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ABSTRACT The study of biological processes involving live microscopy techniques requires adequate tem-
perature control to respect the physiology of the organism under study. We present here a design strategy for a
microscope temperature stage based on thermoelectric elements. The design allows the user to access a range
of temperatures below and above room temperature and can accommodate samples of different geometries.
In addition, by cooling simultaneously the sample insert and the objective, we minimize the temperature
gradients along the sample for large magnification objectives requiring immersion oil. We illustrate how this
design can be used to study the physiology of the zebrafish embryo over the temperature tolerance of this
species. We envision that this device could benefit the communities using model and non-model organisms
with physiological temperatures different from typical mammalian cell culture incubation in biomedical
research.

INDEX TERMS Live microscopy, poikilothermy, temperature control, thermal cardiac tolerance, zebrafish.

IMPACT STATEMENT The proposed design uses thermoelectric elements for cooling or heating uniformly
large samples, in order to study how temperature changes affect the physiology of whole organisms.

I. INTRODUCTION
Temperature affects biological processes across all levels of
organization [1]. Despite its fundamental role in biology, our
knowledge on the effect of temperature shifts on development
and physiology is often limited by the inherent difficulties of
flexible temperature control on a microscope stage. Among
those issues rank temperature inhomogeneities within the
sample, slow temperature equilibration, temperature fluctua-
tions and cooling below room temperature.

Several studies have approached these issues in differ-
ent ways. Sample heating has been achieved in small in-
serts with heating wires embedded in metal frames [2], or
by ensuring a constant supply of warm air [3]. To achieve
both heating and cooling capabilities, thermoelectric elements

(Peltiers) are used with relatively flat samples such as
protein preparations [4], cell culture [5] or small model organ-
isms [6], [7]. Alternatively, liquid-cooled and -heated stages
can be used for larger samples with slower equilibration
times [8], [9]. Air conditioning systems can also be used to
regulate the temperature of the entire imaging room, but are
too slow to study the effects of temperature change in the same
organism during development [10].

To overcome these challenges, we designed a system that
allows temperature control both below and above room tem-
perature - 20 ◦C to 30 ◦C - while minimizing the tempera-
ture gradients within the sample, for a zebrafish embryo that
can be considered as a relatively large-sized specimen and is
an increasingly popular vertebrate model [11]. This system
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FIGURE 1. (a) Picture of the stage insert in place on the microscope.
(b) Drawing of the connection between the stage insert, the objective
cooler/heater and the fluid pump showing the fluid circulation and the
whole system assembled.

thus facilitates experimental designs studying the physiol-
ogy of this organism. We present as a short application the
temperature-dependence of cardiac rhythm in the zebrafish
embryo. We envision that the device could be adapted to other
organisms with a wide temperature tolerance range, from ma-
rine organisms to many vertebrates.

II. RESULTS
A. STAGE DESIGN
We develop a new temperature-controlled stage design
adapted to zebrafish embryos using a previously published
strategy based on thermoelectric elements [7]. The tempera-
ture stage consists of two parts: a stage insert and an objective
cooler/heater (Fig. 1). The temperature of the stage insert and
of the objective cooler/heater is measured separately with two
type K thermocouples and can be adjusted with thermoelec-
tric elements (Peltier). To dissipate the heat generated by the
Peltier elements, the hot sides were connected to an aluminum
heat sink with interior channels for water cooling. An ad-
ditional NTC thermocouple was used to measure the tem-
perature in the stage insert’s heat sink. The Peltier elements
are driven by a two channel PID controller, TEC-1122-SV
(Meerstetter Engineering). A stage adapter was manufactured
to fit the insert on the XY stage of a Zeiss Axiovert. The
objective cooler was coupled to a 40X immersion objective.

B. TECHNICAL PERFORMANCES
After calibrating the device in the center, the precision and
accuracy are respectively 0.1 ◦C and 0.5 ◦C for a target

FIGURE 2. Temperature field in the sample measured with a third
thermocouple. Temperature isolines are separated by 0.2 ◦C.
(a) Temperature in the top insert is set at 32 ◦C and temperature in the
center of the sample is respectively 29 ◦C (objective heater on) and 28 ◦C
(objective heater off). (b) Temperature in the top insert is set at 14 ◦C and
temperature in the center of the sample is respectively 20.5 ◦C (objective
cooler on) and 22.5 ◦C (objective cooler off).

temperature of 30 ◦C, and 0.1 ◦C and 0.1 ◦C for a target tem-
perature of 20 ◦C. The device can ramp from 20 ◦C to 30 ◦C
in 10 min.

We further characterized the temperature field in the sam-
ple using a third probe (Supp.Mat.) for temperatures above
and below room temperature. We show that the addition of
a cooler ring around the objective diminishes the tempera-
ture gradient in the sample along the optical axis and in the
imaging plane for temperatures below the room temperature
(Fig. 2). With the actual configuration, we achieve tempera-
ture gradients lower than 1 ◦C/mm at the center of the stage.

C. APPLICATION TO ZEBRAFISH PHYSIOLOGY
To demonstrate the applicability of the device in biomedi-
cal research, we examined how temperature affects the heart
rate of zebrafish embryos at 24 hours and 48 hours post-
fertilization (hpf). Prior studies have shown that calcium sen-
sitivity in cardiac filaments is temperature dependent [12],
[13] and that the heart rate increases with temperature [14].
We recover the same trend for both embryonic stages (Fig. 3).
We can also measure the changes in heartbeat with tempera-
ture on the same embryo, as opposed to ensemble averaging.
Our values for 48 hpf embryos are in close agreement with
previously published findings with relative errors of 14%, 1%
and 8% on bpm at 20, 25 and 30 ◦C [14].

III. DISCUSSION
The portable device presented here allows temperature control
on the microscope stage in a physiological range (between 20
and 30 ◦C) while minimizing the temperature gradients within
the sample for low temperatures. A key feature of the device is
that physiological changes depending on temperature can be
tracked individually for biological replicates due to the ability
of the device to operate temperature steps within a reasonable
time frame.
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FIGURE 3. Variation of the heart rate of the zebrafish embryo as a
function of temperature. (a) Cartoon of the embryo at 24 hpf with insert
representative picture of the heart. Scalebar = 100 µm, created with
BioRender.com. (b) Heart rate (beats per min or bpm) as a function of the
temperature in the sample for two different stages, 24 hpf (blue) and 48
hpf (red). The right panel is showing the trends for each individual embryo.

IV. CONCLUSION
Temperature control on the microscope stage can be achieved
within a physiological range using thermoelectric ele-
ments and heat conductive materials. The thermal gradi-
ents in the sample can be minimized using an objective
cooler/heater. With the current configuration, we have been
able to access temperatures in the 19-37 ◦C range. We en-
counter some limitations in the lowest accessible tempera-
tures due to the nominal power of the thermoelectric ele-
ments. Further optimization on the choice of materials and
on the geometry to limit heat loss could marginally im-
prove the functioning of the device towards lower or higher
temperatures.

MATERIALS AND METHODS
The stage was initially calibrated over the physiological range
of the zebrafish embryo with a third thermocouple probe in-
serted in the sample. Zebrafish experiments were performed
following all ethical regulations and according to protocols
approved by the European Union (EU) directive 2010/63/EU
as well as the German Animal Welfare act.

SUPPLEMENTARY MATERIALS
Additional details on the electronical and optomechanical
elements used for the experiments as well as the complete
procedure for tuning the PID and calibrating the stage are
provided in the Supplementary Materials. We also detail there
zebrafish sample preparation.

AUTHOR CONTRIBUTIONS
MV: Conceptualization, Methodology, Validation, Formal
analysis, Investigation, Writing - Original Draft, Writing -

Review & Editing. JMIA: Conceptualization, Methodology,
Investigation, Writing - Original Draft, Writing - Review &
Editing, Funding Acquisition. FE: Methodology, Investiga-
tion, Resources, Writing - Review & Editing, Funding Ac-
quisition. AWF: Conceptualization, Methodology, Writing –
Review & Editing, Funding Acquisition. OC: Conceptual-
ization, Writing – Review & Editing, Supervision, Funding
Acquisition.

ACKNOWLEDGMENT
The authors thank the LMF (MPI-CBG) for the generous loan
of a Zeiss Axiovert used in those experiments and the BMS
(MPI-CBG) for maintenance and breeding of the fish lines
used in this study.

CONFLICT OF INTEREST
AF, JMIA and FE have filed a patent application for the
temperature stage. AF and JMIA are part of MAX!mize, the
official start-up incubation program for the Max Planck So-
ciety by Max Planck Innovation, to explore the commercial
potential of the temperature stage. MV and OC declare no
conflicts of interest in this manuscript.

REFERENCES
[1] J. Crapse et al., “Evaluating the Arrhenius equation for developmental

processes,” Mol. Syst. Biol., vol. 17, no. 8, 2021, Art. no. e9895.
[2] M. Walzik et al., “A portable low-cost long-term live-cell imaging plat-

form for biomedical research and education,” Biosensors Bioelectron.,
vol. 64, pp. 639–649, 2015.

[3] A. Ettinger et al., “Fluorescence live cell imaging,” Methods Cell Biol.,
vol. 123, pp. 77–94, 2014.

[4] Y. Yang et al., “Temperature control device for single molecule mea-
surements using the atomic force microscope,” Rev. Sci. Instrum.,
vol. 77, no. 6, 2006, Art. no. 063701.

[5] G. V. Casquillas et al., “Fast microfluidic temperature control for high
resolution live cell imaging,” Lab Chip, vol. 11, no. 3, pp. 484–489,
2011.

[6] A. Maia Chagas et al., “The € 100 lab: A 3D-printable open-source plat-
form for fluorescence microscopy, optogenetics, and accurate tempera-
ture control during behaviour of zebrafish, Drosophila, and Caenorhab-
ditis elegans,” PLoS Biol., vol. 15, no. 7, 2017, Art. no.e2002702.

[7] A. W. Fritsch et al., “Local thermodynamics govern formation and
dissolution of Caenorhabditis elegans P granule condensates,” Proc.
Nat. Acad. Sci., vol. 118, no. 37, 2021, Art. no.e2102772118.

[8] P. L. Slangen et al., “Protocol for live-cell imaging during Tumor Treat-
ing Fields treatment with Inovitro Live,” STAR Protoc., vol. 3, no. 2,
2022, Art. no. 101246.

[9] A. Ortiz et al., “3D+time imaging of normal and twin sea urchin em-
bryos for the reconstruction of their cell lineage,” Methods Cell Biol.,
vol. 151, pp. 399–418, 2019.

[10] L. Herrgen et al., “Multiple embryo time-lapse imaging of zebrafish
development,” in Zebrafish: Methods and Protocols. Totowa, NJ, USA:
Humana Press, 2009, pp. 243–254.

[11] T. Y. Choi et al., “Zebrafish as an animal model for biomedical re-
search,” Exp. Mol. Med., vol. 53, no. 3, pp. 310–317, 2021.

[12] S. M. Harrison et al., “Influence of temperature on the calcium sensitiv-
ity of the myofilaments of skinned ventricular muscle from the rabbit,”
J. Gen. Physiol., vol. 93, no. 3, pp. 411–428, 1989.

[13] K. Rayani et al., “Zebrafish as a model of mammalian cardiac function:
Optically mapping the interplay of temperature and rate on voltage
and calcium dynamics,” Prog. Biophys. Mol. Biol., vol. 138, pp. 69–90,
2018.

[14] M. Schweizer et al., “Drifting away of a FET endpoint: The heart rate in
Danio rerio embryos is extremely sensitive to variation in ambient tem-
perature,” Bull. Environ. Contamination Toxicol., vol. 99, pp. 684–689,
2017.

VOLUME 5, 2024 575



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


