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Abstract

Microplates have become a standard tool in the pharmaceutical industry and academia
for a broad range of screening assays. One of the most commonly performed assays is
the cell proliferation assay, which is often used for the purpose of drug discovery. Mi-
croplate readers play a crucial role in this field, as they enable high-throughput testing
of large sample numbers. Common drawbacks of the most popular plate reader tech-
nologies are that they are endpoint-based and most often require the use of detection
reagents. As a solution, with this work, we aim to expand the possibilities of real-time

and label-free monitoring of cell proliferation inside a microplate format by introducing



a novel thermal-based sensing approach. For this purpose, we have developed thin-
film sensors that can easily be integrated into the bottom of standard 96-well plates.
First, the accuracy and precision of the sensors for measuring temperature and thermal
effusivity are assessed via characterization experiments. These experiments highlight
the fast response of the sensors to changes in temperature and thermal effusivity, as
well as the excellent reproducibility between different sensors. Later, proof-of-principle
measurements were performed on the proliferation of Saccharomyces cerevisiae. The
proliferation measurements show that the thermal sensors were able to simultaneously
detect relative changes in cell number as well as changes in metabolic activity. This
dual functionality makes the presented sensor technology a promising candidate for

monitoring microplate assays.

Keywords: Thermal sensor, microplate reader, cell proliferation, cell number, metabolic

activity

Introduction

Microplates have become a standard tool in industry and academia for practicing a broad
range of screening assays. Some of the most commonly used assays are cell cytotoxicity
and proliferation assays, which are crucial for research on drug discovery whereby the effect
of certain compounds on the cells is assessed.! Microplate readers play an important role
in this field, as they enable high-throughput analysis of large sample numbers. Currently,
the most commonly used plate readers are optical-based, and therefore most often require a
labeling or staining protocol.? Optical read-outs can be based on different principles including

5 or absorbance.® Generally, these plate readers are

fluorescence intensity,** luminescence
limited to the use of endpoint assays, which merely provide one single snapshot view of the
condition of the cell population.?” Therefore, endpoint microplate assays are not ideally

suited to study biological questions with unknown timing and duration.

To facilitate and improve the study of unknown biological processes over time, real-



time plate reader technologies are desired. Currently, several real-time plate readers are
commercially available. With the most popular solutions, the before-mentioned optical read-
out technologies are integrated into environmentally controlled incubation chambers in which
the microplate can be inserted.®? This way, a real-time optical read-out is possible under
the desired environmental conditions.

A promising label-free alternative to real-time optical plate readers are electrical impedance-
based plate readers.? Using micro-electronic sensors embedded in the bottom of the wells,
electrical impedance data are registered continuously. Because of the difference in dielectric
properties between the cells and the culture medium, changes in impedance will be mea-
sured during the proliferation process. These impedance measurements can be converted to
a quantitative measure of cell number in real-time.”™'° In recent years, the functionality of
this technology was demonstrated in numerous drug discovery studies.!* 4

Another label-free and real-time method for monitoring cell proliferation is isothermal mi-
crocalorimetry (IMC).'® Whereas impedance measurements are mainly used to track changes
in cell number, IMC is used to monitor heat generated by the metabolic activity of the cell
population. The metabolic activity can also be used as a measure of proliferation.'%!” By
monitoring the metabolic response to specific compounds, this technique can serve in drug
screening studies as well.'¥20 Since the year 2000, commercial instruments for performing
IMC have significantly improved in terms of the required volume and the number of parallel
measurements. For example, the SymCel calScreener™ (SymCel AB, Sweden) enables IMC
measurements inside a 48-well plate format, however, individually sealed cups are required
for each well. 172!

With this work, we aim to expand the possibilities of label-free, continuous microplate
monitoring by introducing a novel thermal-based sensing approach. We have developed thin-
film sensors that can be easily integrated into the bottom of microplates. The design of the

individual sensor structures is based on a Transient Plane Source (TPS) sensor (also called

Hot Disk sensor).??2* However, in this work, we adapted the sensor design to fit within



the well diameter of standard 96-well plates. Conventionally, the TPS-method is an ISO
standard (ISO 22007) for the determination of thermal properties.?® The method can be
applied to a broad range of materials including solids, 22673 liquids,?' powders®? and thin
films. 3334

Within this work, the idea is to use similar sensors to monitor cell proliferation by contin-
uously measuring changes in thermal properties that occur during the process. This principle
is analogous to an electrical impedance-based read-out. However, here the principle relies on
a difference in thermal properties between the cells and the culture media rather than on a
difference in dielectric properties.®® This idea has been demonstrated earlier in our work,36:37
and by others,?® by measuring the thermal insulation effect at the sensor surface caused by
a proliferating cell culture and biofilm formation. However, in these previous studies, ex-
periments have been performed inside different types of sample tubes, while the presented
study specifically aims to demonstrate that a thermal read-out can also be implemented into
a standardized microplate format. Thermal-based sensing of cell number offers some advan-
tages over impedance-based sensing. Impedance-based sensors can be susceptible to drift
caused by electrochemical changes in the media.?®3° Furthermore, with impedance-based
sensing, cells are exposed to electric fields which might damage cells or affect the activity
of cell membrane channels.***? However, in this work we aim to present another advantage
of thermal-based sensors over impedance-based sensors for monitoring cell proliferation by
demonstrating additional functionality.

In addition to using thermal sensors for quantifying cell number during proliferation,
we will assess whether these thermal sensing structures can simultaneously be used as tem-
perature sensors. More specifically, we will investigate whether the temperature sensing is
sufficiently sensitive to detect temperature changes caused by the metabolic heat of cells,
as is done with IMC. Demonstrating this double functionality would imply that this single
thermal-based system combines the functionality of both impedance-based and IMC sensor

systems. Also in general, this type of accurate embedded sensors can provide a convenient



solution for the monitoring of the sample temperature during various experiments inside a
microplate. For example, it is known that cell health and the cell proliferation process can
significantly be affected by the incubation temperature. 4 Consequently, accurate temper-
ature monitoring can provide useful information.

Initially, various characterization experiments are performed to demonstrate the sen-
sor’s ability to simultaneously measure thermal effusivity and temperature. Thereafter, via
proof-of-principle experiments on the proliferation of Saccharomyces cerevisiae we demon-
strate that, from measured changes in thermal insulation and temperature, it is possible to

relatively quantify cell number and metabolic activity, respectively.

Working principle

Measuring thermal effusivity

As mentioned earlier, the design of the individual sensor structures is based on that of a TPS
sensor. More specifically, since only a single-sided sample contact is made in this work, the
presented sensor more closely resembles a Modified TPS (MTPS) sensor.?® A TPS sensor
typically consists of a metal heating structure that is deposited on an electrically insulat-
ing polyimide foil substrate.??>?* Figure la shows a miniaturized version of such a sensor
embedded at the bottom of a microplate well. During a conventional TPS measurement, a
Joule heating current pulse is sourced through the metal structure (Figure 1b). As a result,
the temperature of the metal structure itself will increase. This sensor temperature response
can be measured directly by simultaneously measuring the voltage over the structure during
the heating step via the 4-wire resistance measurement principle. The measured change
in electrical resistance can be converted to temperature using equation (1). Thus, during
measurement, the structure functions both as a heating element as well as a temperature

Sensor.
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Figure 1: Conventional use of a TPS-sensor for measuring thermal effusivity (e). (a) Cross
section of a TPS sensor measuring two liquids with different e (eg < e4). The heat generated
by the metal structure is illustrated by red arrows. (b) The temperature response of the
sensors to an identical heat pulse is visualized for both liquids. The higher slope of the
temperature change of the metal structure for liquid B is due to the lower heat absorption
of liquid B.

R = RyeglL + (T = Tpop)] 1)
where:
R : Electrical resistance of structure [Q]
T  : Temperature of structure [K|

R,cs : Electrical resistance at temperature 7,..; [€]

a  : Temperature coefficient of resistance [1/K]

When measuring homogeneous samples, as illustrated in Figure 1, the expected sensor
temperature response can be described by equation (2).%3 Thus, by plotting the temperature
response as a function of the square root of time, the response curve should approach a
straight line (Figure 1b). Conventionally, the initial non-linear part at the start of the
response curve, caused by the influence of the substrate, is ignored in data processing.?® The
slope (s) of the curve can be used as a measure of the thermal properties of the sample.
More specifically, s is inversely proportional to the thermal effusivity (e), see equation (3),

of the sample under test. The thermal effusivity can be described as the rate at which



a material can absorb heat. In the given example (Figure 1), liquid A has a higher e
than liquid B. Therefore, liquid A is better able to absorb heat generated by the sensor
structure. Consequently, the slope of the temperature response measured with liquid A is

lower compared to the slope measured with liquid B.

AT(t) = sVt (2)

where:

T : Temperature |K]

s : Slope
t : Time [s]
e = \JRpc, (3)
where:

e : Thermal effusivity [Ws'/2/m?K|
 : Thermal conductivity [W/mK]
p : Density [kg/m?]

¢, : Specific heat capacity [J/kgK]

Measuring temperature

As described previously, the sensor structures are able to measure the absolute thermal
effusivity (e) of a sample. In principle, the sensors can also be used to simply measure

the temperature of the sample by using them as a Resistive Temperature Device (RTD).



For absolute temperature measurements, it is advised to use low measurement currents
to minimize the self-heating effect.*” However, we hypothesize that it is also possible to
derive relative changes in sample temperature from the applied heating pulses. This idea is
illustrated in Figure 2, where two identical liquids with different temperatures are present
on the sensor. The time required to obtain the first data point at the start of the sensor
temperature response curve (Ty) is not sufficient to probe beyond the boundaries of the
substrate.?® Therefore, it is expected that 7T, is not influenced by the thermal properties
of the sample. Consequently, 7T is only influenced by the sample temperature. As the
sample temperature increases, Ty is expected to increase, and vice versa (Figure 2b). Whilst
the thermal properties of most materials are temperature dependent, it is expected that
limited changes in the sample temperature will not significantly affect measurements of e.*®
Therefore, in the illustrated example, the expected sensor temperature response curves have
an identical slope at the end and thus are parallel. This hypothesis is validated in the

experimental section.
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Figure 2: Use of sensors as RTD for measuring sample temperature during a measurement of
thermal effusivity (e). (a) Two identical liquids are examined of which the liquid temperature
differs (T > Ty). (b) During a heating step, it is expected that the temperature difference
between the liquids can be derived from the offset on the first data point at the start of the
measured sensor temperature response (7).

AN

Measuring cell proliferation.

As illustrated in Figure 3a, during cell proliferation, the number of cells at the sensor surface

increases. In our previous work, we have already demonstrated that a continuous pulsed



thermal read-out can be used for the relative quantification of cell number in real-time.?’

As the cell number increases, the thermal insulation at the sensor surface increases. These
changes in thermal properties can be derived from the measured slopes.?” Thus, as the
cell number increases, it is expected that the measured slope increases (Figure 3b). In the
present work, we aim to transfer these results to a microplate format. Additionally, we
expect that generated metabolic heat can cause an increase in T, during the proliferation
process (Figure 3b). Thus, by simultaneously measuring variations in thermal insulation and
temperature, these sensors can enable real-time monitoring of cell proliferation based on cell

number, and metabolic activity, respectively.
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Figure 3: Expected sensor response when measuring cell proliferation. (a) During cell
proliferation, the number of cells at the sensor interface increases. Simultaneously the cells
will generate heat as a result of their metabolism. (b) The changing cell number will affect
the measured slope, as an increasing number of cells causes an increase in the thermal
insulation at the sensor interface. Simultaneously, metabolic heat produced by the cells
might result in measurable changes in temperature (Ty).

Methods and materials

Sensor setup

The sensor setup consists of two main parts: A microplate with integrated sensors and a base
station with electrical contacts (Figure 4). The in-house designed sensors come in the form
of flexible self-adhesive strips (Figure 4a). The fabrication of the sensors was carried out

using standard flexible Printed Circuit Board (PCB) manufacturing technology (PCBWay,



0 1 2 3 4 5 6 7 8
L
|
l

0 Q ® @ @ @ @ @ @ mmf @ ‘e T Microplate

AN I
] 3N @3 ]
S EE_H

a) Alignment hole

%)
Well 1%}
Sensor
Polyimide
substrate
Double spiral
copper track
5
7 mm
mm
b) Contact pad ) Pogo pin

Figure 4: Sensor characteristics and schematic overview of the sensor setup. (a) Pictures of
both sides of the thin-film sensor strip containing eight individual sensing structures. The top
picture shows the release liner of the adhesive side. (b) Close-up view of one individual sensor
structure. Each double spiral sensing element has four contact pads. (c¢) Exploded view of
the total sensor setup with the two main parts: A microplate with sensors incorporated at
the bottom and a base station with electrical contacts. The well diameter and spacing of
the custom-built microplate are identical to 96-well plate standards.

China). Each strip contains eight individual sensor structures that are specifically designed
to fit one 8-well column of a standard 96-well plate.*®** The sensors can be easily integrated
into a microplate format by attaching the adhesive side to a bottomless microplate. The
adhesive transfer tape (467MP, 3M, United States) (Figure 4a) is sufficient to provide a
watertight seal.

Each individual sensor structure exists out of a double spiral copper track that is de-
posited on a 25 pm thick polyimide substrate (Figure 4b). The copper has an Electroless
Nickel Immersion Gold (ENIG) surface finish. The height and width of the copper tracks
are 12 pm and 60 pm, respectively. The spacing between the tracks is 80 pm. The spiral

sensing element (@ = 5 mm) is situated in the center of the well (& = 7 mm) (Figure 4b).
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This diameter is conform to 96-well plate standards.***° Around the sensor structure, four
2 mm x 2 mm contact pads are present, which enable a 4-wire resistance measurement of the
spiral track. The initial electrical resistance at room temperature (R;,;;) of each structure
lies in the range of 3.2 €2 to 3.6 (2. The temperature coefficient of electrical resistance was
determined experimentally (o = 3.701 x 1073 + 0.031 x 1073 K~1).

As the working principle prescribes, during measurement, Joule heating pulses need to
be applied continuously to the sensor structures. In between two heat pulses, it is advised to
let the sensor cool back down to ambient temperature to avoid temperature drifts. For this
read-out, a standard benchtop Source-Measure Unit (SMU) can be used. We opted for the
following default parameters for the sensor read-out in this work: heating power 0.120 W,
heating period 1 s, cooling period 120 s, sampling frequency 100 Hz (during heating step).
With these parameters, the AT of the sensor during the heating period is approximately 6°C
when measuring a well filled with water. The interval in which to perform linear regression
was decided to be [0.0625 - 1] s, hence [0.25 - 1] s/2. As discussed later, the used parameters
can vary slightly depending on the type of experiment.

It should be noted that heating is performed using constant current pulses. As Rj.;
varies between sensors, each sensor requires a slightly different heating current to obtain a
comparable heating power (P) between sensors. Therefore, before each measurement, R
is measured using a low measurement current of 5 mA. Afterwards, the required heating
current () for obtaining a specific heating power can be calculated for each sensor using

equation (4).3637

I =+/P/Rinu (4)

where:
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I = required heating current [A|
P = desired heating power [W]|

Rini: = initial electrical resistance [Q)]

The microplate to which the sensor strips are attached (Figure 4c) was designed in-house,
and CNC milled out of white Acetal Copolymer (POM-C) (YouniQQ Machining, Belgium).
POM-C was chosen for its chemical resistance to ethanol, as 70 vol% ethanol is used to
clean the wells in between experiments. Alignment holes are present in the bottom of the
microplate, as well as in the sensor strips (Figure 4a) to facilitate the correct positioning
during fixation using dowel pins. When the sensor strip is attached to the microplate, the
sensor structures and contact pads face down. This implies that the metal sensing structure
never makes direct contact with the sample inside the well, as the polyimide substrate
functions as a thin electrically insulating layer between the structure and the sample, as
illustrated in Figure 3. Whilst the diameter and spacing of the wells is equal to the standard
96-well plate format,*>*® the depth of the wells is increased to 24 mm (Figure 4c). This
increase in depth results in a larger available well volume compared to conventional 96-
well plates. Conventional microplates allow for a maximum sample volume of around 300 pl,
whereas the custom microplate enables measurements on samples with volumes up to 600 pl.

After the sensor strip is attached to the microplate, the microplate is placed on top of the
base station for the read-out (Figure 4c). The base station consists of a rigid PCB, which
is sandwiched between several polymethyl methacrylate (PMMA) spacer plates. The PCB
was designed in-house and fabricated externally (PCBWay, China). The spacer plates were
laser cut from 2 mm PMMA slabs (Speedy 100R, Trotec, Austria). For each well, the base
station contains four pogo pins (Figure 4c) that make contact with the contact pads present
on the sensor strip. Additional cutouts in the top PMMA slab provide a trapped air pocket
underneath each individual sensor structure (Figure 4c). This ensures a unidirectional heat

transfer as a result of the superior thermally insulating properties of air. To achieve a good
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electrical contact, the microplate is fastened to the base station using six bolts and wing
nuts (Figure 4c).

Due to its compact size, the sensor setup can be placed inside most standard incubators
equipped with a cable access port. For experiments inside an incubator, it is recommended
to cover the wells with a lid to reduce evaporation. For this purpose, a custom lid was
designed. The lid is slightly elevated (2 mm) by a spacer around the edge that covers all

wells. This ensures uniform conditions for all wells under the lid.

Instruments

Two different types of SMU’s and multiplexers were used in this work. For the tempera-
ture measurement characterization experiments and all experiments on cells, a high-precision
PXIe-4139 SMU (NI, USA) was used. This SMU is connected to a PXI-2503 multiplexer
switch module (NI, USA), which enables the sequential read-out of up to 12 individual sen-
sor structures. For the characterization experiments on water-ethanol mixtures, a different
SMU was used (B2901A, Keysight, USA) in combination with a custom-built 8-channel mul-
tiplexer, which allowed faster switching between channels. All SMU’s and multiplexers are
controlled with a custom LabVIEW program.

For experiments at elevated temperatures, the sensor setup is placed inside an incubator
(BD 115, Binder, Germany). Cables from the sensor setup are routed to the SMU outside the
incubator via a cable access port. The incubator temperature is read back to the LabVIEW
program via two thermocouples (Type K, TC Direct, the Netherlands) and a thermocouple
data logger (TC-08, Pico Technology, UK).

To verify the cell number after cell proliferation experiments, a Nanodrop 2000 (Thermo

Scientific, USA) is used in cuvette mode.
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Temperature measurement characterization

To assess the usability of the sensors as a RTD, characterization experiments were performed.
The sensor setup was placed inside an incubator. Initially, the incubator temperature was
set to 62 °C and left to stabilize for 8 hours. Afterwards, the temperature was lowered
slowly from 62 °C to 22 °C over a period of 15 hours. During the cool down procedure, the
electrical resistance of 12 different sensors was measured using two different sensor setups
simultaneously. A low measurement current of 5 mA was used to minimize self-heating. To
reduce the influence of oven fan noise, styrofoam plugs were inserted into all 12 wells. Two
plugs were equipped with miniature thermocouples (Type K, TC Direct, the Netherlands)
that touched the bottom of the well, where the metal sensor structure is located. The average
temperature of both thermocouples is used as the reference temperature recording. Given
the slow-changing temperature profile, and the close contact between the thermocouple and
the sensor, we assume that the sensor temperature is equal to the thermocouple temperature

at all times.

Characterization of simultaneous temperature- and thermal effusiv-

ity measurements

To demonstrate the double function of the sensor to detect variations in temperature as well
as thermal effusivity, characterization experiments were performed in which both parameters
varied simultaneously. The sensors were read out during the mixing procedure of different
water/ethanol volume ratios inside the wells. Upon mixing of water and ethanol in different
ratios, the thermal effusivity of the resulting mixture varies accordingly.?**? The thermal ef-
fusivity of all different used water/ethanol mixtures was calculated based on values obtained
from literature and listed in Table 1. For this, the thermal conductivity (k) and specific
heat (c,) of pure water and pure ethanol were taken from literature.”® The k and ¢, values

of all water/ethanol mixtures were calculated via the rule of mixtures based on the volume
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fraction. The density (p) of the water/ethanol mixtures were taken from literature.®® After-
wards, e was calculated using equation (3). In addition to the change in e, it is well-known
that the mixing of water and ethanol causes an exothermic reaction, which should provoke
a measurable transient change in liquid temperature.?3

For the experiment, the sensors were read out continuously for a period of 60 minutes.
The following parameters were used: heating power 0.120 W, heating period 1 s, cooling
period 7 s, sampling frequency 100 Hz. Our suggested default cooling period of 120 s was
reduced to 7 s in order to better detect the immediate transient exothermic reaction that
occurs upon mixing. Since 8 channels were read out sequentially with a multiplexer, a further
reduction in the cooling period was not possible with the used heating period of 1 s.

For the first 30 minutes of the measurements, all wells contained 150 pl Milli-QQ water
from Arium pro VF (Sartorius Stedim Biotech, Germany). After 30 minutes, 150 pl of
different water/ethanol mixtures (0, 20, 40, 60, 80, and 100 vol% ethanol) were added and
resuspended. Resuspension ensured a good mixing of the fluids, resulting in a homogeneous
mixture. The resulting volume percentages of ethanol at the end of the experiment were 0,
10, 20, 30, 40, and 50 vol%. Each dilution was measured five times with different individual
sensor structures. This results in a total of 30 mixing experiments.

All used ethanol dilutions were prepared in advance using Ethanol absolute >99.8%
(VWR, Belgium). Afterwards, all liquids were stored at room temperature to ensure that

they were at identical temperature at the time of the experiments.
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Table 1: Material properties of used liquids®?

K P Cp e
[W/mK] [kg/m?] [J/kgK] [Ws!/?/m?K]
Ethanol 0.180 791 2440 589
50 vol% 0.392 932 3312 1099
40 vol% 0.434 950 3486 1198
30 vol% 0.476 964 3661 1296
20 vol% 0.518 975 3835 1392
10 vol% 0.561 987 4010 1489
Water 0.603 1000 4184 1588

Relative quantification of the number of cells at the interface in the

absence of growth

To verify whether the sensors are able to distinguish between varying numbers of cells at the
sensor interface based on the measured thermal insulation, we have conducted cell sedimen-
tation experiments. By letting cell suspensions of different concentrations sediment inside
the wells, it is possible to vary the number of cells at the sensor surface in a controlled
manner. For these experiments, our default measurement parameters were used: heating
power 0.120 W, heating period 1 s, cooling period 120 s, sampling frequency 100 Hz.

Cell suspensions were made of freeze-dried Saccharomyces cerevisiae (Dr. Oetker, Ger-
many) in Milli-Q water (0, 1, 2, 4, 8, 10, 14, 18, 22, and 26 mg/ml) without the addition of
nutrients. These suspensions were made within one hour before the experiment. No efforts
were made to determine the actual cell count. However, as dilutions were made from the
suspension with the highest concentration, it can be assumed that the number of cells varies
in accordance with the concentration. All suspensions were thoroughly resuspended, and
300 pl of each suspension was pipetted into different wells. The data recording was started

immediately after addition and left to run for 12 hours.
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Cell proliferation experiment with varying nutrient contents

The intention of this experiment is to demonstrate that the presented sensor device can be
used to monitor cell proliferation by a simultaneous relative quantification of cell number
and metabolic activity. This is done by measuring increments in thermal insulation at the
interface caused by an increasing number of cells and by simultaneously monitoring changes
in temperature caused by the generated metabolic heat of differently sized cell populations.
For validation purposes, growth media with three different nutrient contents were used for
the proliferation experiments. It is expected that the wells with the highest nutrient content
will contain the largest final cell number at the end of the experiment, as well as the highest
metabolic heat generation during the proliferation process. To verify the cell number before
and after the experiments, the optical density of the cell cultures is read at 600 nm (ODggp)
using a Nanodrop 2000 (Thermo Scientific, USA) in cuvette mode. All ODgop measurements
are performed after making a 1/10 dilution using fresh medium with the appropriate nutrient
content.

Throughout this experiment, a total number of 12 wells was measured using the standard
measurement parameters. Before starting the experiment, the microplate wells were cleaned
with 70 vol% ethanol and blow-dried with nitrogen. The proliferation experiments were
performed inside an incubator at 30 °C. Therefore, the sensor setup was placed inside the
incubator for four hours in advance to allow the microplate to reach a stable temperature
before the experiments.

Freeze-dried yeast (Saccharomyces cerevisiae) was chosen as a test organism, identical to
the type used in the cell sedimentation experiments described in the previous section. Yeast
Peptone Dextrose (YPD) medium was used as the nutrient source (VWR, Belgium). This
YPD broth is supplied as a pre-mixed powder that can be dissolved in water. The nutri-
ent content was varied by using different YPD concentrations. We label the manufacturers’
recommended YPD concentration of 50 g/1 as 100% nutrient content. The used nutrient

contents in the experiments are 100%, 50%, and 25%. All different concentrations were
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measured in triplicate by filling three wells with each of the three different media. The re-
maining three wells were filled with MilliQQ water as a reference. The temperatures measured
in the reference wells are used to subtract the incubator temperature fluctuations from the
temperature measurements of all other wells. This approach of using wells filled with water
to subtract ambient temperature fluctuations was taken from a study by Wasdo et al. in
which a novel type of isothermal microcalorimeter was presented.?!

Shortly before the start of the data recording, the wells were filled with 600 pl of the
different growth media and Milli-Q water. At this stage, no cells are added yet. After allowing
the liquids to reach a stable temperature for three hours, 8 nl of Saccharomyces cerevisiae
stock solution (ODgoy = 1.07) was added to each well containing YPD medium. The stock
solution was prepared 24 hours before the experiment and was thoroughly resuspended before
usage. The data recording continued for a total period of approximately 44 hours. Directly
after the experiment, the ODggq of all cell cultures inside the wells was measured to obtain

a relative quantification of the final cell number after proliferation.

Results and Discussion

Temperature measurement characterization

Figure 5 shows the measured resistance of 12 sensors at incubator temperatures between
22 °C and 62 °C. The results confirm the expected linear relationship between the tempera-
ture and electrical resistance. From these data, the temperature coefficient of the electrical
resistance («) was determined between 25 °C and 35 °C (« = 3.701 x 107% £ 0.031 x 1073
K~!). This value complies with a values of copper that can be found in literature.’* Fur-
thermore, Figure 5 shows that the initial electrical resistance (R;,;;) of the sensors varies
between 3.2 2 and 3.6 2. This is due to variations in the manufacturing process of the
metal structures. The results confirm that the sensors can be used for absolute temperature

measurements at the bottom of the microplate wells.
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Figure 5: The electrical resistance of 12 randomly selected sensors was monitored over a
wide temperature range (22 °C to 62 °C). The results confirm that the sensors are suited for
monitoring the temperature at the bottom of microplate wells.

Characterization of simultaneous temperature- and thermal effusiv-

ity measurements

To assess whether the sensors can simultaneously detect variations in temperature and ther-
mal effusivity, different volume ratios of water and ethanol were mixed inside the wells.
Meanwhile, pulses were applied continuously. To give one example, Figure 6 shows all sen-
sor temperature response curves measured during one experiment on the mixing of 150 pl
of water with 150 pul of pure ethanol, resulting in a final mixture of 50 vol% ethanol. For

the first 30 minutes of the experiment, only water was present inside the well. The rise
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Figure 6: Characterization experiments were performed on the simultaneous measurement of
temperature and thermal effusivity (e) by monitoring the mixing of different water/ethanol
volume ratios inside a well. This plot shows all temperature response curves of one sensor
structure, taken continuously for 60 minutes, during the mixing of pure water and ethanol.
Immediately after the addition of ethanol to water at minute 30, an increase in both 7 and
slope is observed.
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in the first temperature recording at the start of a pulse (7%) during the first 15 minutes
indicates that there is a drift in liquid temperature (Figure 6). This can be explained by
the short cooling period of 7 s, which is not sufficient for the liquid to cool down to ambient
temperature in between heat pulses. Despite this drift in 7T, all slopes measured in water
are equal, as all sensor temperature response curves are practically parallel (Figure 6). At
minute 30, pure ethanol is added to the water and resuspended. Immediately, an increase in
T occurs (Figure 6). This can be explained by the rise in liquid temperature caused by the
exothermic reaction of water and ethanol. Furthermore, as expected, the slope increases due
to the lower thermal effusivity of the final water/ethanol mixture compared to pure water
(Table 1). For all subsequent sensor response curves, Ty decreases, whilst the curves remain
parallel to the first curve measured on the mixture. This result (Figure 6) confirms the hy-
pothesis that changes in thermal effusivity (Figure 1) and changes in temperature (Figure 2)
can be measured simultaneously.

To evaluate the sensor sensitivity and inter-sensor reproducibility, the water/ethanol
mixing procedure was repeated with six different water/ethanol ratios. Five replicates were
measured for each mixing ratio. The measured changes in slope and 7T are discussed below.

To analyze the slopes of the temperature curves in detail, we performed linear regressions
on all curves within the time interval of [0.25 - 1] s'/2, as indicated in Figure 6. The obtained
slopes are plotted as a function of time in Figure 7a. More specifically, this plot shows
the percentage change in slope relative to the slope measured in water. This procedure of
plotting the percentage change in slope eliminates the influence of the difference in R;,;
between sensors.?%37 Figure 7a highlights that the sensors show a fast and reproducible
response to changes in the thermal effusivity of the sample. In this experiment, the limiting
factor for the sensor response time is the required cooling time of 7 s between the heating
steps.

Figure 7b shows all measured changes in slope between the minutes 40 en 45 as a func-

tion of the final volume percent of the water/ethanol mixture. This graph shows that the
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Figure 7: To demonstrate the ability of the sensors to simultaneously measure temperature
and thermal effusivity (e), the experiment presented in Figure 6 was repeated with six dif-
ferent water/ethanol mixtures. Five replicates were measured for each mixing ratio. (a) All
final water/ethanol mixtures have a distinct e, as listed in Table 1. The difference in e can
be derived from the measured slopes. This time-series plot highlights the fast response of
the sensors to changes in e of the sample inside the well. (b) The final change in slope of
all measurements plotted as a function of the final ethanol volume fraction. (c) AT} of all
experiments plotted as a function of time. This plot indicates that the sensors also show a
fast response to changes in the temperature of the sample inside the well. (d) The maximum
temperature difference of all measurements plotted as a function of the final ethanol volume
fraction.

measured slope can be used to distinguish between all different water/ethanol mixtures.
Furthermore, this graph displays the good inter-sensor reproducibility.

Figure 7c shows AT of all 30 experiments over time measured between minutes 15 and
45. At the start of this period, the water sample has reached a stable temperature after
the initial heat-up. At the end of this period, the sample temperature is stabilized again
after the addition step. In this plot, the stable temperatures between minutes 15 and 20 are

chosen as a baseline (0 °C). It can be clearly seen that mixing water and ethanol causes an
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immediate rise in T}, whilst adding 150 pl of pure water at room temperature has a cooling
effect on the heated water that is already present inside the well (Figure 7c). This graph
highlights that the sensors also show a fast response to changes in liquid temperature.

Figure 7d shows the relation between the maximum change in 7§, and the final concen-
tration of the water/ethanol mixture. It should be noted that the standard deviation on this
maximum measured temperature change is also influenced by the possible time difference of
maximum 7 s between the moment of addition and the measurement.

To quantify the precision and accuracy of the sensors for measuring e, a calibration curve
is constructed to convert the measured changes in slope to actual values of e expressed in
Ws!/2 /m?K. To obtain this calibration curve, first, the final slope values plotted in Figure 7b
are plotted versus the actual e of the final water/ethanol mixtures (Figure 8a). For this,
the actual e values obtained from literature are used (Table 1). A quadratic regression (y
= ax? + bx + ¢) is performed (R? = 0.99) where: a = 1.069 x 10*, b = -3.739 x 10!
and ¢ = 324.3, see Figure 8a. This quadratic equation can be used to convert the measured
change in slope to a measured value of e (Figure 8b). On average, the sensors measure e
accurately within 0.39%, with a precision of 4.5 Ws'/2/m?K within the explored range. The
exact accuracy and precision of these experiments are given in Table 2.

These measurements on the mixing of water and ethanol demonstrate the potential of the
methodology. The experiments show that the setup can simultaneously detect changes in e,
as well as changes in temperature. Notably, these results highlight the fast responsiveness

of the sensor to both measurands as well as the high inter-sensor reproducibility.
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Figure 8: Calibration of the sensors for measuring absolute thermal effusivity. (a) Final
change in slope in function of the actual e as taken from literature (Table 1). The relation
between the measured change in slope and the actual e can be approximated by a quadratic
regression, which can be used as a calibration curve. (b) The measured slope changes can be
converted to absolute values of thermal effusivity using the obtained calibration equation.
The resulting measured e values are plotted as a function of the actual e derived from
literature. Within the studied range, the sensors can determine e with an average accuracy
of 0.39% and a precision of 4.5 Ws'/2/m?K

Table 2: Accuracy and precision of measurements of thermal effusivity (e)

Acutal e Mean Measured e Accuracy Standard Deviation
[Ws!/2 /m?K] [Ws!/2 /m2K] [%] [Ws/2 /m?K]

1099 1096.0 0.27 7.6
1198 1203.9 0.49 3.1
1296 1298.0 0.15 5.1
1392 1386.7 0.38 2.8
1489 1482.7 0.42 5.1
1588 1597.5 0.60 3.2

Average 0.39 4.5
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Relative quantification of the number of cells at the interface in the

absence of growth

Thermal pulses were applied continuously during the sedimentation of cell suspensions with
different concentrations. Figure 9a shows the percentage change in slope of all pulses over
time, relative to the slope of the first applied pulse. It is assumed that all cells are still in
suspension at the time of the first pulse. Afterwards, cells are expected to accumulate at
the sensor surface. Within the first 2 hours of sedimentation, the plot shows considerable
changes in slope, especially for experiments with higher cell concentrations. In this time
period, the slopes increase because of the thermal insulation effect of the cells that accumulate
at the sensor-liquid interface. After approximately 2 hours, the slopes do no longer change
(Figure 9a). From this, we conclude that, at this time, the sedimentation process is completed
for all cell concentrations. After sedimentation, it is clear that different numbers of cells cause
different measurable changes in thermal insulation at the sensor interface.

In Figure 9b, all data points taken after sedimentation, i.e. after hour 2 (Figure 9a),
are plotted against the concentration of the used cell suspension. This plot indicates that
the relationship between the cell concentration and the final change in slope is linear before
saturation occurs at a maximum change in slope of approximately 8%. More specifically,
the maximum measured change in slope of the linear sensing range is 6.43%. This limit is
indicated by a horizontal dashed line in Figure 9b. Our earlier study on thermal-based thin
film thickness determination showed that saturation occurs when the thickness of the film at
the sensor interface exceeds the probing depth of the applied thermal pulses.?¢ Furthermore,
this previous study showed that the measured change in slope is dependant on the difference
in the thermal effusivity between the film and the medium above.3¢ Thus, in the current
experiment, the maximum measurable change in slope of 8% is also dependant on the dif-
ference in the thermal effusivity between the used cells and water. Below the saturation
level, the linear sensor response indicates that the measured change in slope can be used as

a direct measure of relative changes in the number of cells at the interface. These results
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are consistent with our earlier findings.3” Furthermore, these results suggest that the pre-

sented sensors can be used for the real-time monitoring of cell number during proliferation

experiments.
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Figure 9: Measuring the thermal insulation effect of cells at the sensor interface. (a) The
number of cells at the sensor interface was varied by letting cell suspensions of different
concentrations sediment inside the wells (Saccharomyces cerevisiae in water). The change
in slope was registered continuously during the sedimentation process. The time series plot
shows that the sedimentation is completed after approximately 2 hours, regardless of the
cell concentration. (b) When plotting the final change in slope (all measured slopes after
2 hours) as a function of the concentration of the used yeast suspension, it is possible to
observe a linear relationship before saturation occurs. This linear relationship indicates that,
below the saturation level, the measured change in slope can be used as a direct measure of
relative changes in the number of cells at the interface.

Cell proliferation experiment with varying nutrient contents

Proliferation experiments are performed in growth media with three different nutrient con-
tents. It is expected that the wells with the highest nutrient content will contain the highest
cell number at the end of the experiment, and consequently, the highest metabolic heat

generation during the experiment. The purpose of these experiments is to evaluate whether

25



Change in Final change Final change
slope (%) in slopeg in slope (%) ODgoo
i 2.0
4 | Nutrient 4 Tt
! content L5
(% YPD) 1
2 100 2 - 1.0
e 50 -
e 25 * 05
0 0
T T T T T T T -1 1
a) 0 3 10 20 30 40 44 p) 25 50 100
Time (h) Nutrient content
(% YPD)
max
ATy - ATH{/ (OC) AT, - ATn{f (OC)
0044 , | Nutient 0.4 =
H content T
% YPD
0.02 (% YPD) 0.02
100 T
e 50
0.00 e 25 0.00
T T T T T T I D N
) 0 3 10 20 30 40 d 25 50 100
Time (h) Nutrient content
(% YPD)

Figure 10: Monitoring cell proliferation by relative quantification of cell number and
metabolic activity. The growth of Saccharomyces cerevisiae was studied in triplicate for
media with different nutrient contents (25, 50, and 100% YPD). The three remaining wells
were filled with water as a reference. (a) To investigate variations in cell number, the per-
centage change in slope is plotted as a function of time. The results indicate that, with
higher nutrient contents, the proliferation is sustained for a longer period of time. Conse-
quently, the final cell number is higher for media with higher nutrient content. (b) The final
measured change in slope shows good agreement with the ODgoy measured at the end of
the proliferation experiment. (c) After processing the AT, data, three distinct temperature
profiles can be observed based on the nutrient content of the growth media. This indicates
that the sensors are sufficiently accurate to detect the metabolic activity of biological cells
in a microplate format. (d) The maximum temperature difference measured during growth
as a function of the nutrient content. This plot indicates that more metabolic heat is being
generated when more actively growing cells are present on the sensor surface.

both signals can be derived from the measured sensor temperature response curves.

First, we address the monitoring of variations in cell number. Therefore, the slopes of
the sensor response curves are analyzed. Figure 10a shows the percentage change in slope
over time, relative to the slope measured at hour 3, immediately after the addition of cells

to the wells containing growth media. At this time, an equal number of cells is present in all
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nine wells. Figure 10a shows that, after an initial lag phase, the slopes start to rise for all
measurements, indicating that cells are multiplying at the interface. Three distinct growth
curves can be observed based on the nutrient content. From the growth curves, it is clear
that, as more nutrients are available, proliferation can be sustained for a longer period. This
results in a higher final number of cells at the interface, and thus a larger final slope at the
end of the proliferation process (Figure 10a).

Around the 10 hour mark, temporary fluctuations in slope are visible, most notably
on the measurements with 100% and 50% nutrient content (Figure 10a). We assign these
fluctuations to the formation of gas bubbles during the proliferation process. As gas bubbles
form on the sensor surface, the thermal insulation increases. This can result in sudden
increases in slope. However, as these gas bubbles detach or dissolve, the slopes can drop
equally fast.

The slope measurements are summarized in Figure 10b. This plot shows the final change
in slope (between hours 40 and 44, see Figure 10a) as a function of the nutrient content.
Additionally, this plot contains the ODggo value of all cell suspensions measured at the end of
the experiment. This plot indicates good agreement between the final change in slope, and
the final ODggg value. The conformity between the thermal and optical measurements can be
explained by the fact that both sensors are working inside their linear range. The maximum
measured change in slope of approximately 4%, measured for media with the highest nutrient
content (Figure 10b), is well below the previously demonstrated limit of the linear sensor
range of 6.43% (Figure 9b). The linear response of the optical readout is ensured by making
1/10 dilutions before measuring the ODggg value.

Secondly, we address the sensing of the metabolic activity. The intention was to detect
heat generated by the metabolic activity from changes in T,. In previous characterization
experiments, performed at room temperature, raw values of AT, were discussed (Figure 7c).
However, with these proliferation experiments, performed inside an incubator at 30 °C, raw

values of AT, did not render clear results. The raw AT; signal contained fluctuations coming

27



from the incubator temperature control, as well as a small temperature drift, presumably
caused by the slow heating up of the microplate itself. Therefore, the average temperature
measured in the three reference wells (AT,.s) was subtracted from the AT of the nine wells
containing cell cultures. Afterwards, the data was linearly detrended. The resulting data
is plotted in Figure 10c. In this plot, after hour 3, distinct temperature profiles can be
observed based on the nutrient content of the growth media. As expected, measurements
on media with high nutrient content showed a higher increase in 7;. Before and shortly
after the first three hours, the plot shows random fluctuations in temperature, even after the
data processing. These fluctuations are mainly caused by the disturbance of the incubator
temperature that occur because of the opening and closing of the door, which is required
to add the growth media and cells to the wells. To summarize the results, the maximum
temperature of a 10-point moving average of these data is plotted as a function of the nutrient
content in Figure 10d. The results confirm that metabolic activity can be measured.

It is important to bear in mind that in these proliferation experiments (Figure 10), media
with different nutrient contents were used whilst the saturation level of the sensor was deter-
mined through cell sedimentation experiments performed in water containing no nutrients
at all. Previously, in the discussion of the sedimentation experiments, we pointed out that
differences in thermal effusivity of the media might affect the measured change in slope, and
thus may lead to errors in the data interpretation. However, because of the relatively low
nutrient contents (5, 2.5, and 1.25 wt% in water) we assume this influence is minimal. The
good agreement between the measured changes in slope and the ODgy measurements further
support this conclusion. Additionally, to avoid any possible influence of differences in the
composition of the medium, we have repeated the experiments as presented in Figure 10, in
wells containing an identical medium (100% YPD), but with a varying starting cell concen-
tration. These results, presented in the Supporting Information, are consistent with those
of Wasdo et al.'® who found that a decreasing starting cell concentration results in a longer

lag phase and lower peaks in the metabolic activity curves. This agreement with literature
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confirms the correct working of the presented sensors.

In conclusion, the results point out the potential use of this thermal sensing technique
for monitoring cell proliferation. The sensors enable the simultaneous real-time detection of
changes in metabolic activity and cell number. Variations in cell number are visible directly
from the measured slope of the temperature response curves. For visualizing the metabolic
activity, additional data processing is required to remove the environment temperature noise
from the signal.

The hardware used for these proof-of-principle experiments was limited to 12 channels.
However, we foresee no insurmountable issues in scaling up this technology to a standard
96-well plate format. With the presented experiments, a heating period of 1 s was used in
combination with a cooling period of 120 s. This implies that it is possible to read out up

to 120 wells with a single SMU, provided that a larger multiplexer is available.

Conclusion

In this work, we have developed novel thin-film thermal sensors specifically designed to fit
inside the well diameter of standard 96-well plates. The design is inspired by the Transient
Plane Source (TPS) sensor design (also called Hot Disk sensor). The fabrication of the
sensors was done using standard flex PCB manufacturing technology. The intention was to
demonstrate the usability of these sensors as a real-time and label-free microplate reader
technology based on measurements of temperature and thermal properties. For the read-
out of the sensors, only a single benchtop 4-wire Source-Measure Unit (SMU) is required,
preferably in combination with a multiplexer to allow for the parallel read-out of multiple
wells.

Initially, the sensor’s ability to simultaneously measure temperature as well as thermal
effusivity was demonstrated by characterization experiments on water/ethanol mixtures.

These experiments highlighted the fast response of the sensor to changes in temperature as
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well as thermal effusivity. In principle, even faster sensor response times can be achieved,
as currently, the required cool time between measurements is the main limiting factor of
the sensor response time. Additionally, these characterization experiments showed the excel-
lent reproducibility between sensors. A general calibration curve was constructed to convert
the measured sensor temperature responses to absolute values of thermal effusivity. Cur-
rently, for this calibration, one reference measurement in water is required for each sensor.
Afterwards, within the explored range of 1100 to 1600 Ws'/2/m?K, the thermal effusivity
of samples inside the wells can be determined with an accuracy of 0.39%, and a standard
deviation of 4.5 Ws'/2/m?K. It should be noted, however, that the achievable accuracy and
precision strongly depends on the specifications of the used SMU.

To demonstrate the usability of this thermal-based microplate reader for monitoring cell
proliferation, proof-of-principle experiments were performed on Saccharomyces cerevisiae in
liquid media with different nutrient contents. All presented proliferation experiments were
performed inside a standard incubator at elevated temperature. We demonstrated that it
was possible to derive changes in cell number from the sensor temperature response curves.
Moreover, it was shown that the slope of the measured curves increase linearly with the
number of cells at the sensor surface. Simultaneously, it was possible to measure differ-
ences in the metabolic heat generated by the differently sized cell populations. Additional
proliferation experiments presented in the Supporting Information further confirmed these
findings.

The current study was limited to experiments on Saccharomyces cerevisiae, however, the
results indicate that the presented technique might also be used for monitoring bacterial
growth based on quantity and metabolic activity. In case the difference in thermal effusivity
between the test organism and the medium is sufficiently large, it might also be possible to
monitor changes in the partial cell coverage of a monolayer whilst simultaneously monitoring
the metabolic activity of the monolayer. Demonstrating these possible applications through

future research could further expand the usefulness of the proposed technique.
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In summary, the presented sensors have proven to be capable of monitoring cell prolif-
eration based on simultaneous relative measurements of cell number and metabolic activity.
Moreover, the measurement principle is real-time, and requires no auxiliary chemicals that
might influence the intrinsic cell behavior. This makes the technology especially suited for
the study of biological questions with unknown timing and duration. The current study was
limited to a 12-channel read-out device. However, the findings suggest that the technology
can be scaled up to a 96-channel device for the read-out of standard 96-well plates. This

way, the technology can also be used for parallelized drug screening and toxicity assays.

Associated Content

Supporting Information

Additional experiment: monitoring cell proliferation using identical media with varying start

cell concentration (PDF)
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