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Automated high-throughput liquid handling operations in biolabs necessitate miniaturised and
automatised equipment for effective space utilisation and system integration. This paper presents a
thermal segment microwell plate control unit designed for enhanced microwell-based experimentation
in liquid handling setups. The development of this device stems from the need to move towards
geometry standardization and system integration of automated lab equipment. It incorporates features
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based on Smart Sensor and Sensor 4.0 concepts. An enzymatic activity assay is implemented with the
developed device on a liquid handling station, allowing fast characterisation via a high-throughput
approach. The device outperforms other comparable devices in certain metrics based on automated
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liquid handling requirements and addresses the needs of future biolabs in automation, especially in high-
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1 Introduction

The evolution of automated liquid handling in biolabs has
necessitated the development of miniaturized, integrated
equipment. This paper introduces a thermal segment
microwell plate control device, designed for high-throughput
approaches in liquid handling setups. Central to this
development is the drive towards standardization and
integration in automated lab equipment, based on Smart
Sensor and Sensor 4.0 concepts. These focus on enabling real-
time monitoring, data visualization, condition monitoring,
and adaptive control, significantly improving device reliability
and efficiency.

Historically, after the introduction of liquid handling
stations, additional equipment for those platforms has been
introduced such as filtering stations, columns, shakers,
pumps, transfer units, washers, cooling and heating devices,
small footprint shakers, tip removal devices and specialized
microscopes.' ® This type of equipment is usually adapted to
the size limitations inside of the liquid handlers' working
area or are used adjacent to the liquid handlers. However,
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adjacent devices and physically large equipment have various
negative side effects, such as pipettability problems, timing
problems and parallelizability reduction. Thus, to reach the
full potential of automated liquid handling experiments,
small-scale devices are expedient for automated experiments
in liquid handlers. Various small scale setups exist, relying
on mini bioreactors, a variety of 96 384-well and 1536-well
plates based screenings, organ on a chip setups and
microfluidic applications which can all be used inside of a
liquid handling setup.>”*?

Automation-, system-, system component- and device
developments in biolabs, such as specialized multi sensor
based robotic biolab equipment has always been driven by
the requirements of automated experiments to reach a high
degree of automation and parallelization. Such equipment
should be supported by the necessary hard- and software,
which itself should also support multiple sensors working
with  well-established interface based communication
technology."**® Academic literature has a few examples for
the application of sensor networks and Smart Sensors in a
biolab, which rely on a potpourri of systems, each equipped
with sensors running in parallel forming a highly parallelized
mesh of experiments.'?™°

In modern biolabs, sensors and devices are subjected to a
diverse array of requirements. Requirements for sensor-based
devices, as identified by various authors, include a wide range
of features. These features are error-free and highly accurate
measurements, real-time data availability, maintenance-free
sensorics, measurement without influencing the system,

This journal is © The Royal Society of Chemistry 2024
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sensorics as retrofit, low costs, sterility, prevention of
contamination spreading, robustness, inline capabilities, low
cross-sensitivity, and the endurance in aqueous solutions.>**’

Experiments on automation platforms in biolabs that rely
on microorganisms or enzymes are usually sensitive to
temperature variations. Enzymes exhibit maximum activity
and stability across a wide spectrum of temperatures from
sub-zero temperatures to temperatures over 100 oC,28734
Microbial growth and production, as well as stress responses,
are also influenced by thermal conditions.>*™® This
temperature dependency shows the importance of precise
and consistent temperature control in automated biolab
settings.

Section 2 explains the physical properties of the device
and the used hard and software. Section 3 details the
materials and methods for a case study in order to test the
device's applicability. Section 4 presents the results of this
case study, section 5 discusses the results, the device
properties and performance and section 6 concludes this
publication.

2 Thermal device: hard- and software
components

The device described in this publication consists of three
main parts: a thermal unit (Fig. 1 and S9t), a cooler (Fig.

1) Heat-transfer element for

one 4-well segment

2) Thermal sensor
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S10t1) and a control unit (Fig. S11 and S12t). The thermal
unit, detailed in section 2.1 and 2.2, provides the actual
thermal heat transfer and measurements. The control unit's
hardware and software, control algorithms, and digital
interfaces, responsible for managing the thermal unit's
operation, are described in sections 2.3, 2.4 and 2.5.

2.1 Thermal device geometry

Automated liquid handling devices come with their own
layouts or are usually centred around common biolab
formats such as plate-based labware. Therefore, laboratory
equipment developed for this type of environment should
ideally conform to these dimensions. The thermal unit
shown in Fig. 1 has the horizontal layout of a typical
microwell plate or multiwell plate in its horizontal
dimensions, and a height of 8 cm in its vertical dimension.
Hence it fits into a liquid handler, such as the used Tecan
EVO 200 platform for the liquid handling application. The
thermal device part features 12 individual aluminium heat
transfer elements. Once a 96-well plate is attached, each of
the elements covers 4 wells from the bottom. Due to the
nearly symmetrical design of each element, a consistent
temperature is maintained across the wells covered by each
element, ensuring no temperature shift occurs within one
element. To minimize the influence of one four-well segment,

Fig. 1 The thermal unit. a) Photograph of the thermal unit, showing the 12 independent heat transfer elements on top. The 12 aluminium
elements connect to the indentations present in most 96-well plates b) photograph of the thermal unit carrying a 96-well plate. c) This
photograph shows the layering of the functional elements. Labels 1) to 7) indicate components used in the assembly. For clarity, certain elements
such as the top printed circuit board (PCB), sensors, and cables were omitted. d) The isometric exploded view drawing on the right shows the most
relevant parts of the internal construction with one of the twelve measurement and actuator segments of one temperature control system. Each
heat transfer element has its own thermal sensor. However, the drawing omits sensors, heat transfer elements, and TECs which do not belong to
the one displayed measurement and actuator segment. Furthermore, the drawing does not include screws, cables, seals, protective caps, hull
parts, spacers, structural components, and coolant connections.
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covered by a single heat transfer element, on an adjacent
four-well segment, an air gap equivalent to one row or
column of wells is used as an insulation between the
segments.

2.2 Thermal device hardware and capabilities

The thermal device (Fig. 1) is built up from a coolant liquid
circulated central thermal reference unit. This unit provides
a base temperature on which heat can be sunk into or
sourced from. There are twelve stacks of thermoelectric
elements (TEC), each consisting of one smaller TEC of type
CP60131H (CUI DEVICES, United States) on top of a larger
TEC of type CP60231H (CUI DEVICES, United States) on top
of the thermal reference unit. On top of each stack of
thermoelectric elements are aluminium elements for heat
transfer to a 96-well plate. This setup enables a temperature
range from —30 °C to 115 °C with 3 °C s™" when heating and

View Article Online
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0.8 °C s when cooling for each thermal heat transfer unit.
Once a microwell plate is pushed into the aluminium heat
transfer elements, the temperature range for an oil covered
water filled well is 20 to 100 °C with approximately 0.5 °C
5" when heating and 0.2 °C s* when cooling. The given data
is valid under maintained standard laboratory room
conditions. Each of the aluminium heat transfer elements is
equipped with one digital thermal sensor LMTO01ELPGQ1
(Texas Instruments, United States). Additional sensors are
placed in the thermal reference unit. Each sensor provides a
temperature measurement range of —-50 to 150 °C. The
guaranteed accuracy by the vendor is +0.5 °C within the
range of —20 to 90 °C with a resolution of 0.0625 °C.*° For
the control operation and temperature estimation in the
wells of a filled 96-well plate, the temperatures in the heat
transfer elements and thermal reference unit are measured,
while the temperatures in the 96 well plate wells are
estimated. During testing, each block of the thermal unit
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Fig. 2 Physical lower level and higher-level communication infrastructure and protocols used by the control unit, the thermal unit in the liquid
handler and the laboratory infrastructure. The schema shows the implemented structure used to execute the tasks, relayed via the laboratory
infrastructure. The thermal unit as well as the control unit consists of various subsystems. The relayed tasks can either be processed via the
F28386D MCU or the UP-CHT1 -A20-0464-B10 single board computer. Higher level communication tasks relayed to and from the laboratory
infrastructure are processed by the Intel Atom processor while lower-level inputs are processed directly by the Arm Cortex M4. Data transfer to
the laboratory digital infrastructure is established via ethernet cables or alternatively via USB. The main control operation is taken over by the
F28386D MCU with its variety of cores and subcomponents. Data can be shared via the inter processor communication module and RAM between
the cores. The necessary power conversion and sensor data acquisition is located on PCBs within the control unit. The components located in the
liquid handling systems e.g. the thermal unit is connected via power- and sensor cables to the control unit.
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achieves high accuracy under quasi-steady-state conditions,
for example, when maintaining constant temperatures over
extended periods. However, the assumption of uniform
temperature distribution in the wells is no longer valid
during phases of fast temperature change. In instances where
mixing does not occur, local thermal differences of up to 30
degrees Celsius were observed via PT100 measurements
within individual wells of the 96-well plate. This was
particularly noticeable during thawing operations, when the
temperature was shifted from -20 °C to plus 100 °C.

2.3 Control unit hard and software architecture

The operation of the thermal unit's thermoelectric elements
and sensors is driven via a hardware, software, and
communication infrastructure (Fig. 2) in the control unit
(Fig. S11 and S12%). In order to solve the given control
problem in real time and to provide the necessary data for
the Sensor 4.0 services, each of the tasks is run by a specific
hardware component. The main low-level program runs on
an F28386D microprocessor unit (MCU) (Texas Instruments,
United States). The central processing unit 2 (CPU2) and
control law accelerator (CLA) are used for control
functionalities such as running model predictive control
(MPC), prediction algorithms and simulations. The adaptive
MPC (section 2.4) is implemented to control all twelve stacks
of TECs (section 2.2) in parallel. Functions which are difficult
to solve via raw computational power, are approximated with
the CLA. The control output from CPU2 is passed on to
CPU1, which runs a state machine to switch between stand-
by, control, shut down, intermediate and test modes. CPU1
generates the control signals via twelve signal generators,
which are each used to generate two synchronized pulse
signals, and one directional signal for each of the 24 power
control elements on four power control cards. The power bus
provides a maximum of 1000 watts to the control cards. Each
power control element enables a smoothly regulated voltage
supply to a TEC of the twelve stacks of thermoelectric
elements, providing controlled operations in both heating
and cooling operations.

CPU1 also initiates the signal measurement routines and
passes the data to CPU2. The signal readout is performed
using seven SN74LV8154MPWREP dual 16-bit counters (Texas
Instruments, United States) which are accessed by the MCU.

For the external communication, the MCU utilizes an Arm
Cortex M4. It enables bi-directional data transfer directly via
universal asynchronous receiver transmitter (UART) protocol
to an UP-CHT01-A20-0464-B10 single board computer (Aaeon,
Taiwan), which is used for ethernet communication
functionality. Alternatively, the Arm Cortex M4 allows
communication directly via USB. Thus, the device offers a
reliable and stable interface for data transfer for real time
control, Sensor 4.0 and Smart Sensor features.

The DSP features, computational power and
subcomponents of the F28386D MCU make it well-suited for

This journal is © The Royal Society of Chemistry 2024
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the real-time control and signal processing application
required for the given application.*’

Low-voltage differential signalling (LVDS) is employed for
communication between the control unit and the thermal
This choice is due to the interference-prone
environment in an automated biolab, where data and power
lines are in close proximity, and electric motors operate near
the devices.

The described setup enables the fast execution of all
measuring, control, and communication tasks, necessary for
the operation of the device.

unit.

2.4 Computing capabilities close to the measurement

The capabilities of the MCU (section 2.3) used in the control
unit, enables the use of computationally intensive control
algorithms, such as the adaptive MPC, for the control of all
TECs (section 2.2) in parallel. The adaptive MPC relies on a
differential algebraic system of equations used to model the
system behaviour and on temperature measurements above
and below the stacked TECs, as both the heat transfer
element and the thermal reference unit are equipped with
sensors (Fig. 1). An MPC-based approach for controlling the
thermal behaviour was chosen, due to the rather complex
system behaviour, when stacking TECs of different size and
performance. This approach enables operation while
minimizing waste heat formation, maintaining similar
temperature gradients in the stacked TECs and limiting the
rate of voltage change as a side condition, and utilizing the
whole allowable range of temperature overshoot and
undershoot. Fig. 3c) shows the adaptive MPCs voltage output
signal for one stack of TECs, using as much undershoot or
overshoot temperature as the constraints allows for. However,
as the related temperature plot Fig. 3b) shows, there is
potential for further tuning of the used adaptive MPC, as the
thermal measurement exceeds the overshoot limit for a few
seconds during heat-up. The adaptive MPC approach allows
for the adjustment of system variables during operation,
including room temperature changes, changes in evaporation
rate parameters, liquid addition, and removal of liquids from
the wells during wusage. This mechanism allows to
compensate for the equivalent changes in laboratory
conditions, to be considered in the devices control operation,
allowing for the adjustment of the control output.

The computational reserve of the MCU, after executing the
MPC-related tasks, is sufficiently large to support Sensor 4.0
and Smart Sensor features, such as maintenance predictions
(Fig. 3d)). This feature is important for planning the device's
operation in an automated biolab.

2.5 Digital interfaces

The setup includes in total three communication interfaces.
One for delivering the necessary Sensor 4.0 data via an
ethernet-based interface, and two interfaces for bi-
directional communication for automation, higher order
control, scheduling, and orchestration via ethernet, or via

Lab Chip, 2024, 24, 2224-2236 | 2227
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Fig. 3 Real-time output of the thermal device such as data visualization, and condition monitoring as Sensor 4.0 features: a) Sensor 4.0
dashboard view from the graphical user interface (GUI), hosted via Blazor server. This view shows real-time thermal data over a 4 minute
period, including the status (active/inactive) and position of heat transfer elements. Red dots represent measured heat transfer element
temperatures, while blue dots represent estimated well temperatures. b) Heat transfer element and thermal reference unit data from a single
heat transfer element (Fig. 1). The graph shows the measured temperature in the heat transfer element and the estimated well temperature. In
the beginning, the graph shows a freezing or cooling down process. In the first 95 seconds, the wells’ target temperature is -15 °C. The heat
transfer element remains at -35 °C due to an over and undershoot temperature set at 20 °C. Water, set as the liquid in the well, is modelled
to gradually transition to its solid phase. After 95 seconds the target temperature is set to 95 °C. The element rapidly heats up, causing the
water-ice mixture to thaw and to eventually reach its target temperature. The shown estimated well temperature reflects this process. c) This
graph shows the voltage controller output data used to generate the behaviour shown in b), used to power the stacked TEC elements via the
control cards’ control elements. The dots denote the applied percent of the maximum voltage for the smaller upper element and bigger lower
element. It should be noted that the shown data was polled every three seconds, meanwhile the controller uses 150 ms timesteps between
each measurement and control update. d) Estimated number of remaining load cycles for each TEC stack before the next maintenance is
required.

USB (Fig. 2). The graphical user interface (GUI) as well as
one of the direct control features are accessible via the
local laboratory network, meaning that any personal
computer or mobile device within the laboratory can view
the data visualisation (Fig. 3). For efficient lightweight
communication for the higher order control tasks, a

2228 | Lab Chip, 2024, 24, 2224-2236

standardized gRPC interface is utilized for data transfer,
with Java Script Object Notation (JSON) nested inside of the
message component. Using this setup has the advantage of
being easily integrateable into other biolab systems and
software and offers easy adjustability to the connecting
server-side.

This journal is © The Royal Society of Chemistry 2024
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3 High-throughput enzyme assay
study: materials and methods

The authors established a high-throughput experimentation
setup to evaluate the developed thermal device. An enzymatic
assay is selected as the test case to assess the performance of
the thermal device in an automated liquid handling setup.
Our study focuses on examining the temperature dependency
of kinase activity based on the phosphorylation of nucleoside
with ATP as phosphate donor. The aim is to acquire
comprehensive data in a single experiment, utilizing a high-
throughput approach. The experimental setup comprises two
main components: an automated setup for assay execution,
detailed in section 3.1, and a comprehensive system for data
handling and communication, described in section 3.2.
Section 3.3 describes the specifics of conducting an
automated photometric enzyme assay. This assay is essential
for validating the performance of the developed device,
particularly in its application for temperature-sensitive
enzymatic reactions. Lastly, section 3.4 offers a description of
the underlying biochemical reactions involved in the study.

3.1 Automation device setup

The high-throughput screening setup, illustrated in Fig. 4, is
utilized for the experiment. The central component of this
setup is the Freedom EVO200 liquid handling robot (Tecan,
Switzerland), which includes a MCA384 washstation
extension (Tecan, Switzerland). Additional adjacent devices
include a M1000 plate reader (Tecan, Switzerland), a Huber
Minichiller 300 (Huber, Germany), as well as internally
installed equipment such as the solvent washing station (in-
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house development) (Fig. S13t) and the previously described
thermal device (in-house development). By strategically
positioning all devices in close proximity within the main
liquid handling station and moving the plates between the
stations within the setup during the experiment, a sufficient
experiment execution time for the high-throughput screening
can be achieved.

3.2 Data handling and communication setup

Like the described communication setup for the thermal
device (section 2.5), all other devices need the capability to
communicate via the given laboratory digital infrastructure.
All devices communicate using their native ethernet-based
interfaces or, when not available, they use a middleware
using gRPC for communication. All communication passes
through a common extract, transform, load (ETL) layer in
Apache NiFi (Apache Software Foundation, United States).
The scheduling is executed by Cylc v. 8.0 software (CYLC).
Orchestration for assigning values and temporary data
storage is executed by an orchestrator (Inhouse
development). Many different devices are used in parallel for
this setup.

Since all devices have differing reliabilities, the
orchestrator must coordinate failed steps and their
repetition, which however may lead to slight variations in the
time-length between certain steps.

3.3 High-throughput enzyme assay procedure

The high-throughput assay is based on measuring the
concentration of the cosubstrate ATP during a nucleoside
kinase catalyzed reaction.*'™** Regular samples are taken to

o fomeve

il

Fig. 4 High-throughput screening setup. a) Schematic view of the setup used in the screening procedure. Central is the thermal unit of the
thermal device described in this paper. The liquid handling and plate moving arms are not visible in the schematic b) photo of the setup, which is
displayed schematically in the drawing a). Some parts, such as the refrigeration unit and tanks are not visible, as they are placed behind the liquid
handling station. The three robotic arms are responsible for pipetting liquids and transporting plates.

This journal is © The Royal Society of Chemistry 2024
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determine the ATP concentration using a luminescence-
based photometric assay.> These measurements are used to
gain information about the enzyme kinetics. An overview of
the process schedule is given in Fig. 5.

To evaluate the thermal stability of the thymidine kinase,
the kinase reaction and the luminescence-based photometric
assay were prepared in parallel. The Kinase-Glo®
luminescent kinase assay kit liquid (Promega, United States)
is prepared by thawing and mixing the kit component. The
buffer for the kinase reaction, prepared from TRIS, is 700
mM Tris-HCI (Carl Roth). The pH was adjusted to a value of
7.6 at 0 °C, 25 °C, 55 °C, 70 °C, 80 °C and 95 °C based on the
buffer-temperature-pH relationship ApK,/°C = —0.031. For
each of the six buffers, two variations are prepared: One
variant without any ATP and one with 4 mM ATP from
adenosine-5-triphosphate  disodium salt (Carl Roth,
Germany) resulting in 12 stock buffers. Additionally, the
buffers contain 20 mM MgCl, (Carl Roth, Germany). 10 mM
thymidine (TCI, Japan) is used as nucleoside. A thermostable
thymidine kinase*® was produced and provided by BioNukleo
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and is prepared in dilutions of 1:3,1:9, 1:27, 1:81 and 1:
243. Other required substances are deionized water and
silicone oil (IKA, Germany) with a viscosity of 50 mPas at 25
°C. These prepared substances are stored at —20 °C until the
start of the experiment. To initiate the high-throughput
screening procedure, all substances are organized in the
stock substance section of the liquid handling setup, as
illustrated in Fig. 4. This includes all buffer variants in 15 ml
tubes, deionized water and luminescence kinase assay kit
liquids in 100 ml trays, silicone oil in 25 ml high retention
trays, and enzymes and thymidine in 1.5 ml Eppendorf
tubes.

Three black 384-well plates (Thermo Fisher Scientific,
United States) for luminescence measurement are stored in
the storage shelfs. One 96-well F plate (Greiner, Austria) is
placed onto the thermal unit.

The automated enzymatic assay starts by fetching plates
from the storage shelfs and pipetting 10 pL luminescence
liquid and 20 pL deionized water into each of the wells to be
used of the 384-well sampling plate. Fig. 5 visualizes these

b)

A 384-well plate for sampling
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control control control

cooling

Put plate back to sampling position

Fig. 5 Procedure for the high-throughput enzymatic screening experiment. a) Conditions used in the temperature controlled 96-well plate. In
total 12 temperature zones are used to set six temperatures and 8 different conditions specified in Table 1 b) three 384-well plates are prepared
with the luminescence liquid from the assay kit to receive samples. The schema marks the positions of the 384 well plate that receive samples
from the 96-well plate shown in a) as indicated by the numbers 1 to 8 and colours in a) and b). c) Workflow of the sampling procedure.
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Table 1 Different conditions used for each temperature. Each condition lists the final concentration in each of the used wells of the used 96-well plate

Condition 1 Condition 2 Condition 3

Condition 4

Condition 5 Condition 6 Condition 7 Condition 8

Puropose Control Control Control Activity test ~ Activity test  Activity test  Activity test  Activity test
Tris-HCl* 70 mM 70 mM 70 mM 70 mM 70 mM 70 mM 70 mM 70 mM
MgCl, 2 mM 2 mM 2 mM 2 mM 2 mM 2 mM 2 mM 2 mM

ATP 0.4 mM 0 mM 0.4 mM 0.4 mM 0.4 mM 0.4 mM 0.4 mM 0.4 mM
Thymidine kinase 0 pg 1.6 ug 1.6 ug 1.6 ug 0.53 pg 0.17 pg 0.059 ng 0.018 pg
Thymidine 0.33 mM 0.33 mM 0 mM 0.33 mM 0.33 mM 0.33 mM 0.33 mM 0.33 mM

“ pH value adjusted to 7.6 for each target temperature.

wells in the 384-well plates with colors. A total of three plates
require 579 wells for the sampling steps to be prepared. Next,
the experiment plate is prepared. The substances which are
to be pipetted into the experiment plate are detailed in
Table 1. These are pipetted into the wells in the following
order: deionised water, silicone oil, buffer, nucleoside, and
finally, enzyme. Deionised water is used to fill up the
aqueous phase in the wells to a volume of 200 pL. After
pipetting silicone oil into the wells, the thermal control is
started with an allowed over/undershoot temperature of 10
°C from the heat transfer element to well target temperature.
Between the start of the temperature control and the enzyme
addition, a minimum of 15 minutes has passed, due to
intermediate pipetting steps and thus, the wells have reached
the desired temperatures. Finally, once the enzyme is
pipetted into the wells, the sampling procedure is executed
twelve times consecutively. For each sampling step the
modified 384 needle head takes 6 pl of sample from each of
the 48 filled wells of the 96-well plate. The needles with the
sampling liquid aspirated inside of the needles are placed
into the 384 needle washing station. Coolant at 4 °C is
pumped through the washing station for 30 seconds to bring
all samples to the same temperature and to stop the enzyme-
based conversion of the ATP to be measured. The samples
are then transferred into one of the prepared 384-well
sampling plates, containing the luminescent assay liquid and
are mixed with the liquids in the wells. The 384-well
sampling plate is then measured in the plate reader. The
plate reader measures luminescence signals for 500 ms and
uses an attenuation time of 250 ms per well. Subsequently
the plate is returned to the deck. In total the sampling step is
repeated 12 times for the used 48 wells of the 96-well
experiment plate resulting in 12 data points for each of the
48 wells in the experiment plate and a total of 579 sampling
data points within the complete experiment.

3.4 Enzyme catalyzed kinase and luminescent assay reaction
description

The high-throughput assay described in section 3.3 is based
on two reactions: One enzymatic nucleoside kinase reaction,
which is to be characterized and modeled to obtain
information about the enzyme behaviour and one
luminescence reaction used in the assay, which is a well

This journal is © The Royal Society of Chemistry 2024

established method to measure the amount of ATP left in a
kinase catalyzed reaction.

In the enzyme catalyzed kinase reaction, the cosubstrate
ATP serves as phosphate donor for the phosphorylation of
thymidine. The terminal phosphate group of ATP is
transferred to thymidine, resulting in the formation of
thymidine 5-monophosphate (TMP) and adenosine 5'-
diphosphate (ADP).**™*” Mg** is a required at very low
concentrations as a cofactor for ATP.***° This reaction is
dependent on various variables such as the enzyme
concentration and the temperature, which are the variables
varied in the experiment (Fig. 5).*

The luminescent assay is used to track ATP levels in the
reaction. This is realized by regularly taking samples from
the experiment plate and measuring ATP via the luminescent
assay procedure (section 3.3). In the presence of the catalyst
luciferase and Mg>", luciferin reacts with ATP and
oxygen.”**® This reaction produces AMP, oxyluciferin, CO,,
diphosphate, and light. The intensity of light is directly
proportional to the amount of ATP in a the range 0-0.4
mM.** This means that when samples from the experiment
plate containing ATP are mixed with the luminescent assay
liquids, a light signal is emitted. This signal can be detected
using a plate reader, allowing for the straightforward
calculation of the ATP concentration. The reaction is
dependent on temperature and therefore the sampling
process requires all samples from the experiment to be
brought to a uniform temperature in order to ensure
comparable measurement results.

Time series measurements of cosubstrate ATP can be used
to determine the characteristics of the enzyme kinetics. Thus,
the described high-throughput photometric enzyme assay
procedure (section 3.3) can be used to determine the
dependency of the reaction kinetics on the temperature and
the enzyme concentration.

4 High-throughput enzyme assay
study: results

In order to test the usability of the thermal device in an
automated biolab setup, the described automated assay
(section 3.3) was executed for a thermostable thymidine
kinase. An overview of the significant results, the time-series
data for various enzyme concentrations and temperatures is
shown in Fig. 6. Higher conversion rates were observed at
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Fig. 6 Plate reader luminescence measurements from the high-throughput enzyme assay described in section 3.3. This figure displays the
most relevant time-series data for different reaction temperatures, ranging from 0 °C to 95 °C. The luminescence signal is directly
proportional to the given ATP concentration. The shown conditions 4 to 7 in each plot are detailed in Table 1. The timepoints at which the
enzyme is added to the wells of the 96-well plate denote the reaction starting time (t = 0). Since the enzyme can only be added one row at
a time to the 96-well plate by the 8-needle head, the timespans between the start of the reaction and the first measurement are different for
all datapoints.

higher temperatures, with a maximum suspected at around
80 ©°C. Additionally, increased enzyme concentrations
resulted in proportionally higher conversion rates.

A model-based approach was used for the evaluation of
the data. The reaction kinetics can be described by a
common multi substrate reaction equation dcarp/dt =
~k1(T) Cenzyme Catp CNucleoside (Table 2).°'™>° This model or
differential equation is slightly modified to include an

in Matlab are displayed in Table 2 (Fig. S2 to S77).
According to the parameter estimation, the highest
reaction rate ky(7) in the given data occurs at 80 °C.
Furthermore, the model describes the data with the lowest
residuum in the area 55-80 °C and with the highest
residuum at 95 °C.

The different target temperatures in the 96-well plate
were reached within the expected timeframe (Fig. S81) and

ATP degradation term for higher temperatures.>*®® The could also be maintained during the measurement
results of a parameter estimation for the reaction rates  timeframe, enabling the described high-throughput
ki(T) based on a regression using interior point algorithm  enzymatic assay.

Table 2 Estimated reaction rate constant k; modelled by a common multi-substrate reaction equation d?:P = —k1(T)CEnzyme CATP CNucleoside (ref.

48-50) with an ATP degradation term for higher temperatures, based on a parameter estimation of the dataset represented in Fig. 6

Temperature 0°C 25 °C 55 °C 70 °C 80 °C 95 °C
. . 1 1.67 x 1077 0.032 0.77 6.04 7.59 1.88
Estimated reaction rate parameter &(7) | —————
sxmMol x ug pl
Squared 2-norm of the residual 0.6088 0.6137 0.5927 0.5867 0.5909 0.6683
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5 Discussion

The following section discusses the thermal device
development (section 5.1) as well as the results from the used

case study (section 5.2).

5.1 Thermal device development

The motivation behind the development of the thermal
device for temperature control of a 96-well plate was to create
a test vehicle for Sensor 4.0 and Smart Sensor ideas,'*?®°%78
miniaturization and compartmentalization, integration into
automation platforms, and standardization based on
common platforms. Therefore, one of the objectives was to
prioritize the use of a common 96-well plate, instead of
specialized device-specific plates for temperature control.
This approach enables researchers to use a common and
widely available format.

In terms of design and application, the thermal device
differs significantly from modern PCR cyclers. The purpose
of the developed device in this paper is not PCR, but
independent temperature control in individual well segments
for experimentation on an automated liquid handling
station. Thus, the development was based on a different
design philosophy. The temperature range is higher, the
elements are working more independent, the number of
concurrent samples is lower, the plate format is not common
for PCR, the size and shape of the device, as well as the
weight is adjusted to automated liquid handling dimensions,
and the temperature accuracy is worse.

Splitting up the device into three distinct subunits
(thermal unit, control unit, cooling unit) reduces the size and
complexity of each subunit, making it more accessible and
modifiable for researchers, particularly in academic and
small-scale automated high-throughput lab settings. The
miniaturization and compartmentalization of these subunits
facilitate efficient system integration. For example, the
thermal unit is designed to be the same size as a standard
microwell plate, allowing it to be integrated into a liquid
handling system without excessive space requirements or
strain on the platform. This improves the efficiency due to
more efficient space use within the liquid handling setup.
This approach not only optimizes space utilization within the
liquid handling setup but also minimizes the manual labour
involved in system integration, unlike the integration of
larger, modern benchtop PCR cyclers which might necessitate
physical cutouts in the liquid handler's deck.

Taking into account the described factors, it might be
possible to view the presented device as potentially more
useful in some specific automated liquid handling
applications when compared to PCR cyclers available on the
market today.

5.2 Discussion on high-throughput enzyme assay results

A maximal enzyme activity close to 80 °C may be assumed
based on the given data and parameter estimation.

This journal is © The Royal Society of Chemistry 2024
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However, the data for 95 °C may not be properly described
by the used equation, as indicated by its larger residual
deviation from the estimation (Table 2). The behaviour may
be explained by enzyme denaturation at increased
temperatures, which is a well described phenomenon for
enzymes.’>>>°® If this phenomenon is taking place, then
the addition of terms such as temperature dependent
enzyme degradation rate constant multiplied with the
enzyme concentration into the reaction kinetics model
could result in a lower residuum in a parameter estimation
for the given high temperature data. Using the enzyme
degradation hypothesis, it is possible, that close to 100 °C,
the reaction rate k;(7) is still proportional to the reaction
temperature, however the enzyme is inactivated very fast by
these harsh thermal conditions. Furthermore the slow
decrease of the ATP signal over time in all plots with high
temperatures can be attributed to ATP degradation by
temperature.”*>’

High temperature observed to be
problematic, as the sampling data reveals existing outliers
and increased noise (95 °C plot at Fig. 6). These phenomena
are a result of volumetric errors during sampling, becoming
more significant and frequent with temperature increase.
Temperature related pipetting accuracy problems are known
in literature.®>®® In the presented setup these volumetric
errors may be due to a mixture of physical reasons, such as
gas bubbles forming at the needle-tips and technical reasons
or problems with the automation setup, such as leakage from
the needle seals, which was observed prior to this specific
experiment. It is believed by the authors that this problem
can be partially mitigated with further modifications of the
384 needle pipetting head.

Oil (section 3.3) was used in the 96-well plate to prevent
evaporation and condensate formation.®*®* Past tests with
plastic, silicone, and aluminium covers at high temperatures
proved to be less effective. Oil's insulating properties are
advantageous in automated platforms using electrical
conductivity and capacitance for liquid detection such as the
used Tecan platform because the needles will detect aqueous
liquids under the oil. However, oil can adhere to the used
pipetting needles and is not easily removed in standard
washing stations. Therefore, a specialized solvent washing
station was developed and integrated for this screening
experiment, ensuring standardized cleaning, and overcoming
issues with oil residue accumulation observed in initial
solvent tray tests.

The experiment preparation necessitated several manual
procedures, as described in section 3.3. This included
preparing 12 individually adjusted buffers, followed by their
storage at —-20 °C and subsequent thawing before the
experiment. Such labour-intensive processes and large time
frames may have introduced factors that have led to
unforeseen outcomes. Notably, the low ATP concentrations
observed in the 70 °C plot of Fig. 6 suggest a possible lack of
ATP in the prepared buffer used for the experimentation at
70 °C. Simplifying the preparation steps may be essential to

sampling was
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ensure the quality and consistency of further experiment
results.

Although this experiment revealed some weaknesses in
the process and experiment setup, it showed that the device
is capable of running in a fully automated setup, which
enabled a sampling, processing, and a measurement rate of
approximately 700 samples per hour of 48 different
conditions including six different temperatures for a single
standard 96-well plate in a single liquid handling station.

6 Conclusion

In summary, the creation of a thermal device for microwell
plate temperature control in automated liquid handling
systems is progress in standardizing and automating lab
equipment. This development emphasizes using Smart
Sensor and Sensor 4.0 features, standard 96-well flat bottom
multiwell plates over specialized ones and focuses on
miniaturization and compartmentalization to fit standard
well plate formats, simplifying system integration like
incorporation into liquid handling robots. The thermal unit
is lightweight to suit the liquid handling platform and offers
a broad temperature range for various operations.

Considering the results of the enzyme characterisation or
screening experiment with the implemented device inside of
the automation platform, we conclude that the thermal
device showed potential in high-throughput experimentation
and especially in screening applications.

The device capabilities enable further developments
including the integration of machine learning algorithms
into the device's lower-level control system and by server-
based applications via the higher-level communication layer,
allowing for various control strategies and experiment setups.

The used data handling and communication setup and
the data-handling capabilities of the thermal device used in
this study enabled real-time gathering, assignment, and
reorganization of all collected data. The setup could be
further improved using online estimation and calculation
tools. Thus, a possible future application could be the
application of Bayesian optimization and optimal
experimental design. These methods could be used in
developing well-fitting models, locating maxima in reaction
rates, and quantifying dependencies on factors like pH and
ion concentration, as well as other variables affecting the
enzymatic conversion of substrates.

Other potential future applications of the thermal device
include small scale fermentation and investigation of heat
shock responses.

Additionally, further integration of the devices with other
developments could be explored. Since the device is only
using the underside of a microwell plate, it enables easy
access via the top side by typical biolab automation
platforms. However, the current measurement strategies for a
plate in the shown experiment is still at- or offline. Thus,
further developments should allow for integration of future

2234 | Lab Chip, 2024, 24, 2224-2236
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online measurement solutions which can be placed on top of
the microwell plate but still allow pipetting.
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