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A LIQUID EXPANSION MICROCALORIMETER

R. David" and I. W. Hunter

Biolnstrumentation Lab, Department of Mechanical Engineering, Massachusetts Institute of Technology
77 Massachusetts Ave. 3-147, Cambridge MA 02139, USA

A novel microcalorimeter based on a miniature liquid-in-glass thermometer is described. Heat is transduced into an optical, rather
than electrical, signal, facilitating a future array format. The instrument performs batch analysis (drop mixing) with a 2 uL sample
volume. Energy changes of 4 pJ produced by a dilution of sulfuric acid are resolvable. The effect of evaporation, and measures

taken to limit it, are discussed.
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Introduction

Over the past few decades, calorimeters have been
miniaturized and their resolutions improved in order
to meet the needs of biochemical research and drug
discovery. In recent years, several such instruments
have been designed for potential parallelization for
high throughput applications.

For a parallelized calorimeter, batch analysis
(drop mixing) is more practical than flow injection
analysis. Batch analysis microcalorimeters described
in the recent literature have usually employed thin
film thermopile temperature sensors [1]. In one de-
sign, mixing was performed by a syringe, with 100 pJ
resolution in a sample volume of approxi-
mately 7 puL [2]. In another instrument, enzyme was
immobilized on a thin film thermopile and 1 uL of
analyte was introduced via a syringe pump, with ap-
parently similar resolution [3]. Evaporation was cited
as an important noise source for both these devices.

A thermopile-based device with sub-nanoliter
sample volume has been constructed, and used to
measure heats of evaporation of single drops [4]. A
commercial arrayed calorimeter with projected well
volume of 10-20 pL and resolution below 3 pJ is un-
der development [5]. Finally, an array of twin calo-
rimeters based on thermistor temperature sensors was
fabricated [6]. Measurements with 0.5 pJ resolution
were reported for individual reaction sites with 0.5 pL
sample volume, with mixing performed by inducing
electrostatic attraction between the drops.

In this paper, we describe a novel batch analysis
microcalorimeter in which heat was transduced into an
optical, rather than electrical, signal. This was accom-
plished by a liquid expansion temperature sensor with
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sub-microKelvin resolution [7, 8]. The optical signal
mimicked labeling assays used for high throughput drug
screening. It promises to allow future parallel measure-
ments to be made without sacrificing resolution due to
increased bandwidth, as in electrical devices.

We will also discuss measurement repeatability
and describe strategies for coping with evaporation,
two issues that are important in any batch analysis
microcalorimeter design.

Experimental

The microcalorimeter’s temperature sensor was a
miniature liquid-in-glass thermometer with the me-
niscus level read by a Michelson interferometer. The
expanding liquid in the thermometer was 6 pL of wa-
ter. The sensor’s measured resolution was better than
any known thermometer above cryogenic tempera-
tures [8]. A full description of the thermometer is
available in [7, 8].

Figure 1 shows a schematic of the drop mixing
setup. Two drops were placed side-by-side on top of
the thermometer with a pipettor. The drops each had
1 pL volume, and were approximately 1 mm apart.
Teflon tape wrapped around the glass surface of the
thermometer provided a disposable, reproducible, and
hydrophobic surface for the drops to sit on. One of the
drops was a solution of sulfuric acid (Sigma-Aldrich)
in distilled water, and the other was distilled water.
Enthalpies of dilution for sulfuric acid in water were
available in the literature [9].

The drops were physically mixed by a plastic pi-
pette tip that was melted shut at its end. The pipette
tip was mounted as a pendulum from an arm extend-
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Fig. 1 Schematic cross-section of mixing setup

ing from the shaft of a stepping motor. This configu-
ration minimized the vibration disturbance caused by
the motion of the motor.

As noted by other researchers [2, 3], evaporation
is a major obstacle in a batch analysis micro-
calorimeter. This is due to the large heat of vaporiza-
tion (4.5 J in our case) contained in the reaction drops.
(By comparison, the total surface energy was approxi-
mately 0.5 pJ.) Evaporation is slowed by the reduc-
tion in surface area upon mixing, and heat released by
a reaction can also be lost to evaporation without
entering the thermal sensor.

Several steps were taken to minimize evapora-
tion. The reaction drops were sealed by mineral oil in-
side a chamber, seen in Fig. 1. The volume of water
needed to saturate the air in the chamber surrounding
the drops was only about 10 nL. Thus, condensation
on surrounding surfaces was a greater concern. The
pipette tip was hydrophobic, and all other surfaces
were covered in either Teflon tape or oil to discourage
condensation. A piece of membrane filter (Milli-
pore HAWP 025 00) soaked in water was placed in-
side the chamber under the thermometer [2]. The
large surface area of the water droplets in the filter
produced a higher equilibrium vapor pressure than
that of free drops.

The apparatus was temperature controlled and
mounted inside a large enclosure constructed from
vacuum insulation panels (Advantek Vaculok). Ap-
proximately seven hours were typically required for
temperature equilibration after placement of the
drops. Temperature control was ramped downwards.
This kept the drops, which were thermally closer to
the controllers, cooler than surrounding surfaces, as a
further measure to reduce evaporation.

Results and discussion

Data for a control reaction of water with water are
shown in Fig. 2. This trace was used as a reference and
subtracted from the remaining data. The subtracted
data for three acid dilutions, and two other controls, are
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Fig. 2 Data from control reaction (water+water). The drops
were mixed at 20 s. The data were detrended over the
first 20 s

shown in Fig. 3. Some experiments, in which the oil
seal of the chamber broke, are not shown.

Heat loss from the thermometer was estimated
using a solved problem for a rod geometry available
in the literature [10]. The result is shown in Fig. 4.
The temperature dynamics were similar to the experi-
mental signal. At the peak of the response, 60% of the
energy released in the reaction was predicted to be
present in the thermometer.

Using this modeled result, together with the total
heat capacity of the drops and thermometer
(0.070 T K", and the approximate sensitivity of the
thermometer (0.22 mm K ), the expected response of
the calorimeter was estimated. These estimates were
in reasonable agreement with the measured values, as
seen in Table 1. This indicated that an insignificant
amount of heat generated by the reaction was lost to
evaporation. In contrast, in experiments with no
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Fig. 3 Data from sulfuric acid dilutions, after subtracting the
control trace in Fig. 2. The labels show the initial con-
centrations of sulfuric acid. The sizes of the peaks were

measured between 20 and 60 s, as demonstrated for the
0.01 M peak by the dotted line
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Table 1 Comparison of experimental with predicted results
for the calorimeter response, as measured by the
area under the peak (nm s)

Acid concentration 0.0l M 0.002 M oM
Experiment 712 139, 163 38,8
Calculation 935 137 0
1.0
5 054
s}
0.0
T T Ll I T
] 20 40 60 80 100
Time/s

Fig. 4 Modeled energy content of the thermometer, as a frac-
tion of the total released by the reaction

membrane filter near the drops, the response was half
as large (not shown).

The sample volume was measured after each ex-
periment and was typically 1.5 pL. Much of the miss-
ing 0.5 pL evaporated during the placement and
alignment of the drops. The enthalpies of reaction
were calculated accounting for the resulting higher
concentrations of sulfuric acid.

The increasing temperature after mixing (seen in
Fig. 2) was due to slower evaporation of the merged
drop, which had lower surface area than the two origi-
nal drops. The cooling spike seen immediately after
mixing was attributed to evaporation induced by the
motion of the pipette tip. Such a spike was seen even
when the drops did not merge. Both these phenomena
highlighted the fact that repeatability of the data de-
pended on reproducible placement and mixing of the
drops. This, rather than the temperature resolution of
the thermometer, limited the energy resolution of the
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measurements. One possible avenue for eliminating
disturbances arising from evaporation in a batch anal-
ysis calorimeter would be to measure the temperature
of the entire chamber in which the drops rest.

Future work on our instrument includes
minimization of the heat capacity of the thermometer,
perhaps by replacing water with a gas as the expand-
ing fluid. This will allow fuller advantage to be taken
of the thermometer’s very high resolution. Finally,
differential (and arrayed) measurements will reduce
common mode noise and decrease the time needed for
temperature equilibration.

References

1 A. W. van Herwaarden, Thermochim. Acta, 432 (2005) 192.
2 J. Lerchner, A. Wolf and G. Wolf, J. Therm. Anal. Cal.,
57 (1999) 241.
3 Y. Zhang and S. Tadigadapa, Biosens. Bioelectron.,
19 (2004) 1733.
4 E. B. Chancellor, J. P. Wikswo, F. Baudenbacher,
M. Radparvar and D. Osterman, Appl. Phys. Lett.,
85 (2004) 2408.
5 www.vivactis.com.
6 F. E. Torres, P. Kuhn, D. De Bruyker, A. G. Bell,
M. V. Wolkin, E. Peeters, J. R. Williamson, G. B. Anderson,
G. P. Schmitz, M. 1. Recht, S. Schweizer, L. G. Scott,
J. H. Ho, S. A. Elrod, P. G. Schultz, R. A. Lerner and
R. H. Bruce, Proc. Natl. Acad. Sci. USA, 101 (2004) 9517.
7 R. David and I. W. Hunter, Sens. Actuators, A Phys.,
121 (2005) 31.
8 R. David, Ph.D. thesis, Massachusetts Institute of
Technology (2006).
9 E. Lange, J. Monheim and A. L. Robinson, J. Am. Chem. Soc.,
55(1933) 4733.
10 H. S. Carslaw and J. C. Jaeger, Conduction of Heat in Solids,
2" Ed., Clarendon, Oxford 1959, p. 144.

Received: August 2, 2006
Accepted: November 1, 2006
OnlineFirst: February 26, 2007

DOI: 10.1007/5s10973-006-7910-x

599




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /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 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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

  /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 Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


