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Abstract

A physiologically relevant environment is essential for successful long-term cell culturing in

vitro. Precise control of temperature, one of the most crucial environmental parameter in the cell

cultures, increases the fidelity and repeatability of the experiments. Unfortunately, direct

temperature measurement can interfere with the cultures or prevent imaging of the cells.

Furthermore, the assessment of dynamic temperature variations in the cell culture area is

challenging with the methods traditionally used for measuring temperature in cell culture systems.

To overcome these challenges, we integrated a microscale cell culture environment together with

a live-cell imaging and a precise local temperature control that is based on an indirect

measurement. The control method uses a remote temperature measurement and a mathematical

model for estimating temperature at the desired area. The system maintained temperature at 37 °C

± 0.3 °C for over four days for over four days. We also showed that the system precisely controls

the culture temperature during temperature transients and compensates for the disturbance when

changing the cell cultivation medium, and presented the portability of the heating system was

presented. Finally, we demonstrated a successful long-term culturing of human induced stem cell-

derived beating cardiomyocytes, and analyzed their beating rates in different temperatures.



Introduction
Cell culturing in vitro is one of the cornerstones of modern biology. It is known that mammalian

cells are very sensitive to the properties of their environment; for example, temperature, oxygen

concentration, mechanical stimulation, and pH. Therefore, it is crucial to provide a proper

microenvironment for successful long-term cell culturing. Furthermore, a physiologically relevant

cell culture environment is key for achieving the reliable data required in, for example, stem cell-

based disease modeling studies.1–6

Compared to traditional cell culturing methods using bioreactors, the use of microfabricated

microfluidic systems is a fascinating approach due to its better control over the physiological

culturing conditions.7–9 Other advantages of using these devices are their faster response times,

lower fabrication costs and power requirements, and smaller reagent consumptions. Even though

several commercial microbioreactors exist, they are typically expensive, do not provide uniform

environmental conditions for cells, and have only a limited number of designs available.10–12

Therefore, there have been many studies on creating cost-effective microbioreactors for cell

cultures in vitro. Typically, these devices are fabricated from polydimethysiloxane (PDMS) using

a so-called soft lithography technique, due to this being an easy, fast, and cheap fabrication method.

Furthermore, because PDMS is transparent, bio-compatible, and gas permeable, it is well suited

for cell culturing systems.4,5,13–17

Proper temperature is one of the most important microenvironmental parameters in cell culturing

as the intrinsic properties of fluids and cells are affected by temperature variations. Hence,

temperature should be controlled carefully to provide optimal circumstances for cell growth and

differentiation.18 It has also been showed that temperature has a strong effect on the emergent

network activity and membrane potential at the cellular level.19 Precise control of the

environmental temperature was required for microrheology measurements; activity of the cells



slowed and they became softer when the temperature was lowered.20 However, several methods

and techniques used in cell culturing cause temperature variations in the culture. For example

cardiac cell research can include such analysis methods as patch clamp, multielectrode arrays,

fluorescent imaging, impedance assays, video microscopy, and live-cell imaging, to name a few.21

During the culturing, it is common to move the cultured cells from one measuring instrument to

another; for instance, from the incubator to live-cell imaging and analysis. Unfortunately, without

a proper portable heating system, these movements of the cell cultures can create significant

temperature variations to the cultures, resulting unwanted stimulations to the cells. Therefore, a

control system that can minimize temperature variations is very important to successfully culture

cells in vitro. Another potential source of temperature variations is the change of the cell culture

medium which is typically performed every 2-3 days. If the medium is not carefully pre-

conditioned, the medium change can cause a temperature stress to the cells.

A typical problem with the accurate temperature control is that it requires a precise temperature

measurement from the cell culture. This direct measurement brings some challenges; for example,

the sensor can interfere with the cells and prevent microscopic inspection. In many cases, it is

significantly more difficult to place sensors in the region of interest than elsewhere; for example,

outside the cell culture chamber. Also, if one is placing the temperature sensor inside the chamber,

close to the cells, a larger cell culture chamber is often required.2,10 Therefore, an indirect

temperature measurement is preferable to a direct measurement in the cell area.

Temperature sensors have been placed outside the chamber in many cell culture studies.

Solutions include placing sensors together with the heating element,22–24 close to the inlet of the

chip or the culture chamber,25,26 downstream and upstream from the culture chamber,27 or next to

the device.28 However, none of these cases can guarantee the exact temperature of the cell area.

Typically reported temperature differences between the measured temperature and the temperature



of the cell area have been up to 2 °C−3 °C.28 This difference is typically too large for cell culture

studies.19,21,29 For instance, it was shown that temperature variation between 37 °C and 39 °C

altered cardiomyocyte beating characteristics.21 Also, the firing rate during up states in the cortical

network was modulated when temperatures varied between 36 °C and 38 °C.19 To minimize

temperature variations, a sensor has been placed in a separate reference chamber;30-32 however, this

method requires more space as one chamber is used only for temperature logging. An extremely

good insulating system is required for precise temperature control using only a sensor placed

outside. One demonstrated solution to provide a uniform temperature profile has been to build a

complex, large insulated device in which a water bath surrounds the chamber.19,32,33 Unfortunately,

this typically leads to a longer temperature settling time during the heating phase, such as

approximately 60 min,32 or a minimum time of 5 min to change temperature by 1 °C.19 Moreover,

with this technique it can still be difficult to avoid excessively large temperature differences

between the central part of the chamber and the surrounding parts.10

Optical methods have also been proposed for measuring temperature locally. Measurement from

the cell culture area using infrared cameras is challenging because the PDMS material shields these

signals.34 Fluorescent labels have been used for direct temperature measurement in microfluidic

devices.35–37 With this method, fluorescent dyes are mixed into the working fluid. Although the

method can be used with glass-based materials, it presents significant problems with porous

materials, such as PDMS, because accurate temperature measurements are prevented by the

adsorption of dye particles into the material. Some solutions have been demonstrated to overcome

this adsorption problem.35 however, measurement performance is still reduced. Furthermore,

typical temperature measurement precision (approximately 2.5 °C at 37 °C 36) is not sufficient for

cell culture studies.



To solve the aforementioned problems, we previously developed an indirect temperature

measurement method to monitor temperature in the cell culture area using a system identification

approach.38 We used a commercial heater and a cell culture device made in-house, and showed that

our method precisely estimated the cell culture temperature. We also presented a simulation study

to demonstrate how the method could be used for temperature control purposes. In this study, we

extend this approach by integrating an indirect temperature control into a developed cell culture

system. The control method combines an external temperature measurement and a numerical

model to calculate an approximation of the temperature at the desired location. This estimate is

then compared to the desired temperature set-point, thereby providing an indirect measurement

and control method for the cell culture temperature. Furthermore, the developed heating system is

portable; it has a power source to maintain the desired temperature for over one hour for

applications where transportation of the system is needed. The system is also suitable for a long-

term microscopy and cell imaging, as it includes a gas supply for the maintenance of the proper

carbon dioxide (CO2) and oxygen (O2) concentrations in the cell culture media.

In this study, we show how accurate temperature in the cell culture area can be performed

without disturbing the cells or preventing imaging. First, we demonstrate how the heating system

compensates disturbances arising from the ambient room temperature variations. We also illustrate

how the cell culture temperature is restored to the desired level after opening of the device or liquid

change. Finally, using beating cardiomyocytes, we demonstrate a successful long-term cell

culturing and a temperature stress-study.

The rest of the paper is organized as follows. First, it explains the working principle of the

system, describes details on the experimental setups used, and presents developed models.

Experimental data and control results are given next; the models are developed, their performances

are compared to the measured data, and finally experiments with the developed closed-loop control



system are presented.  Then, the results from this paper are discussed, before providing conclusions

and possible future work.

Materials and Methods
The main components of the cell culture system are an indium tin oxide plate (ITO) as a heating

element (70 mm × 70 mm × 0.7 mm boro-aluminosilicate glass plate from UniversityWafer, Inc.,

Boston, MA, USA, with a resistivity of 8-10 Ω/sq), a temperature sensor plate (TSP) made in-

house on a glass substrate (49 mm × 49 mm × 1 mm from Gerhard Menzel GmbH, Braunschweig,

Germany), and a cell culture device made in-house. A Pt100 sensor attached on the ITO plate was

used to measure the heater temperature (TITO), and spring contacts were used to connect the TSP

pads as shown in Fig. 1.

Working Principle of Indirect Temperature Control

The temperature estimate is made using a mathematical model and a temperature measurement;

the measured temperature outside the desired location (Toutside) is supplied as an input to the

mathematical model. The model calculates an estimate of the cell culture temperature, Tcell−est,

which is compared to the set-point temperature, Tset, to complete the closed-loop feedback system,

as shown in Fig. 2. In the control system, we implemented a proportional-integral-derivative (PID)

controller. In this study, however, we used only a proportional-integral (PI) controller with such

parameters (P = 1.7, I = 0.03) that the control system had a close-to-critically damped response

with only a minor overshoot. Output power of the controller was limited to values between 0 and

2 W. As there was no active cooling included, the temperature decrease was entirely based on heat

dissipation. For the model development and analysis, we also monitored the ambient room

temperature Troom, and the real cell culture temperature, Tcell, and compared the estimated and



measured cell culture temperatures. It should be emphasized that Tcell was only used to verify the

temperature estimate results, and was never used for temperature control purposes.

We developed two temperature estimation models for different purposes. The difference

between the models was that different measurements were used as Toutside. Model 1 was based on

measured ITO heater temperature using a Pt100 sensor glued onto the ITO plate (see Fig. 1). For

this reason, Toutside is marked as TITO in Model 1. In Model 2, we measured the temperature using

the TSP with a sensor located close to the cell culture area; therefore, Toutside is marked as TTSP in

Model 2. The TSP will be presented in more detail in Fig. 3.

The sensor required in Model 1 is easy to place, and the location of the sensor can be chosen

rather freely. Also, there is no need to use the sensor plate for temperature control. However, as

this method does not measure temperature inside the cell culture chamber, the estimated

temperature is less accurate. Therefore, Model 1 is not capable of fully compensating for

temperature changes inside the chamber caused by, for instance, variations in the ambient room

temperature. Furthermore, this approach does not work properly in cases when the temperature

inside the culture chamber changes without changes in TITO. The example of opening the device

and changing the liquid inside the chamber is presented in Results section and in Fig. S6.

For the aforementioned reasons, we also developed Model 2, which measures the temperature

inside the chamber close to the cell culture area and therefore can better predict temperature

changes in the cell area. Model 2 can compensate for the residual thermal disruptions caused by

microscopy imaging and changes in the ambient temperature, both of which the cell culture

temperature. The drawbacks of this approach are that the sensor is typically more fragile, the sensor

is more difficult to position as it needs to be in a certain location, and the sensor plate is required.

To summarize, the two models have their preferred applications depending on the requirements.



Experimental Setups

Overall Device Description

The measurement system included the ITO heater, TSP, PDMS-based cell culture device, gas

supply, illumination and optics, frames and stages, and electronics required for temperature

measurement and control. We designed all the custom-made mechanical parts in the setup using

SolidWorks (SolidWorks, Cambridge, UK). The setup is shown in Fig. 1, which also includes the

cell imaging arrangement. The cell imaging was carried out using an invert-upright convertible

compact microscopy system as previously described.39 In our case, prior to time-lapse video

microscopy (20X, 1.3 MP camera -BFLY-U3-13S2M-CS, Point Grey Research, Inc., Richmond,

BC, Canada), initial sample positioning and coerce focusing were performed using system’s

manual xyz-stage. Precise focusing and timely focus corrections in long-term microscopy were

carried out with the motorized focusing stage. A custom written MATLAB (MathWorks, Inc.,

Natick, MA, USA) user interface software was implemented for controlling the illumination, stage

heater and time-lapse data logging (uncompressed .avi videos with frame-rate of 50 frames per

second and temperature sensors).39

Electronic circuits made in-house (Fig. S1), were designed to connect the TSP and the heater to

the computer and to the external power source, unless a battery mode was used. The main design

criteria for the heating controller electronics were low cost, relatively small size, capability of

running the model-based temperature control algorithms and the aforementioned option for short-

term (but over an hour) battery operation. The basic measurement principle is shown in Fig. S1.

Due to the low and relatively constant wiring resistances, a simple two-wire ratiometric

measurement method was chosen. The rather low reference voltage (200 mV) was a compromise

between sensor self-heating, resolution, noise, and the sensitivity to thermoelectric offset voltages.

A 16 bit resolution of the chosen analog-to-digital converter (ADC; LTC2486 from Analog



Devices, Inc., Norwood, MA, USA) results in approximately 12 mK temperature measurement

resolution, which is more than sufficient and below the noise floor. Two identical 100 Ω reference

resistors were used to cancel the effects of the input current of the ADC.

While the diagram shows only one channel, the device has two channels, allowing the user to

easily switch between two different temperature feedback locations. This simple arrangement

designed for the Pt100 sensor was not sufficient for the TSP sensors, as they can have significant

and varying wiring and contact resistances. To support the use of the TSP sensors, the circuit was

modified to a four-wire measurement compensating for the wiring resistance, as shown in Fig. S1.

This arrangement requires the use of both ADC channels, allowing only one four-wire

measurement instead of two two-wire measurements.

In order to minimize the interference caused by the heating element current, a constant current

drive scheme was adopted (Fig. S1). While a fully linear driver would have been preferable from

the interference point of view, the excessive power dissipation of such a driver made it impractical.

Thus, a switching voltage-controlled current source (LT3477, Analog Devices, Inc.) was chosen.

The control input comes in the form of a pulse-width modulated signal, which is filtered to produce

a direct current (DC) control signal for the current source. While it can be assumed that some of

the switching noise of the current source reaches the ITO plate, at least the amplitude is low and

the frequency is well above typical biosignal frequencies.

The actual controller was built around an 8 bit microcontroller (ATMega328, Microchip

Technology, Inc., Chandler, AZ, USA), which measures the sensor resistances, performs simple

gain and offset compensations, and converts the results to temperatures either by using a standard

(second-order) Pt100 equation or by using a user-entered, first-degree polynomial fit. This

temperature reading is supplied either directly or through the identified model to the PID controller.

The temperature measurement, identification and PID controller run at a 5 Hz frequency. The



device has a USB port for configuring the device and for logging temperature data. It also contains

a 3.1 Ah, 18650-size lithium ion battery and an associated USB charger (LTC4098, Analog

Devices, Inc.).

Heating System

A heating system that provides a uniform temperature profile is very important for successful

indirect temperature control and long-term cell culture studies. Also, optical microscopy is

typically required in these studies. Therefore, an ITO plate was chosen as a heating element, as it

is not only electrically conductive but also optically transparent; Joule heating can be generated

when electrical power is applied, and at the same time, ITO does not obscure illumination. To

supply the heating current uniformly over the ITO plate, and thus to equalize temperature on top

of the plate, we e-beam evaporated copper pads 900 nm thick (3.5 mm × 70 mm) onto the ends of

the ITO plate. These copper lines are shown in Fig. 1(a). Furthermore, a 300 nm silicon nitride

(Si3N4) insulator layer was deposited over the ITO using a plasma-enhanced chemical vapor

deposition (PECVD) process.

Frame Design

A proper design of the frame (see Fig. 1, item 5) for the ITO plate is important for achieving a

uniform temperature profile. We tested three different frame structures. Frame 1, manufactured by

Saloteam Oy (Salo, Finland), was made of aluminum and mounted to an xyz-stage (see Fig. 1,

item 7a). However, non-uniform heating with large temperature gradients on the plate was

observed with this frame. Therefore, we designed and 3D-printed a frame with the same

dimensions but made from polylactic acid (PLA); this was Frame 2. We observed remarkably

reduced temperature gradients with Frame 2. To further improve the uniformity of the temperature,

a 3-mm-thick plate of thermally insulated material (Finnfoam plate from Finnfoam Oy, Salo,

Finland) was added between the ITO glass and Frame 2. The outer dimensions of the insulation



plate were 70 mm × 70 mm with a hole of approximately 62 mm × 62 mm in the middle. The

combination of Frame 2 and the thermal insulator layer was Frame 3.

To compare the temperature distribution in the different frames, we used thermal imaging. As

direct thermal imaging of the ITO glass was not possible due to reflection issues, we placed a glass

plate (50 mm × 50 mm × 0.5 mm) on top of the ITO plate and only considered temperature

measurement on this area of the plate (marked with dashed rectangles in Fig. S2). We first heated

the ITO plate such that TITO (based on the sensor reading as presented in Fig. 1(a)) was stabilized

to 34 °C. Then, thermal images were taken from the three frames using a Flir One thermal camera

(FLIR Systems, Inc., Seattle, WA, USA). Temperature profiles in this region were further

analyzed, and the results are summarized in Table S1.

It is clear from Table S1 that temperature gradients were significantly reduced with Frame 3

when compared to Frame 1. This is an important result, as temperature differences inside the cell

culture chamber should be minimized to provide as equal temperature as possible for every cell in

the culture. In the table, Tmin, Tmax, Tavg, Tmax− Tmin, and Tmax− Tavg are minimum, maximum, and

average measured temperatures, difference between the maximum and minimum temperatures,

and difference between the maximum and average temperatures, respectively.

Temperature Sensor Plate

We designed the TSP for logging the temperature inside the cell culture chamber. The TSP was

built on a glass plate and included 14 identical temperature sensors as shown in Fig. 3. The TSP

consisted of resistors, tracks, and contact pads patterned using photolithography on an e-beam

evaporated copper layer that was 275 nm thick. The resistor and the track area were electrically

insulated using 100 nm silicon dioxide (SiO2) and 500 nm Si3N4 layers with PECVD. The width

of the resistor line in the design was 20 µm.



Temperature sensors were calibrated in a temperature-controlled oven by measuring their

electrical resistances using a four-wire method at several different temperatures from 24 °C to 38

°C after the plate was thermally stabilized. A typical room-temperature resistance was

approximately 105 Ω. As a good linear relationship between electrical resistance and temperature

was obtained, a linear interpolation was used to estimate temperature from the measured resistance.

Cell Culture

The cell culture device, its fabrication procedure, and the main working principle has been

described previously.39-41 Therefore, we present here only the main steps and details of study-

specific differences. The design goals were to enable on-line microscopy (therefore, transparent

materials were chosen) and to keep the cell culture alive for several days in the cell culture device.

The structure of the cell culture device is shown in Fig. 1(c) with three main parts: a cell culture

chamber, a lid, and a cover. The lid was machined from polycarbonate (PC; Saloteam Oy), and the

cover was 3D printed (from Shapeways, Eindhoven, the Netherlands). The lid made a watertight

seal on the culture chamber and prevented contamination from entering the chamber. This setup

also enabled the use of a dry gas supply without significant evaporation of the culture medium.

The same technology has been shown to keep the cell culture alive and vivid outside an incubator

over three days.41

The cell culture chamber was cast in-house from PDMS (Sylgard 184 from Dow Corning,

Auburn, MI, USA) using standard soft-lithography techniques. Cells were plated on a round

opening area (diameter of 10 mm) that was punched in the bottom of the chamber. During

experiments, the cell culture chamber was reversibly bonded on the TSP and filled with 1 mL

deionized water or cell culture medium before the chamber lid was closed. The desired gas

environment is provided to the cell area by covering the cell culture chamber by the cover. With

the cover placed atop the lid and the chamber, the gas supply pipe was connected to provide the



desired gas environment (CO2 and O2 concentrations) inside the chamber. In cell culture studies,

we used a motorized inverted microscopy system, made in-house,39 for cell imaging as described

previously.

Cardiomyocytes (CMs) derived from the human induced pluripotent stem (iPS) cell line

UTA.04602WT, as described previously,42 were cultured in the developed system. Differentiated

beating iPS-CMs were used in the present study. The iPS-cells, derived from a healthy person,

have been differentiated into cardiomyocytes with the standard method used in our laboratory. The

differentiated iPS-CMs have been characterized with multiple molecular biology and functional

methods and the characterization data have been published in our earlier studies.43-45 For

sterilization, TSPs were immersed in 70% ethanol and dried under sterilized conditions. The

PDMS culture chamber was mounted directly on the sterilized TSP. The beating iPS-CM

aggregates were plated at the bottom of the cell chamber, which was first hydrophilized with fetal

bovine serum (FBS) and then coated with 0.1% gelatin type A (Sigma-Aldrich, St Louis, MO,

USA). The iPS-CMs were cultured in KO-DMEM-media (Lonza, Basel, Switzerland) with 20%

FBS (Lonza), 1% non-essential amino acids (Cambrex, East Rutherford, NJ, USA), 2 mM

Glutamax (Invitrogen, Carlsbad, CA, USA), and 50 U/mL penicillin/streptomycin (Lonza). For

each cell chamber, three to four iPS-CM aggregates were plated. After plating, the iPS-CM

aggregates were cultured for 24 h in an incubator (37 °C, 5% CO2, 19% O2, 76% N2) for initial

stabilization. After that, the device was removed from the incubator, closed with the lid and the

cover, and placed on the preheated (37 °C) ITO heater. The gas environment around the cell culture

area was created by flushing with a gas mixture (5% CO2, 19% O2, 76% N2) at a constant flow rate

of 5 mL/min.



 Temperature Estimation Models

In the study, we used a so-called black-box technique to develop models using only input and

output data, regardless of the physical system.46 We used a prediction error47 that made a prediction

that is as close as possible to the true system if it was known, to develop our models. We compared

models using a fit number, which is based on a normalized root-mean-square error criterion. It can

be calculated (as a percentage) using the following equation:48

= 100 1 −
‖ − ‖
‖ − ‖ (1)

where y and ŷ are the measured and the estimated output, respectively, and ȳ is the mean of y. We

used input and output data, presented in Fig. 4, to develop the models. We used MATLAB R2016a

together with System Identification Toolbox (the MathWorks, Inc.) to derive discrete-time, state-

space models. The models include a state variable vector x(k), an input variable vector u(k), and

an output variable vector y(k), and have the following structure:48

x(k +1) = Ax(k)+ Bu(k)
(2)

y(k) = Cx(k)+ Du(k)

where matrices A, B, C, and D represent a state matrix, an input-to-state matrix, a state-to-output

matrix, and a feed-through matrix, respectively. These matrices are defined using measurements,

presented in Fig. 4, for both models that are developed in this study.

Results
Model Development

To develop the temperature estimation models, temperature was controlled using Toutside. In the

experiments, the set-point temperature was randomly changed, and both Toutside and Tcell were

recorded. Fig. 4(a) presents measurements for TITO (Model 1) and Fig. 4(b) for TTSP (Model 2).

Initially, we tested second-order state-space models, but the accuracies of the temperature



estimates were not acceptable, especially for Model 1; therefore, we used third-order models, with

the following structure:

=
0

1 0 0
0 1 0

, =
1
0
0

, = , = 0 (2)

As the coefficient of the matrix D was zero, no direct or linear relation between the input and the

output was detected. We determined constants a11, a12, c1, c2, and c3 using Toutside and Tcell as input

and output signals, respectively, in the system identification process. We obtained the following

parameter values for the models:

· Model 1: a11 = 1.99, a12 = −0.99, c1 = 0.33, c2 = −0.66, and c3 = 0.33

· Model 2: a11 = 1.19, a12 = −0.20, c1 = 0.52, c2 = 0.58, and c3 = 0.06

The measured temperatures and the temperatures simulated using the models with the

aforementioned parameter values are compared in Fig. 4(c) and 4(d). The calculated model fit

numbers were 94.2% and 94.8% for Model 1 and Model 2, respectively, indicating that the models

are suitable for estimating the cell culture temperature. In the following sections, we use the outputs

of these models – the estimated temperatures (Tcell−est) – for controlling the cell culture temperature.

In the next section, we will illustrate the usefulness of the indirect control system.

Comparison of Different Control Strategies to Maintain Constant Temperature

In this section, we compare different controller strategies to illustrate the benefits of the

developed indirect control system. As mentioned, to obtain optimal cell growth and differentiation,

precisely controlled temperature is required. Therefore, the purpose of this experiment is to show,

how variations in the ambient room (marked as Troom), if improper control system is used, will



produce undesired changes in the cell culture temperature (Tcell, see Fig. 5). We implemented one

open-loop and three closed-loop control systems to compare different controller strategies.

In the open-loop system, a constant heating power was used; no measurement was used to

control the heating power. Three closed-loop systems used the same PI controller (P = 1.7, I =

0.03), but the control was based on different signals in the feedback loop (see Fig. 2). In the first

closed-loop system, temperature was regulated based on the measured temperature of the ITO

heater TITO (from the glued Pt100 sensor, marked with a red rectangle in Fig. 1(a)), whereas the

control of the second closed-loop system was based on TTSP. This sensor is located on the TSP,

and is marked with a green circle in Fig. 3. The last control system used the combination of TTSP

and Model 2; the control was based on the estimated Tcell−est as explained previously.

In the begin of each experiment, we added 1 mL deionized water to the cell culture chamber and

pre-heated the system so that Tcell was close to 37 °C before we started to record Troom and Tcell for

15 hours. Results using different controller strategies are shown in Fig. 5. Implemented controller

strategies provided significantly different results during the 15-hour long experiments as shown in

Fig. 5. Maximum variations in the measured Tcell during the experiment were 1.5 °C (open-loop),

1.0 °C (closed-loop using TITO), and 0.2 °C for the closed-loop systems using TTSP or Tcell−est.

Clearly, use of the open-loop system or the first closed-loop control system based on TITO are not

recommended for the temperature control as changes in the ambient air had high impact on Tcell.

Remarkable better control results were achieved by using TTSP or the developed model-based

temperature estimation as a feedback signal.

Precise Long-Term Temperature Control

Indirect control system provided very good results as presented in the previous section.

Therefore, a long-term temperature control test was performed. The purpose is to support long-



term cell growth by precisely regulating the cell culture temperature was to 37 °C. We again added

1 mL deionized water to the cell culture chamber and calculated Tcell−est using Model 2 and the

measured TTSP. We also monitored the real temperature, Tcell, and compared the estimated and

measured cell culture temperatures. During the experiment, the measured ambient room

temperature, Troom, varied between 22.6 °C and 25.9 °C. The results in Fig. 6 show that the cell

culture temperature was maintained at 37 °C ± 0.3 °C for more than four days. It should be noted

that a sensor connection problem at approximately 10 h created artificial noise in the measured

signal shown in Fig. 6. The system capability of compensating the environmental variations is

demonstrated in Fig. S3. It presents how Troom and the controller output power are changed during

the experiment. As mentioned, there are some variations in Tcell (37 °C ± 0.3 °C); however, these

are more related to model inaccuracies and simplifications than environmental variations, which

are compensated by the controller. This is presented in Fig. S3; when the measured temperature

indicates a temperature change in the ambient air (Troom), the controller modifies the heating power

to compensate this change. It should be emphasized that Troom was only used for the monitoring

purposes, not directly in the control loop.

Controlled Temperature Steps

A precisely controllable cell culture temperature provides several opportunities for temperature-

dependent cell behavior studies. For example, it enables one to characterize transient behaviors of

the cell cultures during the heating and cooling phases around the physiological temperature,2 or

to determine a temperature threshold for the activation of ion channels.49 Our system can precisely

monitor and control cell culture temperature, Tcell, during temperature transients, as shown here.

The results using Model 1 are shown in Fig. 7(a). The average temperature estimation error was

0.40 °C (see Fig. S4). Figure 7(b) demonstrates temperature control in temperature transients using



Model 2. As this model uses TTSP for Tcell−est, a temperature measured at a location that is much

closer to the desired area than the location used in Model 1, the results are significantly better; the

average temperature estimation error dropped to 0.21 °C (see Fig. S5). As these estimation errors

are acceptable in cell culture studies, these results demonstrate that the proposed system can be

used in temperature-dependent cell tests, such as cell stress tests.

Disturbance Compensation During Liquid Changes

The performance of the temperature control system during a liquid change, mimicking the

change of a cell culture medium, is demonstrated using Model 2. Here, we changed liquid that was

heated to 37 °C with liquid stabilized to the ambient air temperature (approximately 24 °C). This

is an extreme case; in a typical application, the fresh cell cultivation liquid would be close to 37

°C. Therefore, this demonstration overemphasizes the effect of a typical temperature drop, thus

imposing a higher requirement on the heating system. As Model 1 uses the temperature measured

from the ITO heater, the result with Model 1 would not have been satisfactory, because the

temperature mainly changes inside the cell culture chamber.

The results (Fig. S6) show how the system compensates for the temperature drop caused by

changes in the liquid temperature. Figure S6(b) shows a time period just before and after the second

liquid change; the cell culture chamber was opened at approximately 53 min. Because of this, the

temperature in the cell culture area started to drop, as measured by the sensor (TTSP), and the

controller started to compensate for this drop by increasing the heating power as shown in the inset

in Fig. S6(b). At 54.5 min, the system restored Tcell to 37 °C, before the liquid was changed at 55

min. This demonstrates that the system can maintain the temperature regardless of the typical

temperature variations that occur during cell culturing.



Portable Heating System

In the case of the portable heating system, which would be beneficial while moving the device,

the temperature control was directly based on TITO. Using a battery-operated system, we maintained

and precisely controlled the temperature of the ITO heater over an hour at 37 °C (Fig. S7).

Therefore, for example live-cell imaging can be performed in a constant temperature, without

providing undesired temperature stimulation to the cell culture.

Cell Experiments

To demonstrate the capability of the system for long-term cell culturing in vitro, the iPS-CM

aggregates were cultured in the system, and the beating behavior of the iPS-CMs was assessed for

over 100 h. We used Model 1 for temperature control and the imaging system presented in Fig. 1.

We recorded 60 s videos with a frame-rate of 50 frames per second, once a day starting 24 h after

the cells were initially plated to the device. The iPS-CMs remained functional when cultured in the

system; analyzed beating rates on the first day of culturing and 110 h later were 44 and 36 beats

per minute (BPM), respectively, using a video image-based method. This non-invasive method,

presented by Ahola et al.44 has been proved to be a reliable and fast approach to monitor the

mechanical beating behavior of cardiomyocytes.21 Snapshot images of the initial and final videos

are presented in Fig. S8 (see supplementary material for more information and the recorded

videos). These results demonstrate the suitability of the device for a long-term cell culturing of

iPS-CMs.

Another set of the iPS-CM aggregates were exposed to different temperatures. We varied

temperature between 37 °C and 25 °C in several steps. We waited 25 minutes before a video

recording to stabilize the cell culture temperature. After experiment, using the same video image-

based analysis,44 we calculated the beating rates in different temperatures. The results are shown



in Fig. 8. As can be seen in Fig. 8(a), we were able not only to change the beating rate of the

cardiomyocytes, but also to recover the beating rate when the temperature was returned to 37 °C.

The calculated average beating rate at 37 °C was 54.8 BPM ± 3.2 BPM based on 11 measurements

points presented in Fig. 8(b). Furthermore, average beating rates at 35 °C and 34 °C were 44.5

BPM and 36.0 BPM, respectively; however, it should be highlight here, that these latter results are

only from four measurement points, and more comprehensive studies are required.

Using the recorded videos, we further parameterized the contractile motion of the iPS-CM

aggregates using previously presented method with Fridericia QT correction.50,51 In brief, the

motion is characterized by three parameters related to the widths of the contraction transient peaks

at different heights, as presented in Fig. 8(c). The widths are defined at the heights of 10%, 50%

and 90% from the transient maximum. The results shown in Fig. 8(d) demonstrate the temperature

dependence of the contractile motion. The results also show that cells return to their normal beating

mechanics after the stress induced by the temperature change. Finally, these results highlight the

importance of maintaining a stable temperature during cell experiments, as temperature

fluctuations influence the contraction durations.

Discussion
We demonstrated a microscale cell culture device together with a unique indirect temperature

control method. To our best knowledge, this is the first time that the cell culture temperature has

been precisely maintained and regulated without measuring the temperature directly from the cell

culture area. Especially, our system can precisely control the cell culture during temperature

transients without placing a sensor inside the cell culture area; this has typically not been possible

in the systems used in previous studies. As a summary, we have demonstrated that the developed

system can precisely control the cell culture temperature when i) ambient room temperature is

changing, ii) the system is moved, iii) the cell culture device is opened, and iv) liquid is changed,



all without direct measurement. Furthermore, the system is suitable for temperature-dependent cell

behavior studies; this was demonstrated by studying the beating iPS-CM aggregates.

Our system maintained the temperature at 37 °C for over four days. The measured temperature

variation, ±0.3 °C, was similar to that in other studies; for instance, variations of ±0.2 °C,27,31,32,52,53

±0.25 °C,18 ±0.26 °C,10 ±0.3 °C,54 ±0.4 °C,55 ±0.5 °C,56,57 and ±0.8 °C58 have been reported. As the

intrinsic properties of fluids and cells are temperature-dependent, it is highly beneficial to prevent

large temperature variations in the cell studies. For this reason, it is crucial that the heating system

can compensate typical temperature disturbances related to the cell cultures; for example, the

variations in the ambient room temperature or the opening of the device and the change of medium.

Unfortunately, this is typically not possible with the previously presented devices without direct

measurement from the cell culture area, whereas we demonstrated that these disturbances can be

indirectly monitored and compensated for using the developed heating system. This allow us to

minimize the undesired stimulations of cells origin from the temperature variations. In addition,

we presented the portability of the system. With the battery operated heating, a constant cell culture

temperature can be maintained for about an hour for instance while moving the device or during

live-cell imaging.

With the slight temperature variation of our heating system, a successful cell culture could be

carried out. We demonstrated this by culturing the beating iPS-CM aggregates for over four days

and using the video image-based beating rate analysis. We also combined this analysis and

controlled temperature variations to demonstrate how the beating rate varied in different

temperatures. We achieved two main results from this experiment; firstly, we were able to return

the beating rate when temperature was set back to 37 °C as is shown in Fig. 8(a). Secondly, even

though more tests are needed, the initial results in Fig. 8 clearly show the importance of the precise

temperature control. For example, if we consider the closed-loop heating system based on the direct



control of TITO presented in Fig. 5(b), approximately 1 °C temperature differences in the cell area

were obtained only because of the variations in the ambient air temperature. This can create

unwanted artificial stimulation to the cells; based on the cell experiments, the beating rate of the

iPS-CM aggregates was significantly dropped when temperature was decreased from 37 °C to 34

°C. From the average beating rates (54.8 BPM, 44.5 BPM, and 36.0 BPM at 37 °C, 35 °C, and 34

°C, respectively), we can estimate that the beating rate dropped roughly 10% in every °C when

temperature was decreased from 37 °C to 34 °C. Even though similar results have been

reported,59,60 more studies in different temperatures are required to verify our results. Also, for

instance the measurement of electrophysiology of the cells in different temperatures using a patch

clamp method could be included.

Conclusion
We developed a portable microscale cell culture system device including a precise heating

system based on an indirect control method. The method combines a numerical model and a

temperature measurement to maintain and control the temperature in the desired area, without the

need of placing a sensor in that area. Using the method, we precisely maintained a constant

temperature over 100 hours. We also presented accurate temperature control during temperature

changes. The model-based control system was also able to compensate for temperature

disturbances caused by variations in the ambient temperature, for instance, during liquid changes.

Furthermore, we cultured the beating iPS-CM aggregates in the developed system for more than

four days. The system was capable of providing a stable and cell-friendly environment for the cell

cultures. In addition, a temperature-dependent beating rate was demonstrated with the iPS-CM

aggregates.

One future step is to implement oxygen sensing in the system, similar to that presented

previously.61 Integration of a zigzag-shaped heater and a sensor on a single ITO plate could be



possible through conventional photolithography methods.55,62 Cell cultures in vitro in this study

were on a plane. Unfortunately, two-dimensional culture models poorly mimic tissues in vivo.63 In

the future, designing a three-dimensional cell culture environment would offer a biologically more

relevant in vitro model and would better reproduce in vivo culturing conditions and cell-cell

interactions.
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FIGURES

Figure 1.  A Portable Microscale Cell Culture System. Numbers show the 1) ITO heater, 2) temperature sensor plate
(TSP), 3) cell culture device), 4) electronics, 5) ITO frame, 6) aluminum frame, 7a) xyz-stage, 7b) motorized
inverted microscopy with 20x objective, 7c) illumination unit using white LED, 8) gas supply, and 9) connection
pins to read resistances of TSP sensors. (a) Experimental setup. The Pt100 sensor measuring temperature of the ITO
heater (TITO) is marked with a red rectangle. (b) The schematic of the optical system tailored for cell culturing. Parts
7a-c are part of the invert-upright convertible 20X microscopy system that has been previously presented.39 (c)
Expanded view of the cell culture device presenting the cell culture chamber, the lid, and the cover. The assembled
device on the TSP is shown in Fig. 1(a).

Figure 2. Working principle of indirect cell culture temperature measurement and control.



Figure 3. Temperature logging: (a) designed sensor layout and (b) temperature sensor plate together with cell
culture chamber. The resistors marked with a red square and a green circle are used to measure Tcell and TTSP,
respectively.

Figure 4. Model development: model estimation experiments for (a) Model 1 and (b) Model 2, and comparison of
measured cell culture temperature and model estimate using (c) Model 1 and (d) Model 2.



Figure 5. Comparison of the different temperature controller strategies: (a) open-loop system with a constant power,
closed-loop systems where temperature is controlled by (b) TITO, (c) TTSP, and (d) Tcell−est calculated by TTSP and
Model 2.

Figure 6. Long-term temperature control using Model 2.



Figure 7. Transient temperature control using (a) Model 1 and (b) Model 2.

Figure 8. Study of beating cardiomyocytes in different temperatures. (a) Beating rate of the cardiomyocytes in
different temperatures and (b) a zoomed in image showing the average beating rates at temperatures between 34 ◦C
and 37 ◦C. Error bars represent the minimum and maximum values calculated from each 60 s video. (c) Definition of
contraction duration widths at three height levels from the peak maximum and (d) averages and standard deviations
of the contraction durations in different temperatures.


