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ABSTRACT

Labeling methods with optical readout are widely used to implement high throughput
screens for drug discovery. However, labeling requires assay customization and does not
allow examination of the reactants in their native state. The most direct and universal
non-labeling method is calorimetry, but current calorimetric techniques are limited in
resolution and throughput for pharmaceutical applications. In this thesis, a novel single-
reaction microcalorimeter with optical readout, based on liquid expansion, was designed
and built.

The instrument was first constructed as a miniature liquid-in-glass thermometer in which
the meniscus level was read by a Michelson interferometer. Contact angle hysteresis was
limited by a wetting film and the low meniscus velocity. The sub-microKelvin resolution
achieved was the lowest known for any thermometer above cryogenic temperatures.

The thermometer was modified for use as a batch analysis microcalorimeter. Special
attention was paid to minimize evaporation of the 1 pL reaction drops. Resolution of
approximately 10 pJ was achieved for an acid dilution.
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Chapter 1.
INntroduction

1.1 Drug Development

This thesis describes the design and construction of a miniature liquid-in-glass
thermometer, and its use in a microcalorimeter. These results form the first steps in a
project to build a sensitive, high throughput microcalorimeter for use in drug discovery.

Over the last several decades, medical drug development has been instrumental in
reducing mortality and improving quality-of-life for patients with heart disease, cancer,
AIDS, ulcer, osteoporosis, arthritis, influenza, asthma, and many other conditions [1].

Drugs are developed primarily by the pharmaceutical industry [2,3]. The process
begins with the identification, based on biochemical research, of a target molecule
implicated in a disease (discussed in [4]). The target is usually a protein [S]. The desired
drug will bind to the target and produce a therapeutic effect either by triggering a
beneficial cell process (agonist drug), or by blocking a different molecule from binding to
the target, thereby preventing a harmful cell process (antagonist drug). For example, the
breast cancer drug tamoxifen (Nolvadex, AstraZeneca) is an antagonist that binds to
estrogen receptors, its target molecules. Tamoxifen prevents estrogen from binding to
estrogen receptors and thereby promoting tumor growth.

After a target has been identified, the next step is the search for potential drugs.
While rational drug design methods, such as virtual screening, have seen some success,
the dominant method remains physical screening [6]. A library of compounds that are
considered likely to bind to the target is designed (discussed in [7]). The library is

created by combinatorial chemistry and may contain millions of compounds',

" In this thesis, the compound and target will often be called the ligand and protein, respectively. This is
common practice in the literature, even though some drugs are not small molecules and some targets are
not proteins.
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necessitating a high throughput screening method. The compounds are arrayed in a series
of multi-well plates, and target molecules are then added to each well. A variety of
techniques are used to determine which of the compounds have successfully bound to the
target (see Section 1.2). All of these techniques produce an optical signal, allowing an
entire multi-well plate to be imaged at once for high throughput.

The hits recorded by high throughput screening are each subject to further testing
to weed out unpromising compounds and generate leads for animal studies. Properties
considered include binding affinity, ADME (absorption, distribution, metabolism, and
excretion), toxicity, and others. With the high throughput screen possibly generating
thousands of hits, the hit-to-lead process is also becoming increasingly high throughput.

Successful animal testing concludes the preclinical process and results in the
authorization of an Investigational New Drug by the Food and Drug Administration
(FDA), allowing human testing to begin. A drug that passes through the three clinical
phases is then approved by the FDA to enter the market.

On average, a pharmaceutical company spends 12 years and $802 million to bring
a drug from discovery to market [3]. Each month by which preclinical testing can be
shortened saves $1.5 million [8]; the economic repercussions may, in fact, be much
higher if the time saved results in the drug being brought to market before competing
drugs. Thus, cheaper and more efficient screening methods in the early stages of
preclinical research not only benefit public health by bringing medicines to patients

sooner, but are very valuable to pharmaceutical companies.

1.2 High Throughput Screening

As described above, high throughput screening (HTS) is an important component
of pre-clinical drug development. There is continual pressure in the industry to screen
larger and larger libraries, and to minimize consumption of expensive reagents. HTS is
carried out in standard 96-, 384-, 1536-, or 3456-well plates, with robots loading the
reagents and automated data collection. Current throughput capability is on the order of
100,000 samples per day.

Screening assays are classified as homogeneous or heterogeneous. A

homogeneous assay is one that does not require additional steps beyond mixing,
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incubation, and reading. A heterogeneous assay requires additional steps, such as
separation of the products from leftover reactants. Indeed, the lack of a separation step
results in higher background levels for homogeneous assays [7]. Despite this, over the
last decade, the trend in HTS has been toward homogeneous assays, since they are more
easily automated.

HTS is dominated by labeling assays based on radioactivity and fluorescence.
Among the most common assays are scintillation proximity assay (SPA), time-resolved
fluorescence (TRF), fluorescence polarization (FP), and enzyme-linked immunosorbent
assay (ELISA). In SPA, for example, the ligand is radiolabeled and the protein is
attached to a scintillant bead. Binding of the ligand to the protein brings the radiolabel
and the scintillant into close proximity; the beta particles being released by the radiolabel
are then able to excite the scintillant, causing it to emit light seen by the detector.

Recent developments in HTS include nuclear magnetic resonance (NMR)
screening [9] and high content screening of cells [10]. As well, quantum dots have been
proposed as alternative labels to fluorophores [11,12]; however, despite superior
spectroscopic properties, a number of other issues have prevented their use in drug
screening [13].

About 100 pmol of ligand is typically used in HTS assays [14]. The plate readers
have very high resolution, in the attomole to femtomole range of label, depending on the
assay”.

Labeling methods do, however, carry several drawbacks [15,16]: (i) use of
radiolabels entails special safety procedures; (i) labeling may interfere with the natural
biological activity of the target [17]; (iii) extra reagents add cost; (iv) assays must be
specially designed for each target, a process that consumes 4-12 months [18]. These

issues have prompted intense interest in development of non-labeling assays [19].

1.3 Non-labeling Methods

A plethora of non-labeling methods exists. Some of these methods still require

immobilization of protein to a solid surface, while others do not.

2 Throughout this thesis, noise sources and detection limits will be specified using three standard
deviations. The terms “detection limit” and “resolution” will be used interchangeably.
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The most prominent among the methods requiring immobilization is surface
plasmon resonance (SPR), reviewed in [20]. An SPR measurement uses a glass slide
with a gold film deposited on one face. Protein is immobilized on the gold, and a
solution containing the ligand flows over the protein. Light shone through the opposite
face of the glass induces a surface plasmon wave that travels through the gold, and an
evanescent field that penetrates a short distance into the solution. At a certain incident
angle of light, the surface plasmon resonates, resulting in a dip in the intensity of
reflected light. Since the angle at which this occurs depends on the solution refractive
index, which in turn is affected by the surface coating, SPR can track binding of the
ligand to the immobilized protein in real time. In the pharmaceutical industry, SPR is
mainly used in a variety of applications for validating hits from high throughput screens
[21].

Rapid progress has been made in the last few years on increasing the throughput
of SPR instruments. In one approach, SPR was performed using proteins immobilized on
colloidal gold nanoparticles [22]. Polarization optics have also been used to convert the
SPR signal to an intensity change, allowing an array of 108 sensing spots to be monitored
in parallel [23]. Similar methods are reviewed in [24]. Biacore sells one conventional
SPR instrument (A100) with 20 sensing spots, and another (Flexchip) that uses grating-
coupled SPR to image 400 spots at once (with limited resolution).

SPR surfaces are prepared using a variety of widely applicable techniques for
protein immobilization [25]. However, extra assays are required to ensure that
immobilization does not affect the protein’s natural activity [26-28]. Another limitation
of SPR is the proportionality of the signal to the mass of bound ligand, which makes
detection more difficult for small ligands. As well, only a low density of protein can be
immobilized to the sensing surface, causing the amount of protein (~1 fmol) to limit the
extent of the reaction. One modern commercial SPR instrument (Biacore S51) has
resolution of about 10 amol [29]; however, a few nanomoles [30] of ligand are typically
consumed in each determination in order to ensure that all the protein is bound (i.e., to
keep the ligand concentration above the affinity).

Other SPR-like techniques have been described. In one instance, an

immobilization surface was etched to form a guided-mode resonant filter, rendering the
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wavelength of reflected light sensitive to ligand binding [31]. In another, backscattering
interferometry was used to measure changes in refractive index due to binding in PDMS
microfluidic channels [32,33].

Two final non-labeling methods requiring protein immobilization will be
mentioned. In one, protein is immobilized on a quartz crystal microbalance, and ligand
binding is detected as a change in the crystal resonant frequency [16,25,34,35]. In [36],
this technique was shown to achieve similar resolution to SPR. In the second, protein is
immobilized on silicon nanowires, and ligand binding is detected as a change in the
nanowire conductance [37]. The immobilization required in these methods still carries
the same drawbacks mentioned above for SPR.

Other non-labeling methods exist that examine the reactants closer to their native
state, with no immobilization required. @The most widespread of these is mass
spectrometry, a method for measuring the mass-to-charge ratio of molecules in the vapor
phase. In pharmaceutical research, mass spectrometry is most often used in conjunction
with liquid chromatography (together called LC-MS) for verifying the purity of
compounds in chemical libraries (review in [38]). The interface between LC and MS is
provided by nanoelectrospray ionization or atmospheric pressure chemical ionization.

MS can also be used to detect protein-ligand binding via the resulting change in
mass-to-charge ratio of the protein [39]. However, covalent interactions cannot be
studied, and due to non-specific binding, vapor-phase interactions may not always be
representative of liquid-phase interactions [40].

Increased throughput has been achieved in an LC-MS system developed by
Novartis called SpeedScreen [41]. Here, proteins are mixed with 400 ligands at a time
and size exclusion chromatography is employed to separate protein-ligand complexes
from the remaining mixture. The pooling of ligands introduces limitations, as ligands
with identical mass-to-charge ratios cannot be distinguished, and non-specific
interactions are possible.

A second labeling- and immobilization-free method is thermal shift assay, or
ThermoFluor, originally developed and patented by 3-Dimensional Pharmaceuticals [42]
(now part of Johnson & Johnson). In this assay, protein and ligand are mixed and the

protein melting temperature is measured. If exothermic binding has occurred, the
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protein-ligand complex will be more stable than the protein alone, and will consequently
melt at a higher temperature (likewise, a lower temperature for endothermic binding). A
high throughput version of this method has been implemented in 384-well plates, by
detecting the melting of protein using an environmentally-sensitive dye [43]. Aberrant
signals can occur in thermal shift assay due to ligands that fluoresce [44], ligands with
affinity for the unfolded protein, and certain ligands that destabilize the protein [45]. As
well, affinity is measured at the melting temperature and cannot be accurately
extrapolated to physiological temperature without knowledge of the enthalpy of reaction,
which is normally measured calorimetrically.

Ultrasonic spectroscopy is another non-labeling, non-immobilization technology
that has been used to examine binding reactions. In this method, piezoelectric
transducers generate resonant acoustic waves in the reaction cell, and the attenuation and
velocity of the waves is measured (review in [46]). These properties are sensitive to
changes in hydration and packing of a protein, which may be induced by ligand binding
[47]. However, they are also sensitive to nonspecific interactions and aggregation, and
correct interpretation of the data remains a subject of research. Ultrasonic spectroscopy
has thus often been used in combination with other analytical methods to characterize
protein-ligand binding (e.g., [48]). A commercial ultrasonic spectrometer with minimum
cell volume of 30 uL and resolution down to 0.3 ng/L is available [49,50]. Parallel
measurements have yet to be demonstrated.

The final method for examining binding without the use of labels or

immobilization is calorimetry, which we overview now.

1.4 Calorimetry

The measurement of heat can be performed by several types of instruments. In
the earliest (18th century) calorimeters, heat — at that time identified as caloric — was
quantified by weighing the amount of ice it melted into water. While later instruments
were more sophisticated, the last half century has seen an especially rapid improvement
in resolution, and miniaturization of sample volume, in calorimeters that were mainly

built for biochemical applications.
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Calorimeters are either scanning or isothermal. In the former, measurements are
made while the sample temperature is scanned (usually upwards). Typically, scanning
calorimeters are used to measure specific heats or heats of fusion. In the pharmaceutical
industry, one widely applied technique is differential scanning calorimetry (DSC). DSC
is mainly used for physical characterization of materials [51] and has limited utility in
binding studies [52]. Heats of reaction, which form our concern, are normally measured
using isothermal calorimeters.

Isothermal calorimeters generally fall into three categories: heat conduction,
power compensation, and adiabatic. In a heat conduction calorimeter, heat generated by
a chemical reaction flows through a sensor, normally a thermopile, to the surroundings.
In a power compensation calorimeter, the sample is kept precisely isothermal by active
temperature control, usually employing a Peltier device. In an adiabatic calorimeter, heat
is trapped inside the sample and the temperature change is measured, normally by a
thermistor.

Some calorimeters also feature a twin, or differential, design, in which the
calorimeter contains adjacent sample and reference cells for subtraction of common mode
noise. Finally, in a titration calorimeter, one of the reactants is introduced into the other,
one aliquot at a time.

Since temperature change is the measured quantity in a calorimeter, an adiabatic
design generates the maximum signal. This would seem to obviate the use of thermopile
temperature sensors, since the metallic thermopile arms allow heat to escape to the
environment. However, thermopiles do not self-heat (as thermistors do), and are best for
rejecting common mode noise, since they inherently measure a temperature difference.
Thus, calorimeter design involves a trade-off between maximum signal and minimum
noise.

The calorimeter built for this thesis used a liquid expansion thermometer, and
therefore was designed to be adiabatic (see Section 4.5). More precisely, the calorimeter
was isoperibolic, meaning that the environment around the reaction volume was kept at a
constant temperature. (In a truly adiabatic calorimeter, the environment temperature

must always match the reaction volume temperature.) While a second, reference reaction
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volume was not included in the present calorimeter (see Section 5.1), in a future
parallelized version control wells will be beneficial (see Section 6.2).

Modern calorimetry may be said to have begun in 1953, with the replacement of
traditional mercury thermometers by thermistors [53], allowing automated measurement.
In the following two decades, calorimeter resolution was significantly improved and the
reaction volume was miniaturized to the milliliter range [54]. Calorimeters of several
designs, reviewed in [55], were marketed by companies such as LKB (now
Thermometric), Setaram, and Tronac. As designs were refined, thermopiles gradually
replaced thermistors as temperature sensors. In 1983, a twin titration calorimeter with 0.2
mL sample volume and 6.1 pJ resolution was reported [56]. Finally, a landmark 1989
paper [57] described an isothermal titration calorimeter that is now commercialized by
Microcal.  This instrument and similar competitors have since found extensive
application in the pharmaceutical industry (reviewed recently in [52]).

Isothermal titration calorimetry (ITC), in the standard design described in [57], is
a power compensating, differential method. The instrument’s sample cell contains buffer
and protein, with only buffer in the reference cell. The ligand is injected simultaneously
into each cell in aliquots (continuous injection has recently been introduced by Microcal).
Cell volume is typically 1 to 5 mL, with each aliquot about 10 puL. A typical experiment
lasts 1 to 2 hours. The power compensation required to keep the sample cell isothermal
during the titration, minus the power compensation required for the reference cell, is the
output signal. As the titration proceeds, the protein binding sites become occupied and
the heat of reaction generated by each aliquot decreases. A reaction model fitted to the
measured heats of reaction from each injection allows estimation of both the enthalpy and
entropy of reaction by ITC. In the pharmaceutical industry, ITC is most commonly used
for measuring binding affinities [51].

While a few newer ITC instruments have been described in the literature [58-60],
the state-of-the-art has shifted from academia to industry. Table 1 summarizes the
specifications for the top-of-the-line microcalorimeters offered by the three major
manufacturers.

Calorimetry in general, and ITC in particular, have been referred to as the “gold

standard” in drug discovery applications [25,61], and ITC is often used to confirm results
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Company Microcal CSC Thermometric
WWW site microcalorimetry.com | calscorp.com | thermometric.com
Model VP-ITC N-ITC III 3201
Sample Volume (mL) 1.4 1 4
Electrical Resolution (pJ) -- 0.1 1
Chemical Resolution (uJ) 1.9 3 --

Table 1. Commercial ITC instruments. The specifications represent information available either on the
web sites, or from sales staff. Data from different companies may not be equivalent. Electrical resolution
is the limit of detection for Joule heating (and thus does not include mixing noise), and chemical resolution

is the reproducibility of a standard reaction.

obtained using other techniques [44,45,52,62]. Calorimetry has unique advantages as an
analytical method; it is universally applicable with no requirement for reaction-specific
assay design, and, more than any other method, it provides direct thermodynamic
information on the interaction of the ligand and target in their native state. However,
high sample consumption (typically 0.5 mg of protein for ITC [63]) and low throughput
have precluded its use in the earlier stages of drug development. In particular, this has
prevented the realization of label-free high throughput screening via calorimetry [64].

Towards this and other ends, miniature calorimetric devices, with microliter-level
sample volumes, have also been developed over the past few decades. The most
successful design in the 1970°s and 1980’°s was the enzyme thermistor, reviewed in [65].
In this device, which measured heat from enzyme-catalyzed reactions, the enzyme was
immobilized on beads of controlled-pore glass. The beads were packed into a column,
through which the reaction volume flowed. Matched thermistors measured the
temperature difference between the inlet and outlet of the column. In one device,
resolution of 9 uJ was achieved with a 1 pL reaction volume [66].

As in ITC, thermopiles have largely replaced thermistors in miniature
calorimeters. Most recent devices are variations of a design called a chip calorimeter
(reviewed in [67]). In a chip calorimeter, the chemical reaction takes place on top of a
thin membrane suspended from a surrounding thick rim. A thermopile’s hot junctions are
deposited on the membrane, with the cold junctions on the rim, which acts as a heat sink.
In some cases, an enzyme layer is immobilized to the membrane, under the reaction
volume, in order to localize heat production. In flow injection analysis (FIA), the

reaction volume flows continuously through the device, whereas in batch analysis (BA),
21



Reference Enz.}/.me . Format Volume | Power Resolution | Energy Resolution
Immobilization (uL) (LW) ()
[68] yes FIA 50-100 0.2° 4600
[69] yes FIA 1 - 270
[70] no FIA 4 -- 240
[71] no BA 7 1 100
[72] no PM | 0.00072 0.013* --
[73] no FIA 20 0.3 --
[64]° no BA 0.5 - 0.5
[75] no BA 0.2 0.0015* --
[76] no FIA 20 0.1 4

Table 2. Specifications for selected chip calorimeters in the literature, listed in chronological order. PM =
physiometer. Volume = sample consumption (both reactants), which is often greater than the volume of the
reaction chamber for FIA devices. * Electrical resolution. ° Thermistor-based device.

single drops of the reactants are used. In both cases, reactions are typically complete in a
few seconds. In contrast, in a physiometer, cells are placed on the membrane and
chemically stimulated, and the change in their metabolism is measured over tens of
minutes. Table 2 lists specifications for notable chip calorimeters in the literature.

Some progress has been made at building higher throughput calorimeters, in the
realms of both ITC and chip calorimetry. In ITC, Microcal has introduced the AutolTC,
with an autosampler that allows samples to be run unattended, sequentially. As well, a 4-
channel nanocalorimeter is offered by Thermometric; similar instruments are discussed in
[77]. Research towards parallelizing chip calorimeters has accelerated since this thesis
was begun. Batch analysis is needed, since the FIA format used by many of the devices
in Table 2 is not practical in an array [78]. Two research groups have envisioned [75,78],
and a third has built [64], arrays of chip calorimeters, but so far measurements have been
reported for only one device operated at a time. A commercial chip calorimeter array
with robotic liquid handling is currently being developed by Vivactis [79]. The projected

specifications are 10 to 20 uL. sample volume, and resolutions of 50 nW and 3 pJ.
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1.5 Overview

As seen in the foregoing, a high-throughput, sensitive microcalorimeter would
have unique advantages for use in HTS, and would expand the range of applications for
calorimetry to other medium-throughput assays in early drug development. It should be
noted that important applications for high throughput calorimetry also exist in other
industries, including enzyme discovery, identification of agrochemicals, and detection of
bacteria in food and water [80].

Three desired specifications for the microcalorimeter to be built in this thesis were
considered at the outset: its sample volume, the duration of monitored reactions, and its
energy resolution.

The appropriate sample volume was one that would be compatible with robotic
liquid handlers (i.e., 1 to 400 pL). A sample volume on the order of a few microliters
would be suitable for use in either 384- or 1536-well plates. A 10 pL volume was
originally planned, and this volume was used in the earlier iterations of the instrument
(the thermometer). However, by the time of the final version of the calorimeter, a sample
volume of 2 pL had proven more convenient. Either volume is typical of recent research
in the area, as seen in Table 2. For the purposes of calculations below and in Chapter 2, a
nominal sample volume of 5 pLL will be assumed.

For reactions of interest to the pharmaceutical industry, the length of time over
which the energy is released was expected to vary from 1 to 1800 s, depending on the
class of reaction under study [14]. From a measurement perspective, the effective lower
limit for the reaction duration was determined by the time constant for heat transfer from
the reaction volume to the sensor. For a 5 pL volume, this time is on the order of 5 s.

With regard to the upper limit, measuring the same quantity of heat released over
minutes rather than seconds is much more difficult due to drift arising from ambient
temperature fluctuation. This increases the energy resolution of a calorimeter for slow
reactions. In most cases in the literature, rapid reactions are used to characterize a
calorimeter’s energy resolution. The same was done in this thesis.

The original goal of the project for energy resolution was 0.1 pJ. Based on the

heat capacity of the original planned volume of 10 pL, a temperature change of 2.4 pK
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was expected. Thus, the first stage of the research was the selection of a temperature
measurement method that was capable of microKelvin resolution and amenable to
parallelization. Chapter 2 will present theoretical analysis of the methods that were
considered.

The selected method was liquid expansion thermometry, which will be examined
in depth in Chapter 3.

The instrument was built in two versions. The first version was a thermometer for
verifying the required temperature resolution via Joule heating. In the second version,
the capability of reactant mixing was added to the thermometer, forming a calorimeter.
Chapter 4 will contain descriptions of the two versions of the instrument.

Chapter 5 will present the data collected from the instrument, consisting mainly of
the temperature resolution of the thermometer and the energy resolution of the
calorimeter.

Lastly, Chapter 6 will consist of the conclusions drawn from the research and
suggestions for future work, including a preliminary design for a high throughput version

of the calorimeter.
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Chapter 2.

Temperature
Measurement

2.1 Introduction

A number of techniques were considered for addressing the temperature
measurement problem that was described in Section 1.5. In this chapter, approaches
based on devices in the literature and other common temperature measurement methods
will be evaluated. Both the temperature resolution and the scalability of each approach
were important. Based on the discussion of reaction duration in Section 1.5, we will
assume a measurement bandwidth of 0.05 to 1 Hz. While all methods can be used to
measure heat either released or absorbed by a reaction, for simplicity of language, the
reaction will be assumed to be exothermic throughout the thesis.

The sensing method that was chosen was liquid expansion. It was implemented
as a miniature liquid-in-glass thermometer, with the meniscus level monitored by a
Michelson interferometer. The liquid expansion approach in general will be discussed

separately in Chapter 3, and the instrument itself in Chapters 4 to 5.

2.2 Thermopiles

A thermocouple relies on the coupling of thermal and electrical energy in certain
metals (or semiconductors). Consider two arms of different conductors joined at
junctions A and B, at respective temperatures 7, and 73, with, say, 7, > T3 (see Figure 1).
If the degree of coupling between thermal and electrical energy in each conductor is
different, the isothermal condition at each junction results in a net flow of electrons

across the junction. Additionally, within each arm, electrons diffuse from the hot
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A,TA, \B,TB

w I

Figure 1. Thermoelectric effect with current /.

junction A to the cold junction B. These two phenomena are called the reverse Peltier
effect and the Thomson effect, respectively (confusingly, just the first, or both together,
are sometimes called the Seebeck effect). Together, for a small temperature difference,
they result in a voltage
Vo z(Sl _SZ)(TA _TB)’

where S and S, are the Seebeck coefficients of the two conductors (derivation in [81]).

A thermopile is n thermocouples connected in series, as shown in Figure 2. The
voltage between each successive pair of junctions is still Vj, and thus the voltage between
the first and last junctions is nV), making the thermopile n times more sensitive than a

single thermocouple.

Ty

TBT

Figure 2. A 4-couple thermopile.

V= 4Vo

The dominant noise source in a thermopile is Johnson noise [82]. Thus, using our
convention of three standard deviations, the minimum detectable temperature change for

a thermopile is

AT, = NHTRE )
n'(Sl _Sz)

where kg is Boltzmann’s constant (1.38 x 107 J/K), T is the operating temperature (295

K), R is the thermopile’s electrical resistance, and B is the measurement bandwidth (0.95
Hz).}

3 All frequencies in this thesis will be expressed in Hertz.
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The chip calorimeter, discussed in Section 1.4, is currently the dominant design
for thermopile-based microcalorimetry of small volumes. The leading devices are
manufactured by Xensor Integration [83]: for the LCM-2506, in Equation 1, R = 150 kQ
and S = 65 mV/K, giving AT, = 2.2 pK; and for the NCM-9924, R = 50 kQ and S = 50
mV/K, giving AT, = 1.7 pK.

An example of an array of thermopile temperature sensors is reported in [84]. In
such a device, the individual thermopiles are addressed sequentially, increasing the
bandwidth by a factor of N, for N wells. (Mixing each well sequentially would be time-
consuming; individual measurements in this thesis using 1 pL volumes lasted about 100
s.) Using the best figure for the Xensor devices, this would result in an array resolution
of at least 34 uK for N = 384.

Material selection for the thermopile in a chip calorimeter is limited by
compatibility with micromachining, and the requirement of a large difference in Seebeck
coefficients. Thus, in order to improve the temperature resolution in Equation 1, we
consider altering the thermopile dimensions so as to minimize R. Let / be the length of

the thermopile arms, w their width, 4 their height, and p; and p, the resistivities of the two

AT, = 6\/k TB (pl +p,) /

If the diameter of the reaction volume is d, then for a radial thermopile zd = 2nw. Also,

materials. Then

in [85], it was shown that the optimal value for / is d/4. The resolution thus scales as
I, The value of / is constrained by the fact that it represents a portion of the total
membrane thickness, which must be thin enough to provide thermal isolation between the
drop and the rim. A typical membrane thermal resistance is 200 K/W [67], which, for a 5
uL reaction volume, would result in a 4.2 s time constant. Since the thermal resistance
scales as h'l, thickening the thermopile arms to improve AT,; would result in

unacceptable heat loss.
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2.3 Resistance Temperature Detectors

Resistance temperature detectors (RTD’s) exploit the dependence of resistivity on
temperature in certain materials. They are predominantly made from either platinum or
metal oxide semiconductors. Semiconductor RTD’s are called thermistors.

Among the metals, platinum is most commonly used in RTD’s due to its
availability in high purity and its inertness. Platinum RTD’s are used to define a large
section of the International Temperature Scale. However, the sensitivity S of platinum
resistivity to temperature, at 0.00385 K™', is much lower than that of thermistors. For this
reason, thermistors are preferred for microcalorimetry. Applications of thermistors in
calorimetry were discussed in Section 1.4.

Thermistors exist in two varieties: negative temperature coefficient (NTC) and
positive temperature coefficient (PTC). While in each case the resistance depends
nonlinearly on temperature, for small temperature changes near ambient the sensitivity S
is approximately linear. For NTC and some PTC thermistors, typically |S| = 0.05 K.
Switching PTC thermistors are most sensitive in only a narrow range about their Curie
temperature; for a Curie temperature of 120 °C, S can reach 1 K™'. However, for a Curie
temperature near ambient, S ~ 0.2 K™ [86,87]. Therefore, we consider a switching PTC
thermistor with S = 0.2 K™ as a potential microcalorimeter temperature sensor.

The fundamental noise source in any RTD is Johnson noise in the voltage:

AV =3,/4k,TRB ,
where kp is Boltzmann’s constant, 7" is the operating temperature, R is the electrical
resistance of the sensor, and B is the bandwidth.

A second noise source arises from thermistor self-heating. If unsteady fluid flow
occurs within the reaction volume, as is required to mix reactants in a batch analysis
format, convection of heat from the thermistor to the fluid will fluctuate. This places a

limit on the power that can be dissipated by the thermistor [88,89].
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Accounting for both these noise sources, Bowers and Carr [88] derived the
following expression for a thermistor’s temperature resolution when placed in an equal

arm Wheatstone bridge*:
13
TRB
AT =164 K IRB Y e )
min S2

where C is an empirical constant accounting for the convective noise. Bowers and Carr
measured the lowest noise level, corresponding to C = 5.7 x 107> K*V*, for a 100 kQ
thermistor. In a subsequent paper [91], they showed that the resolution in Equation 2
could be improved by a factor of at most 1.59 by measuring with unequal bridge arms.

Thus, for a single 100 kQ PTC thermistor at 0.95 Hz bandwidth, AT, = 0.93 pK.
However, in a parallel measurement of 384 thermistors, the bandwidth is increased to
approximately 384 Hz, and AT, = 6.9 puK.

This calculated resolution is further limited by manufacturing considerations.
Micromachined arrays of thermistors are common in bolometers, usually employing
vanadium oxide or amorphous silicon thermistors with § = 0.02 to 0.05 K' [92], much
lower than the value assumed above. An array of amorphous silicon thermistors has also
been constructed for a microcalorimeter, with temperature resolution of 0.25 mK limited

by 1/f noise in the thermistors [64].

2.4 Quartz Resonators

Piezoelectric quartz oscillators are widely used as timing references in electronic
devices such as watches and computers. For these applications, the temperature
dependence of the resonant frequency of the quartz plate is an undesirable source of drift.
On the other hand, by maximizing the temperature dependence via judicious choice of the
quartz cut, a highly sensitive temperature transducer can be created (reviewed in [93]).
For certain cuts of the quartz crystal, the temperature sensitivity S of the resonant

frequency can reach 107 K.

* The authors’ analysis contains a number of mathematical errors. In Equation 10 of [88], A**/2 should be
(A/2)**. The multiplying factor in Equation 11 should be 1.37, rather than 2.2. In the calculation of Eg™"
in Table 5, the factor of 2 in Equation 9 appears to have been neglected. In [90], the first of these errors is
corrected, but the other two are reproduced. In [91], the second error is reproduced. Also in [91], in
Equation 16, the square root should be a sixth root.
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In the 1960°s, using a quartz thermometer in a temperature-controlled oven, Smith
and Spencer [94] measured noise of 3.8 uK over a 10 s period. Later, a quartz crystal
laboratory thermometer was commercialized by Hewlett Packard (2804 A) with resolution
of 0.1 mK for a 10 s integration time.

Quartz resonators with a catalyst coating have been operated in air for gas
calorimetry [95]; and in liquid, their application in quartz crystal microbalances (QCM’s)
was mentioned in Section 1.3. However, for high resolution thermometry, resonators
must be sealed in evacuated packages, to minimize viscous losses to the surrounding
medium.

Due to limitations in fabrication technology [96], precision quartz resonators
typically have diameters of at least 5 mm [97]. This is too large for our application, since
the heat capacity of the resonator and its package would dwarf that of the reaction
volume.

Somewhat smaller quartz resonators can be made by photolithography and
chemical etching. Thermometers in the shape of plates [98,99] and tuning forks [100]
have been manufactured, but with an average dimension that is still typically 3 mm or
larger. As well, the fabrication process severely degrades the quality factor QO of the
resonator, compromising its temperature resolution. A 1 x 5 x 10 mm sensor has been
reported with 34 pK resolution [98].

Very small resonators, with diameters of 0.05 to 1 mm, have been defined by
depositing electrodes of those diameters onto larger quartz plates (for a QCM application)
[101]. However, the thermally conductive quartz separating the resonators would make
them unsuitable as independent thermometers.

The fundamental limits on the resolution of quartz microresonators have been
considered for an infrared sensor application [102]. In our application, the corresponding

temperature resolution is

1
-19 2 2 |2
ro_s. (12x10 fzo) AN lchTz.(fz_fl) LRI

2-1n2-S I O’PS C

where fj is the resonant frequency, f; and f, are the bandwidth limits, kz is Boltzmann’s

constant, 7" is the operating temperature, P is the power dissipated, and C is the

30



resonator’s heat capacity [102]. The three terms represent flicker noise, Johnson noise,
and phonon noise, respectively (for simplicity, the phonon noise is written for an infinite
bandwidth). For typical parameter values, the calculated resolution of a 1 mm diameter
resonator is about 1 uK. As well, since the Johnson noise is small compared to the other
terms, the resolution is not strongly bandwidth-dependent. Thus, at least in theory, if not
for limitations in manufacturing technology, miniature quartz resonators could be useful

in our application.

2.5 Gas Expansion

Gas thermometers rely on a change in volume and/or pressure of a gas to measure
temperature change. The volumetric thermal expansion coefficient of an ideal gas at
temperature 7 is 1/7; at room temperature, it is about 15 times larger than that of water.
We might therefore imagine a calorimeter that measures the expansion of a volume of gas
in thermal equilibrium with the liquid sample.

The most closely related devices found in the literature were Golay cell infrared
radiation sensors. A Golay cell is a small, gas-filled chamber that contains a film of
infrared-absorbing material. When infrared radiation is absorbed by the film, it heats the
gas, which expands against a membrane in one of the chamber walls. The Golay cell
may also be considered a radiation thermometer (see Section 2.9). A calorimeter based

on the Golay cell design is illustrated in Figure 3.

membrane

¥

gas

reactants

Figure 3. Design for a gas calorimeter.

Kenny et al. [103] built a Golay cell in which the membrane was a 0.7 um thick

silicon nitride film. The outer surface of the membrane was gold-coated to serve as an
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electrode for a tunneling displacement sensor. The calculated sensitivity’, defined as the
displacement of the membrane’s center point per unit change in the gas temperature, was
S§=15.5 pm/K.

Two other groups have built Golay cells with capacitive displacement
transducers. Chévrier et al. [104] calculated’ S = 0.3 pm/K, but measured only 14 nm/K,
with 5 mK resolution. They proposed using a more compliant membrane to improve
results. Yamashita et al. [105] measured displacement noise of 20 nm, which, according
to their calculations’, corresponded to 3.5 mK resolution (S = 5.7 um/K).

As seen in Chapters 4 to 5, the liquid expansion method adopted in this thesis
achieved a much higher sensitivity (S ~ 100 to 500 um/K) than these Golay cells. This
was accomplished by forcing the liquid expansion through a narrow space of about 0.1
mm diameter, whereas the membrane diameter for all three Golay cells was on the order
of 1 mm. Narrowing the membrane in a gas calorimeter would not necessarily amplify
expansion though, because the membrane stiffness would increase. We will calculate the
optimal membrane diameter to find the maximum sensitivity for a gas calorimeter like
the one in Figure 3.

For an ideal gas, small changes in temperature (A7), volume (AV), and pressure
(AP) are related to their equilibrium values as follows [105]:
To preserve the natural behavior of reagents, the experiment must be carried out at room
temperature and pressure. The liquid expansion is small compared to the gas expansion,
and can be neglected.

For an unstressed circular membrane clamped at the edges, the deflection under

uniform pressure is

2

AP ((dY
Z(I’)—%((Ej —-7r J 5 (4)

> These authors calculated sensitivity using the average membrane displacement, resulting in values three
times smaller than those given here. As well, in the case of Kenny et al., their calculation of S = 1.3 pm/K
from Equations 14-15 in [103] was arrived at using an inaccurate membrane area.

8 Equation 1 in [105] contains an error — 1/16 should be 8/9 — but Figure 3 is correct.
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where 7 is the radial coordinate, and d is the membrane diameter [106]. D is the
membrane’s bending stiffness, defined as
Et’
D=—"—,

12(1-v7)
where E is Young’s modulus, v is Poisson’s ratio, and ¢ is the membrane thickness.
Integrating Equation 4 gives the volume created by the membrane displacement:

- ﬂ de.
12288 D

Substituting into Equation 3, and rearranging, now gives the sensitivity

¢ 70 _ 12Pvd*
AT  7PTd®+12288DVT

()

Equation 5 is equivalent to Equation 1 in [104]. Differentiating with respect to d, the

/24576DV
dopt =el
TP

At ambient temperature and pressure, and d = d,,, Equation 5 becomes

$=0.020 ¥** D . For a gas volume of V=10 puL, and D = 5.4 x 10 N-m [103], the

optimal membrane diameter is

sensitivity is 53 pm/K, still lower than the liquid expansion method. As well, Kenny et
al. [103] found that, due to residual stress and other effects, the experimental stiffness of
their membrane was 7 times higher than the calculated value, further lowering S. While
increasing V' could gradually improve the sensitivity, it would also increase the heat
capacity of the container holding the gas, thus lowering the temperature change being
measured.

Despite the lower sensitivity, a potential advantage of a gas calorimeter over one
based on liquid expansion was the possibility of using a capacitive or tunneling
displacement sensor in place of an interferometer. A capacitive sensor, however, would
have measured only an average membrane displacement, and has theoretically worse
resolution than a Michelson interferometer [107].

A tunneling sensor was more promising, but suffers from a practical limitation.
Kenny found that overly compliant membranes became stuck to the tunneling electrode

due to attractive van der Waals forces [108]. His observation can be roughly translated
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into a condition on the bending stiffness: D> 0.04 d-. Repeating the above calculations
using the minimum value for D results in S = 0.17 V2. Now, for ¥V = 10 uL, the
sensitivity is only 17 um/K, about an order of magnitude lower than the sensitivity using
the liquid expansion method. The theoretical resolution of a tunneling sensor has been
estimated to be 10 times better than a Michelson interferometer [107]. Thus, temperature
resolution is expected to be similar using either method; however, the liquid expansion
design was simpler, and preferable in case environmental noise proved dominant.

As a final note for comparison, the actual resolution of Kenny et al.’s tunneling
transducer in the relevant (0.05 to 1 Hz) bandwidth may be calculated as 29 pm from
their frequency response data [103]. This would produce temperature resolution of 1.7
uK, somewhat larger than was actually resolved in this thesis using liquid expansion (see
Figure 30 in Chapter 5). A scanning tunneling microscope has also been built by a
former student in the MIT Bioinstrumentation Lab, Peter Madden [109]. Its measured
vertical resolution of 0.12 nm, comparable to the value for the Michelson interferometer

in this work, was believed to be limited by building vibrations.

2.6 Speed of Sound

The speed of sound in water varies with temperature, having a value of 1488 m/s
at room temperature. A polynomial has been fit to the most accurate data in water for
temperatures of 273 to 368 K [110]; at 295 K, the sensitivity of the speed of sound to
temperature is 2.91 m/s-K. A temperature change of a few microKelvins would therefore
produce a change in the speed of sound on the order of 10 um/s. This change is 10 to 100
times below the resolution of the most sensitive measurements reported in the literature
[111,112], as well as the 0.2 mm/s resolution specified for the leading commercial
ultrasonic spectrometers.” In fact, the compressibility change accompanying a reaction
would affect the speed of sound much more strongly than the enthalpy change. Non-
labeling detection based on this principle (i.e., ultrasonic spectroscopy) was discussed in

Section 1.3.

" www.ultrasonic-scientific.com.
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2.7 Refractive Index

Fiber optic temperature sensors are used mainly in applications requiring a rugged
or remote sensor; for our application, they have poor resolution. Measurement is based
on the optical fiber’s thermal expansion, or the temperature sensitivity of its refractive
index. A fiber optic coated with platinum catalyst, in an interferometric arrangement, has
been used as a gas sensor with resolution of 0.1 mK [113]. In a similar experiment
conducted in a liquid flow cell, antibody-antigen reaction was detected with resolution of
2.4 mK [114]. A fiber Bragg grating is a variation of refractive index written into the
core of an optical fiber, which produces maximum reflectivity at the Bragg wavelength.
Tsao et al. [115] measured the shifting of the Bragg wavelength to sense air temperature
with resolution of 15 mK.

The refractive index of water itself can also be used to measure temperature. As
described by the Lorentz-Lorenz law, it depends on temperature through the density
[116], with a sensitivity of approximately —9 x 10° K near room temperature [117].
Interferometric methods have been used to measure liquid refractive index changes of
1.5 x 10° in a 200 uL volume [118], and 7 x 10® in a 40 nL volume [119]. The first of
these would correspond to a temperature resolution of 0.17 mK in water.

We consider a design in which a Fabry-Pérot interferometer measures the change
in refractive index due to a temperature change. (We assume no change in the refractive
index due to the reaction itself; in the methods based on refractive index change that were
discussed in Section 1.3, the reactants are greatly concentrated by immobilization to a
surface.) Let n be the refractive index, and z the distance traveled by the light through the
reaction volume. Then, the equivalent change in z due to a temperature increase AT in

the reaction volume is
Az~— — . AT. (6)

As described in Chapters 4 to 5, the liquid expansion sensing method enabled a
sensitivity of about 100 to 500 um/K. According to Equation 6, achieving a similar
sensitivity would require z to be a few meters, an impractical value in a reaction volume
of just a few microliters.
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2.8 Bimetallic Cantilevers

A bimetallic cantilever temperature sensor is comprised of two metal layers with
differing thermal expansion coefficients. It bends in response to a temperature change in
order to accommodate the unequal strains in the two layers. Bimetallic cantilevers are
commonly used in thermostats, being cheap and rugged, but have very poor (~1 K)
resolution.

Bimetallic microcantilevers with greatly enhanced sensitivity were created by
Gimzewski et al. [120], by coating silicon atomic force microscope tips with aluminum.
They used the cantilevers, with an additional catalytic coating of platinum, to monitor
heat released by the reaction of H, and O, gases. The deflection of the cantilever was
measured with an optical lever — a laser beam reflecting from the cantilever tip to a
position-sensitive photodiode.

The same group has also applied the microcantilevers to photothermal
spectroscopy [121] and scanning calorimetry of solid samples [122]. In a liquid
environment, they have coated microcantilevers with DNA segments or proteins to act as
biosensors [123]. In the latter type of devices, the principal cause of cantilever bending is
actually stress due to the binding of molecules, rather than heat of reaction [124].

In keeping with the goal of this thesis (see Chapter 1), we consider a
microcantilever-based calorimeter design in which both reactants remain in solution and
not immobilized to the cantilever surface. The cantilever is immersed in the reaction
volume, and, due to its small size, experiences the same temperature change as the liquid
when a reaction occurs.

The sensitivity of the cantilever, i.e., the deflection of the tip per unit temperature
change, is given by [121]

S:3(a1—a2)t;22%L2, (7)
where L is the cantilever length, a; and a; are the linear thermal expansion coefficients of
the two layers, #; and #, are their thicknesses, and

K=4+6n+4n’ +£n3 +£l,
E, E n
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with £, and E, the Young’s moduli, and n = ¢, / t,. For the typical parameter values listed
in Table 3, the sensitivity is only 0.14 um/K, about three orders of magnitude less than
the sensitivity of the liquid expansion method (see Chapters 4 to 5). As well, the
displacement resolution of the optical lever offers no theoretical advantage in resolution
over the Michelson interferometer that was used with the liquid expansion method [107].
In fact, in practice, similar resolution of 0.1 to 0.2 nm has been achieved with both types

of displacement sensor ([123,125] and Figure 30 in Chapter 5).

L=200pm | £,=0.05pum | a; =239 x 10°K™" | E;=80GPa | p; =2700 kg/m’
w=40pm | £=06pm | a=3x10°K" | E,=180GPa | p, = 3400 kg/m’

Table 3. Parameter values for Al-SizN, microcantilevers from [121].

We might still hope to improve the sensitivity of the cantilever, as expressed in
Equation 7. Since material selection is constrained by the micromachining
manufacturing method, we will seek to optimize the cantilever dimensions (L, n, t,, and
the width w). To begin, it was pointed out in [126] that several researchers had used a
sub-optimal value for n. Figure 4 shows that, in our case, the sensitivity can be improved
to 0.53 um/K for n =0.71.

The remaining possibilities for increasing S are to increase L or decrease f,.
However, we must also consider the thermal vibration of the cantilever, which is the

dominant fundamental noise source [126]:

/4
oy, [HeaTBL 31-(pit, + poty) |
Ow | (Bt +EL) |

where kp is Boltzmann’s constant, 7" is the temperature, B is the bandwidth, Q is the

cantilever quality factor, and p; and p, are the densities of the two layers. Dividing the

noise Az by the sensitivity S gives the temperature resolution 7,;,, which can be

;o1 [ATBL K [31-(pn+py) el
"o —a, | Ow n+l| (EnP+E) | t,

For a 0.05 to 1 Hz bandwidth, and O = 3 in water [124], T}, = 6.6 uK. Moreover,

simplified to

it is clear that increasing L or decreasing #, would in fact be detrimental to 7,,;,,. Thus,
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Figure 4. Optimization of the layer thickness ratio in a bimetallic microcantilever.

increasing the cantilever’s sensitivity in order to make it less susceptible to environmental
noise would result in insufficient temperature resolution.

Finally, two additional ideas for increasing the cantilever displacement were
considered. A pair of adjacent cantilevers, bending in opposite directions, could double
the signal as measured by an interferometer. However, this would still leave the
sensitivity low. Alternatively, the cantilever could be attached to a second, twisted strip
with an indicator [127] to amplify its displacement (Figure 5). This option was deemed

too complex.

2.9 Radiation Thermometers

Radiation thermometers, reviewed in [128], determine the temperature of an

object by measuring the radiation it emits according to Planck’s Law:

27 he?
2’| exp he -1 ®)
Ak, T
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Figure 5. Mechanical amplifying mechanism attached to a bimetallic cantilever.

where /4 is Planck’s constant (6.63 x 10°* Js), ¢ is the speed of light (3.00 x 10° m/s), A
is wavelength, kp is Boltzmann’s constant, and 7 is the object’s temperature (details in
[129]). Radiation thermometers are mainly used for the measurement of very high
temperatures, for non-contact measurements in harsh environments, and for observations
in astronomy.

Two types of detectors are found in radiation thermometers. A thermal detector
absorbs incoming radiation at all wavelengths and changes temperature. The detector is
commonly a thermistor, in which case the device is called a bolometer. The radiation
measured by a thermal detector, i.e., the integral of Equation 8 over 4, is J = oT", where ¢
is the Stefan-Boltzmann constant (5.67 x 10® W/m’K*).

The second type of detector, a photon detector, measures J; in a narrow range of
A, in the vicinity of the wavelength of maximum emission A, = 0.00290 / T (Wien’s
Law). The most common detector material, for measurements of temperatures near
ambient, is HgCdTe. (Photomultiplier tubes are not available for wavelengths near A =
10 pm.)

Radiation thermometry has been parallelized in the form of thermal cameras
(reviewed in [130]). A top-of-the-line thermal camera with an array of photon detectors
can resolve 20 mK (FLIR Thermacam SC 3000); bolometer resolutions are similar [130].
Since radiation thermometers measure absolute temperature, high resolution requires an
enormous dynamic range. For a thermal detector to measure a change in temperature of 1
uK about an ambient temperature of 295 K, J must be measured with a resolution of 1 in

74 million. For a photon detector, the dynamic range in J; depends on 4, but is also in the
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tens of millions for infrared wavelengths near 10 um. As will be seen in Chapters 4 to 5,
using thermal expansion and interferometry a similar temperature resolution may be

achieved by measuring an optical change on the order of 1 part in 1000.
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Chapter 3.

Liquid-in-Glass
Thermometry

3.1 Introduction

The calorimeter built for this thesis was based on a custom-built miniature liquid-
in-glass thermometer, in which the meniscus level was measured by a Michelson
interferometer.  In this chapter, literature and issues related to liquid-in-glass
thermometry will be discussed.

The liquid-in-glass thermometer was invented in the mid-1600’s. In the twentieth
century, it was largely superseded by the platinum resistance thermometer for precision
measurements. There has thus been little recent research in the area.

Automated reading of the meniscus level in a mercury thermometer has been
implemented using a video camera [131] and using a capacitive sensor [132]. A tiny
gallium thermometer in which the bore was a carbon nanotube was constructed [133]. A
thermometer design was patented in which the meniscus level was detected by the
intensity of light reflected back into a fiber optic probe situated above it [134]. In a
different design, an intensity-modulated light beam was reflected from the meniscus.
Meniscus displacement changed the optical path length, and therefore the resonant
frequency of the modulation [135].

The meniscus level in manometers has been measured interferometrically, but
with modest resolution due to vibration problems [136]. Interferometry has also been
used to measure thermal expansion of free drops of liquid crystals [137]. Finally, thermal
expansion of a polymer has been measured with a Fabry-Pérot interferometer [138], with

temperature resolution of 5 mK.
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A liquid-in-glass thermometer read by an interferometer was a promising
approach for the microcalorimeter. Unlike most other calorimetric methods, it
incorporates optical detection, which is the basis of successfully parallelized fluorescent
and radiological labeling assays.

The sensitivity was estimated beginning with the volumetric thermal expansion
coefficient of water, which is 2.3 x 10 K" at room temperature. The addition of 0.1 pJ
to 5 pL of water would therefore cause a volume expansion of 5.5 x 10" m® (assuming
no heat loss). If the solution was confined to a rigid container with a protruding capillary
of diameter 1 um, the water meniscus in the capillary would be expected to rise by 7 um.

However, this neglected the effect of contact angle hysteresis, which has long
been known to limit the resolution of mercury thermometers. The microcalorimeter
resolution was expected to be similarly affected. In fact, contact angle hysteresis had
only a minor effect on the thermometer and calorimeter data (shown in Chapter 5). In the
remainder of this chapter, recent literature on contact angle hysteresis will be used to
attempt to understand the discrepancy between the observations of the present instrument

and the behavior of mercury thermometers.

3.2 Mercury Thermometers

In 1886, Pickering [139] alluded to the “well-known” phenomenon of irregular
(jumping) meniscus motion in mercury thermometers, which he ascribed to “inertia of the
bulb” — meaning that the mercury in the bulb did not expand at a constant rate due to a
resistance in the thermometer bore to the advance of the meniscus. However, his main
concern was that the reading of the thermometer at a