks can be seen in the graph, indicating their reduction and/or oxidation potentials. These peaks can, in
turn, be used to identify the redox species in the solution.

Current/pA
o

T T T T T T T
0.6 0.4 -02 0.0 0.2 0.4 0.6
Potential/Vv

Figure 5: Cyclic Voltammetry measurement of a solution of 100mM ferrocyanide at a scan rate of 100 mV/s. The peaks of the oxida-
tion and reduction reactions are visible.

Chronoamperometry (CA) is also a form of an amperometric measurement. Here, a constant potential is ap-
plied for a certain amount of time, and the current over time is measured®". The Cottrell Equation describes
this reaction:

j= FACVD 1 ?)
vt Vit

Where the current (i) is proportionate to the square root of time and the initial concentration (Cy), here D is the
diffusion coefficient of the species. When this equation is simplified, there is a linear relation between the
current and the \iﬁ when all other parameters stay the same. The slope of the graph changes proportionally
with a change in concentration, as can be seen when simplified by putting the constant variables in X. Thus, it
can be used to determine proportional concentration change if all other variables are unknown but constant.
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3 Design

3.1 Requirements

As described in the background, the ISO standard aims to make it easier to interconnect microfluidic modules
and, therefore, make microfluidics more available. The Starterkit’s vision adds to that by aiming for a fully
standalone OoC platform that is easy to use. The platform should be modifiable to be used in many different
situations. Currently, the integration is mainly focused on the microfluidic side of the platform. The vision for
electronic integration on the platform is to make it as modular as the microfluidics, to be robust to work in
the electrically noisy environment of the Starterkit itself and the setups around it, to use open standards and
common components, and to be easy to implement by an end-user. These visions can be further specified
into concrete requirements, which are summed up in Table 2.

First of all, the device needs to fit on the Starterkit and not interfere with the standards already set by ISO.
It is desirable to only take up the space of one culture chamber so as not to interfere with the connections
present. Therefore, the device should fit in the same area as a 30 x 30 mm MFBB. This way it can be placed
on top or below the chamber. When the device is close to the MFBB, the connections to the sensor can
be as short as possible, which can increase the signal quality since the wires for the analog signals will be
short and, therefore, pick up less electrical noise from the environment. A digital communication protocol
should be used to have minimal noise in the communication to and from the module. Since the primary
use of the Starterkit will be in environmental chambers for the cell cultures, the cables used by the module
should be minimized. Therefore, only one cable will transfer data and/or power. To continue the vision of
the ISO standard and the Starterkit, the solution should be modular and independent from the microfluidic
module used. This means the device must be easily attached to the Starterkit and easily removable. Using
the existing hardware of a 30x30 mm MFBB is desirable, and electrodes should be attached to the device in
a non-permanent and reusable way.

The goal of the device is to monitor the cell cultures. Section 2.2 explains parameters that are important
to measure. Here, it is indicated that there are different methods to measure these parameters, and the
measurement techniques depend on the kind of electrodes or coatings. There is a set of techniques that
encompass most of the measurements that the device should be able to do. First, Electrical Impedance
Spectroscopy is used to do TEER measurements to measure changes in the cell layer. From this, stresses and
thickness in the cell layer can be derived. Second, Cyclic Voltammetry is important to see the oxidation and
reduction potentials of species inside the solution. Lastly, chronoamperometry is important in determining
the concentrations of analytes.

The target audience for this device is researchers who want a plug-and-play product. In that way, the device
needs to interface with already existing peripherals like a computer. It needs good documentation, and it
should be easy to perform the measurements. The device must also be adaptable to be modified to fit
the users’ needs. Using common components and standard fabrication techniques should help with that
requirement.

Table 2: Overview of the requirements for the design of the device.

Goal Requirement
Fit on the Starterkit Not interfere with the existing connections

Only take up as much space as a 30x30 mm MFBB
Low electrical interference  Keep electrode connections short

Use a digital communication protocol
Few external connections  Use one cable for communication and/or power
Modular device Use existing mounting hardware
Electrodes are attached in a non-permanent way
Provide electrical impedance spectroscopy, cyclic voltammetry
and chronoamperometry measurement techniques
Plug-and-Play Interface directly with a computer

Have a usable interface and good documentation
Adaptable Use accessible components and fabrication techniques

Monitoring cell cultures
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3.2 Measurement Circuit

Specific electronic requirements can be derived from the electrochemical measurement techniques men-
tioned in the previous section and section 2.2. For EIS measurements, frequencies need to be generated.
Looking at TEER measurements, the frequencies generated must be at least from 1 Hz to 100 kHz with a
variable amplitude between 1 and 100 mV24. These frequencies also need to be measured and will have
amplitudes in the pA range. To be able to do CV measurements a sweeping potential should be applied in
arange of at least-1V to 1V. On the other hand, currents should be measured with a resolution of a couple
nAl% | ooking at CA measurements constant potentials should be applied between -1V and 1V. The current
measurements for this technique should be more precise with a resolution in the tens of pAl2s].

Looking at these electrical requirements, a reliable voltage source that can provide the DC and AC signals
and a way of measuring potentials and currents is needed. The ranges to measure are very broad, so variable
amplification of the electronic signals is needed. Since the currents are low, low-noise amplification is also
needed. The EIS frequencies to be measured also ask for fast measuring.

The first choice was made on the measurement circuitry. Since it needed to fit on a specific 30 x 30 mm
footprint, a custom solution had to be made. The research was done on making the device from scratch by
looking for a suitable microcontroller that could be paired with available integrated circuits to get the func-
tionality desired. If only looking at EIS circuitry, circuits for wearables have been reported that could produce
and read signals up to 100 kHzB2. There are also commercially available spectroscopy chips meant for ra-
dio analysis that could be used. Since the device should measure more than just the impedance spectrum,
the complexity rises quickly by adding abilities for these circuits to measure low currents for chronoampero-
metry. Furthermore, these circuits would have had to rely on self-written programs and firmware to function.
This increases the project’s complexity even more and decreases the ease of use for an end-user since sup-
port is not guaranteed. If the circuit had been purpose-built, this would have decreased compatibility with
test protocols other than the proof of concept tests designed.

Looking at commercial potentiostats used in labs, most are bigger than the footprint specified, like the Bio-
Logic SP-300 which is 20 by 40 cm. Smaller portable potentiostats do exist from the likes of MetrOhm and
PalmSens, but not down to the footprint desired. PalmSens has an OEM product, the EmStat Pico, that is
developed together with Analog Devices. This module is 18 x 30 mm and, therefore, should fit inside the 30
x 30 mm footprint. Since this is an OEM product, all peripherals around can be designed separately to suit
the requirements of this project. The downside of being a commercial product is that the manufacturer’s
specifications cannot be modified. A selection of these specifications is shown in Table 3 and does fit the
requirements set earlier in this section. The positive of being a commercial product is that it has extensive
documentation and a compatible analysis program to do the measurements.

Table 3: Selection of EmStat Pico module specifications!33.

Element Specification
Communication UART (to module), I2C and SPI (to peripherals)
DC-potential Range -1.7to+2V
Acquisition Rate 1000 datapoints/s
Potential Resolution 56 uvV

Max. Current Resolution 5.5 pA

DC-potential Source Resolution 395 uV

EIS Frequency Range 0.016 Hz to 200 kHz
AC-amplitude Range 0.708 V peak-peak
Amplifier input >1TOhm // 10 pF
Storage 4000 datapoints

Size 18 x30x 2.6 mm
Interface PSTrace, MethodScript

3.3 Electrodes

A stable reference electrode must be used for the proof of concept measurements. Common reference
electrodes are the standard hydrogen electrode and potassium chloride (KCI) saturated silver/silver chloride
(Ag/AgCl) electrode. The standard hydrogen electrode is hardly used in common testing since it is imprac-
tical, and both reference electrodes cannot be manufactured to be small enough to fit inside a microfluidic
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chipl®. A quasi-reference electrode can be made from silver by depositing a silver chloride layer to make
a quasi-reference Ag/AgCl electrode. If there is potassium chloride or sodium chloride inside the solution
this electrode should give a stable reference potential. Luckily these salts are important for cells to function
and are therefore present inside most biocompatible solutions like Phosphate Buffered Saline (PBS). For
EIS measurements, the only requirement is to have inert working and counter electrodes where no reactions
take place with an open circuit. Platinum and carbon electrodes are often used in this casel28l. In conjunc-
tion with the quasi-reference electrode, platinum can also be used to measure the reduction of oxygen and,
therefore, oxygen concentrations with chronoamperometry[2él. Cyclic Voltammetry can also use the plat-
inum elect[ro?es when measuring oxidation and reduction reactions when the redox pairs of the species are
in solution®Y,

3.4 PCB design

To fit on the Starterkit and design for a one-cable setup, the circuit components must be fitted on a printed
circuit board (PCB). It was chosen to dedicate one side of the PCB fully for the EmStat Pico module since it
is the most significant component to be used and the PCB may not be much bigger than the module itself
to still fit in the same footprint as a 30 x 30 mm MFBB. Since margins for solder pads of the EmStat Pico
module were needed, the PCB is a little wider than 30 mm, as can be seen in Figure 6. To be mechanically
compatible with the Starterkit and easy to attach to the platform, the PCB is designed to have holes that line
up with the mounting screws for the clamp of the MFBB.

Since the EmStat Pico communicates to a computer with the UART protocol a conversion from UART to
USB is needed to have one cable running from the Starterkit and be directly compatible with a computer.
UART to USB conversion on the PCB has been chosen to minimize the external devices needed. A USB-C
connector was considered, but due to the complexity of the connector and the USB-C standard, there was
a higher chance of it not working in different setups. Therefore, the USB connector chosen is a micro-USB
connector since this is a versatile connector that has a small footprint and is foolproof in its standard for
connecting to a computer. In the layout of the PCB, the power and UART pins of the EmStat Pico were also
exposed directly via headers. This way, if the conversion to USB is not desired direct UART communication
is still possible. Itis also possible this way to connect a potential Bluetooth module such that controlling the
device can be done wirelessly if 5 V power is provided to the device via its exposed pins. Another feature
of the PCB is the inclusion of two microswitches. These switches are there to internally connect CE and
RE since this is desirable in some situations where only two electrodes are used. This removes the need to
bridge the contacts of the connector, which makes the device more user-friendly.

Figure 6: 3D model of the proposed PCB design. The mounting holes line up with the screws for MFBB attachment and the hole in the
PCB is for electrodes to pass through to the clamp on the top side. The EmStat Pico Module occupies the whole board on the back.

One of the more important aspects of the PCB is the way the electrodes of the MFBB are connected to the
device since this needs to be non-permanent and reusable. Multiple connector candidates were considered,
as seen in Figure 7. Starting with high-frequency connectors that are often used for Wifi or Bluetooth anten-
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nas. The connectors are small and would fit the design, but a lot of modification of the electrodes is needed
to fit them with the correct connectors to attach to the device. This would have decreased its ease of use and
versatility. Ribbon cable connectors were considered as well. These connectors are used to connect flexible
PCBs or flat ribbon cables to a rigid PCB. This would limit the use of the device to screen-printed electrodes.
Therefore clamping connectors were considered. Push-in clamping connectors are attractive due to their
ease of use, when pushing in a wire the clamp shuts and keeps clamping pressure on the wire. The draw-
back of this system is that with small electrode wires, the push-in connectors do not hold onto the wires. If
the wires are fragile, they could even break inside the connector. So, bigger screw terminal-type clamping
connectors were chosen. With these connectors, the clamping pressure can be chosen while screwing in
the electrodes. Thus, care can be taken with fragile wires. Next to that screen-printed electrodes can still be
used if they are designed with conductive fingers to fit exactly in the screw terminals.

U.fl mini RF connector Ribbon connector Push-in clamp  Screw terminal clamp

Figure 7: The different types of connectors considered

Microfluidic ports

‘ “~"Holes for electrodes

e units: mm .
Microfluidic channels

Figure 8: Drawing of the design for the channels in the MFBB.

3.5 MFBB

The design of the MFBB can be kept fairly simple. For the proof of concept measurements only the electrode
wires need to be held in place with the possibility of a solution flowing in between them. The most important
part of the MFBB is that the in- and outlet ports will fit the Starterkit standard. Since the EmStat Pico has
two measurement channels also two separate flow channels are designed in the chip. Each channel has a
place for four electrodes so their position can be chosen freely, and the exposed holes can be covered with
glue to close the channels. The channel design is made so that with a hole through the back, it can be used
with stick-in wire electrodes, and the front of the channels can be closed off with a flat cover piece. If the
holes are not made in the back, the cover can be swapped for a screen-printed electrode, and the design
of the channels does not have to be altered. To prevent the electrodes from being too close to each other,
the channel is made 1 mm wide, such that the center of the electrodes opposite of each other are 2 mm
apart, and diagonally, the electrodes are 2.8 mm apart. The channel is milled out of PMMA to be easy to
work with and stiff enough to be clamped easily. The channels are made 400 microns deep which means
the electrodes sticking in the MFBB are also in contact with the solution for a length of 400 microns.
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4 Methods

41 Fabrication

The device's circuit diagram (Appendix C) and PCB layout were made in KiCAD 8.0. Care was taken to keep
the design as small as possible and to keep a place for electrodes to go through so as not to exceed the
30 x 30 mm dimensions too much. The PCB was manufactured by Eurocircuits. The component choices
were made using the parts’ availability in the LCSC database. This way, the PCB could possibly later be
ordered and fully assembled (except for the EmStat Pico module) by a third party, JLCPCB. For this project
the components were ordered separately and soldered on by hand. The drawings for the MFBB were made
in Onshape and milled out in a sheet of 2 mm PMMA using a micro-mill. The electrodes were glued in using
Norland Optical Adhesive 68, a UV-curable glue with a high viscosity so it would not seep into and clog the
channel. The cover was stuck on using double-sided tape.

Figure 9: The front and back sides of the produced PCB with all the soldered components.

A couple of experiments are designed and described down below to measure the design’s feasibility. These
experiments show whether the design produces data that can be used in Organ-on-Chip applications and
test its capabilities in common scenarios.

4.2 Comparison to Biologic

A crucial step is to look at impedance spectroscopy due to handling high frequencies and parasitic elements
in the wires and the circuits. The EmStat Pico development board is compared against an SP-300 Poten-
tiostat from BioLogic. Test boxes are used to compare the exact same parameters. These test boxes are
electronic circuits that mimic the electrical equivalent of an electrochemical cell. The electronic circuits of
these reference cells are shown in Figure 10. For a comparison to a theoretical response curve the test
circuits are also simulated in LTspice.

The signal used during the Electrical Impedance Spectroscopy is an AC signal of 10 mV in the range of 1 Hz
to 200 kHz. With 6 measurements per decade, this gives 32 data points per measurement.

4.3 Preparing Electrodes

The solutions’ measurements are performed using a three-electrode setup consisting of two platinum elec-
trodes and one quasi-reference Ag/AgCl electrode. The platinum electrodes are cut from a larger spool of
platinum to appropriate lengths and cleaned with DI water before use.

To fabricate the quasi-reference Ag/AgCl electrode a protocol is used as described by Bossink [26]. The
protocol is extrapolated to be used with bigger silver surface areas. Silver wire of 203 pm in diameter is
placed in 1 M KCI, and with a platinum counter and reference electrode, a constant current is applied using
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Figure 10: The electric circuits of the Test Boxes used in the comparison of the EmStat Pico development board to the BioLogic SP-
300 and LTspice simulations.

the BioLogic SP-300. This current is dependent on the surface area of the electrode and can be found in
Table 4. This current is applied for one hour after which the AgCl layer thickness can be calculated using the
amount of coulombs transferred.

The stability of the electrode is tested by measuring the open circuit potential against a reference saturated
Ag/AgCl electrode for one hour, the results of which can be found in Appendix A.

Table 4: Showing the current applied for the electrode lengths in the 1M KCI solution and an approximation of the AgCl layer thickness
that will be deposited.

Electrode length Current applied Deposited mass Approximate AgCl layer thickness

[cm] [uA] lg] [um]
1 0.0574 3.094e-4 8.638
2 0.1150 6.169e-4 8.655

4.4 Impedance Spectroscopy

To see how the impedance spectroscopy of the developed EmStat Pico PCB behaves it is tested on KCI
solutions of different concentrations. The KCI solutions are prepared by diluting a 1 M KCI solution with
DI water. The resistivity of the different concentrations is measured using a S47 SevenMulti™ from Mettler
Toledo, and the fluid’s resistance is calculated by dividing it by the distance between WE and RE. As per the
design, the electrodes are put in the fluidic chip designed such that 0.4 mm of every electrode is in contact
with the solution. The counter and working electrode are 2 mm apart, the reference electrode is located 2.8
mm from the working electrode. The microfluidic chip is put on a tester board so the solutions can be pushed
through the channel with a pipette, the setup can be seen in Figure 11. The electric signal is applied at DC 0
V to Open Circuit Potential (OCP) with an AC component of 25 mV. The signal sweeps from 200 kHz to 1 Hz
with 7 data points per decade for 38 data points per measurement.



Wouter Nijenhuis Integrating Compact Electrochemical Measurement Readouts on a Modular Organ-on-Chip Platform 15

Figure 11: The EmstatPico device on the tester board. On the sides of the translucent tester board, o-rings can be seen, which corres-
pond to the in/outlets of the MFBB attached to the underside.

4.5 Cyclic Voltammetry

Cyclic Voltammetry is performed with the three-electrode setup in the microfluidic chip, as mentioned before,
but now the chip is also put in the Starterkit so a controlled flow of fluid through the chip can be realized.
A way of adding a gas flow through a solution in the reservoir is made, as seen in Figure 12. The amount
of oxygen in Phosphate Buffered Saline (PBS) can be controlled by using a Bronkhorst IQ+FLOW mass flow
controller connected to a pure nitrogen line and a line of atmospheric air. The gas flow is kept constant at 100
sccm while varying the ratio of nitrogen and air. Before the measurements start, the air is bubbled through
the PBS while the fluid is pumped around the fluidic channels at 25 pL/min for 2.5 hours. After which 100%
nitrogen is bubbled through the PBS, and the CV measurement is done six times at a 10-minute interval, still
with a fluid flow of 25 yL/min. The CV begins at 0 V to OCP and has the first vertex at-800 mV and the second
vertex at 300 mV. The scan rate is set to 100 mV/s with two scans per measurement where the second scan
is taken as the data to be analyzed.

Airlock Pump module Bubbler reservoir

Mass flow
controller

Starterkit FCB EmStat Pico PCB Combining
nitrogen and air

Figure 12: The setup used for flowing gas through the PBS. The Bronkhorst mass flow controller is on the right and feeds the gas
through the reservoir of the Starterkit in the middle. The Starterkit circulates the PBS through the microfluidic chip. An outlet of the
reservoir is put into a beaker with water to counter any gas flow from outside. The EmStat Pico PCB is positioned above the micro-
fluidic chip.
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4.6 Amperometry

The amperometry is performed in the same setup as the CV. Again, the gas flow is kept constant at 100 sccm
and the fluid flow at 25 pL/min, but now the ratio of nitrogen and air is varied. Before the measurements, 100%
nitrogen is bubbled through the PBS for 2.5 hours. The ratios of nitrogen to air taken are 4/0, 3/1, 2/2,1/3,
and 0/4. After every measurement, the ratio of gasses is changed and flows through the PBS for 30 minutes
before the next measurement is taken. The current flowing through the working electrode is measured for 5
seconds with a sample rate of 10 ms at an applied potential of -700 mV, the reduction potential of oxygen.
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5 Results
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Figure 13: Comparison results between a BioLogic SP-300, EmStat Pico development platform, and LTspice Simulation of impedance
spectroscopy measured on test circuits. In blue is the absolute value of the complex impedance, and in orange is the phase of the
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signal. The BioLogic and Simulation results are almost equal, so the lines are overlapping.

Figure 13 shows impedance spectroscopy on two test circuits. The measurements of the EmStat Pico de-
velopment platform show great similarity with the BioLogic used as standard and the simulations done in
LTspice. The biggest difference is seen at higher frequencies where most capacitance is ignored in the
measurements, and only resistances are measured. The impedance measured by the EmStat pico curves up
again, which indicates that inductance is measured at those frequencies, which is not present in the other

measurement methods.

5.2

Figure 14: Electrical impedance spectroscopy of different concentrations KCI from 1 Hz to 200 kHz. The frequency response re-
sembles the response that is expected from a Randles circuit. The impedance at higher frequencies diverges and there is a clear
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Figure 14 shows the impedance spectroscopy done at different concentrations of KCI. The response is com-
parable with the response to a Randles circuit, as expected, with a higher impedance at low frequencies
where the double-layer capacitance is dominant. There is a clear difference seen in resistance at higher fre-
qguencies where the double-layer capacitance is negligible, and only the resistances of the electrochemical

cell are measured.
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In a log-log plot, a linear relation is expected between the concentration and the measured impedance fol-
lowing the equation R = pC, where R is the electrolyte resistance, p is the resistivity of the electrolyte, and
C is the electrochemical cell constant. Since the exact electrochemical cell constant of this setup is hard to
determine to use in calculating the expected measured impedance, the real impedance measured is com-
pared to the resistance of the different solutions in Figure 15 and Table 5. It becomes clear that the linear
relation is as expected, but the real impedance measured is an order of magnitude higher than the resistance
derived from the resistivity of the KCI solution. The calculation of the theoretical resistance of the fluid is
done by taking the molar conductivity of KCI of 149.9 Scm?2/mol, multiplying that by the concentration, and
multiplying the inverse with the distance between the RE and WE.

Impedance of KCl at 200 kHz Resistance of KCI
" T L R R B = T T L S N
1200 F o Impedance at 200 kHz |~ N o— Calculated
1000 F ) y=-0.7219+5.6809 |2 ©  Measured resistivity
. R2=0.9974 ] 02k - y =-0.9328+2.8966 | |
800 [ . S I R? = 0.9997 ]
N Y
= ] o .
& 600 | 5 .
400 . o O\
[ \\\\ 1 “\‘EL‘
] . R R BRI | J\.\“.‘«. L . ] P B B B
0.2 04 06 08 1 0.2 04 06 08 1

KCl concentration [M] KCl concentration [M]

Figure 15: On the left the real impedance at 200 kHz against the KCI concentration plotted on a log-log scale to show the almost lin-
ear relation. On the right it can be compared to the resistance derived from the measured resistivity and calculated with the theoret-
ical Molar conductivity of KCI.

Table 5: The resistance of the KCI solution between the working and the reference electrode derived via different methods. First, with
the measured resistivity. Second, using the Molar conductivity of KCI. Third, the real impedance is taken at a frequency of 200 kHz.

KCI Concentration | Resisitivity Resistance | Calculated Resistance Impedance
[mM] [Qm] [Q] 2.8 mm [Q] 2.8 mm [Q] at 200 kHz
1000 5.14 18.4 23.8 300
500 9.51 34.0 47.7 462
250 18.4 65.7 95.3 816
125 35.6 127 190.6 1315

5.3 Cyclic Voltammetry

Figure 16 shows the CV results in PBS while increasing the duration of pure nitrogen bubbling through the
PBS. We expect there to be a decrease in the amount of current at the low end of the potentials since the
reduction of oxygen takes place around -0.7 V3%, By seeing the graph moving upwards, we can indeed
say that the current decreases while nitrogen is bubbled longer through the solution, which points to less
reduction of oxygen.

5.4 Amperometry

In Figure 17 the amperometry results are given of bubbling different nitrogen and air ratios through PBS. A
more considerable current flow is expected at a higher concentration of air, which means a higher concen-
tration of oxygen. Also, a change in slope is expected when the current is plotted against \i/t The change in

slope should be linear with the change in concentration following the Cottrell equation as explained in sec-
tion 2.3. This is not the case when only waiting 10 minutes in between the measurements which can be seen
in Appendix B where only the response changed after 3 measurements. The slopes of the graph at different
concentrations are determined by doing a linear fit per concentration. The R? for these fits is between 0.9889
and 0.9984. Figure 17 shows a clear distinction between the measurements and a linear relation can be seen
between the slope and the oxygen concentration in Figure 18.
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Figure 16: CV measured at different time intervals of a PBS solution with nitrogen gas flowing through it. The lowest peak of the
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Figure 17: Amperometry results of varying oxygen concentrations flowing through PBS, the measurements were done after 30
minutes of bubbling the gas mixture. On the left side the raw measurements data and on the right side the current plotted against
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6 Discussion and Conclusion

The goal of this master project is to design a way of integrating electrochemical sensor read-out onto the
Starterkit in a standardized and open manner, ensuring optimal signal quality and ease of use while maintain-
ing a standalone character. During the design, the goals of the Starterkit and the ISO standard and the vision
of electrical integration in the platform have been taken into account. This has led to a device of 35 x 38 mm
that can fit on top of a 30 x 30 mm MFBB on the Starterkit. The electrodes are easily removable and there
is only one micro-USB cable that is used for power and communication with the device. Proof of principle
designs have been carried out to show if the device is capable of also doing electrochemical measurements
on systems inside an MFBB.

The comparison to the BioLogic and simulations are very promising with only a minor deviation at the higher
frequencies. Since this is the response that is expected with an extra inductance, the higher impedance at
higher frequencies can be due to a parasitic inductance inside the circuit and/or the electrodes connected
to the module. The BioLogic SP-300 has active cancellation of parasitics in its wires and circuit, and the
simulation does not have it at all. This deviation can be expected from a device that is much smaller, costs
less, and has fewer features. While the deviation is at higher frequencies where the double layer capacitance
is not measured, it is not detrimental to have since it is a constant parasitic. This means that if you compare
the measurements of the module against each other, there should be a constant offset, and you can still make
comparative measurements. In the application for TEER measurement this means that a change in the cell
layer over time can still be measured. To do quantitative measurements an extra step needs to be taken to
make a calibration curve on which measurements can be evaluated. This is confirmed by the impedance
measured of KCI. While the impedance is higher than the theoretical and measured resistance, in part due
to the unknown electrochemical cell constant, the relation of the measurements is still linear on a log-log
scale. Thus with a calibration curve, KCI concentrations can be derived from an unknown solution.

The results from the cyclic voltammetry show some noise, but this could be due to the peristaltic pump
and, therefore, the pulsing flow along the electrodes. Still, the results show a change in the amount of oxy-
gen reducing at the electrode. There were no perfect peaks measured for the oxygen reduction due to not
sweeping down to lower potentials and the start of the reduction of other species in the solution. Therefore,
the concentration cannot be derived from these results. In this instance, that is not necessary since, with
chronoamperometry, the concentrations of oxygen can be determined. The CV results still show that this
measurement technique is possible and could be used to determine the redox potentials of other species.

The chronoamperometry measurements clearly indicated the linear relation between the oxygen concentra-
tion and the slope of the % plot. Therefore, again, with calibration curves, unknown oxygen concentrations

can be measured with the device.

Looking back at the goals mentioned in Table 2 can be evaluated. The module fits on the Starterkit using the
existing connections of a 30 x 30 mm MFBB. During the proof-of-concept measurements, the device does
not show significant noise inside the measured signals. Only a micro-USB cable is used to connect to the
device. The electrodes can be easily connected and there is support for a wide range of electrodes. With the
proof-of-concept experiments, it is shown that biological parameters could be measured, and this design is
capable of adding electrochemical measurements to the Starterkit. The commercially available EmStat Pico
has good support and documentation and can, therefore, be easily controlled via a computer program. By
using off-the-shelf components and an open communication standard, the device can be easily replicated
and improved. All together shows that the aim of the project was achieved by making a usable potentiostat
that fits on the Starterkit.
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7 Future prospects

Electrodes: During this project, the idea of using screen-printed electrodes with the EmStat Pico module has
already been taken into account. Screen-printed electrodes are commonly used for testing wearable devices
and could be very accessible in the Starterkit with this device. By using flexible PCB mass manufacturing,
the shapes and positions of the electrodes can be cheaply made, whereafter the desired electrode materials
can be deposited using electroplating or clean room sputtering techniques. A prototype of a screen-printed
electrode with the module can be seen in Figure 19.

8

Figure 19: The Emstat Pico module together with a concept flexible PCB to be used as electrodes in an MFBB.

Integration: The footprint of the PCB right now exceeds the 30 x 30 mm standard for MFBBs which is not a
problem on the Starterkit but could become a problem on other platforms. Therefore, the PCB could also be
redesigned to fit those dimensions by using the EmStat Pico Core chip. This would provide more flexibility
in the position of components and the space on the circuit board can be more optimally utilized.

Communication: Since this is the first version of the PCB for this device the functionality could also be
increased by a redesign of the PCB. Since the vision of the Starterkit is to have more electronics integrated
on the platform and still reduce the amount of wires needed, the communication of the module could be
expanded. The I2C connections to the EmStat Pico Module could be exposed on external pins to increase
compatibility with other peripherals. Bluetooth functionality could also be added so the data wires could be
eliminated. This should be done in a stacked PCB approach, however, since a Bluetooth module takes up a
lot of space.

Validation: To show more potential of the device the same electrode setup as shown in this report could be
used to measure dopamine concentrations as described by Chen et al. [36]. Platinum could also be fiction-
alized with ionophores to measure the concentrations of specific ions by using the device’s OCP measure-
ments.
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A Stability of quasi-reference Ag/AgCl
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Figure 20: The potential of the quasi-reference Ag/AgCl electrode measured for 1 hour against a KCl saturated Ag/AgCl electrode.

The maximum change in potential in one hour is 1.2 mV, not considering the settling of the measurement and electrode in the first two
minutes.
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B Amperometry Results
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Figure 21: Amperometry results of varying oxygen concentrations flowing through PBS. The measurements were done after 10
minutes of bubbling the gas mixture. On the left side, the raw measurements data, and on the right side, the current plotted against
a
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Figure 22: The slope of the current to % plotted against the oxygen concentration in the water measuring after 10 minutes of the gas
mixture flowing through the solution.
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