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ABSTRACT: Conventional temperature measurements rely on ma-
terial responses to heat, which can be detected visually. When
Galileo developed an air expansion based device to detect tempera-
ture changes, Santorio, a contemporary physician, added a scale to
create the first thermometer. With this instrument, patients’ temper-
atures could be measured, recorded, and related to changing health
conditions. Today, advances in materials science and bioengineering
provide new ways to report temperature at the molecular level in real
time. In this review, the scientific foundations and history of ther-
mometry underpin a discussion of the discoveries emerging from the
field of molecular thermometry. Intracellular nanogels and heat
sensing biomolecules have been shown to accurately report temper-
ature changes at the nanoscale. Various systems will soon provide the
ability to accurately measure temperature changes at the tissue,
cellular, and even subcellular level, allowing for detection and mon-
itoring of very small changes in local temperature. In the clinic, this
will lead to enhanced detection of tumors and localized infection, and
accurate and precise monitoring of hyperthermia-based therapies.
Some nanomaterial systems have even demonstrated a theranostic
capacity for heat-sensitive, local delivery of chemotherapeutics. Just
as early thermometry rapidly moved into the clinic, so too will these
molecular thermometers. (Pediatr Res 67: 469–475, 2010)

Temperature is a master environmental variable that affects
virtually all natural and engineered systems, from the

molecular through the “systems” level. Conventional temper-
ature measurements rely on repeatable physical manifestations
of molecular effects, which report changes in material heat
content on a macroscale. The expansion of mercury, the
ductility and conductivity changes of metal, and shifts in
infrared reflections are calibrated to associate molecular level
changes with easily interpretable scales, which we use—and
take for granted—in everyday life. As more reliable and
economically feasible methods have evolved for directly ex-
amining material changes at near molecular dimensions in real
time, it follows that one of the obvious outcomes is molecular
thermometry. In this review, we define molecular thermome-
try as a direct measurement of molecules or cohorts of mol-
ecules, which distinctly respond to heat transfer on a
nanoscale—either alone or through the behavior of like-scale
reporters that can be associated with physical/mathematical
benchmarks that we (already) use to describe the heat content
of a given substance. Although these concepts are the tradi-

tional realm of thermodynamics, the biologic context offers a
fundamental path for such local temperature measurements at
a cellular and, likely even subcellular, level.
In the clinic, molecular thermometry could be applied to

image and possibly treat tumors and localized infections. The
local increases in heat released from the sites of tumors and
infections cause significant temperature gradients that have
long been known (1–3), and molecular thermometry could aid
detection in a manner similar to conventional contrast agents.
With increased concern regarding emerging infections and
multidrug resistant microorganisms, especially those of noso-
comial origins, the potential benefit of imaging or opsonizing
localized infections would yield obvious benefits (2). Further,
as the field of theranostics evolves, sensing differential heat
content with nanoscale biosensors that can respond with the
local temperature-sensitive delivery of pharmaceuticals, in-
cluding chemotherapeutics and antimicrobials, may be an
indispensable facet of their application (4).
Because the medical applications of bioelectromagnetics

and the directed interaction of electromagnetic fields (EMF)
with biologic systems are becoming mainstream, the field is
rapidly yielding clinical devices and applications based on
sound scientific understanding of molecular level effects.
Many biologic applications of EMF purposely deliver energy
to rapidly change the temperature of local targets in tissues
(lasers, cauterizations); however, there are other therapeutic
applications facilitated by directed EMFs with controlled heat
transfer. Nanopulse EMFs have been calculated to increase
temperature at the subcellular level, heating the membrane
without raising the intracellular temperature (De Vita A et al.,
Anomalous heating in a living cell with dispersive membrane
capacitance under pulsed electromagnetic fields. Bioelectro-
magnetics Society Meetings, June 14–19, 2009, Davos, Swit-
zerland, Abstract P-205). Other EMF-based therapies that
have shown promise rely on an increase in cellular or tissue
temperature; induced hyperthermia has been shown to en-
hance the effects of gamma irradiation (5,6), and a recent
study has shown hyperthermia can lead to tumor clearance,
including metastases that were not directly treated, likely
through an immune-mediated mechanism (Ito A., Hyperther-
mia using functional magnetite nanoparticles, Bioelectromag-
netics Society Meetings, June 14–19, 2009, Davos, Switzer-
land, Abstract Plenary 3-2). The reporting and control of local
tissue temperatures will be critical for the success of these and
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other emerging therapeutic and surgical methods, and as such,
in situ systems engineered to accurately monitor temperature
at a tissue and cellular level will become essential.

History of Thermometry

The earliest assessment of temperature was likely based on
sensation or observation; hot versus cold weather; the vapor-
ization of water as it boils; or from a physician’s view point,
how ill patients’ bodies can often be notably warmer than that
of their healthy counterparts. These early temperature associ-
ations lacked any basic understanding of material heat content,
heat transfer processes, or empiric methods of their measure-
ment. A physical understanding of temperature did not begin
to arise until around 100BC when Hero of Alexandria ob-
served that air volumes vary significantly with temperature;
however, this observation had to wait over 1700 y to be used
in a measurement device (7). In the late 1500s, Galileo and a
group of Venetian scientists and physicians developed the
thermoscope and ultimately the first thermometer (8).
Galileo had read of the experiments of Hero and repeated

these same observations using a tube containing air trapped
above a column of water; when heated by his hands, the water
column dropped as the air expanded and as the column again
cooled, the water rose (7). Galileo had invented the precursor
of a modern thermometer, many of which also rely on expan-
sion and contraction of liquid materials within a tube. This
device, although absolute and repeatable in response, was
lacking a critical standard: a scale would permit air volume
changes to be related to heat content through simple mathe-
matical means, that would, in turn, enable a standardized
record, which could be compared over time.
The addition of a scale to the thermoscope, thus creating a

calibrated thermometer, is commonly attributed to Santorio
Santorio, a Venetian physician and contemporary of Galileo.
Santorio devoted great efforts to measurements of the human
body, his own and his patients. He used a pendulum (another
of Galileo’s inventions) to accurately measure pulse, and he
regularly weighed himself, his food and beverage intake, and
his wastes and determined much of his intake was systemat-
ically lost through “insensible perspiration” (7,9). It is of great
significance to the birth of thermodynamics that Santorio was
among the first to recognize that heat transfer occurs contin-
uously and progresses through both “sensible” and “insensi-
ble” mechanisms: i.e. the heat content of materials changes in
a sensible relationship to their temperature when they are of a
single phase (liquid) and through an “insensible” relationship
when materials change phase (evaporation). The latter entity,
“insensible heat,” is the early thermodynamic concept of latent
heat capacity—or the energy required for a substance to
change phase, either from solid to liquid, or liquid to gas (10).
When phase changes occur, they do so at constant tempera-
ture, while significant amounts of thermal energy are concom-
itantly transferred to the environment (perspiration and the
welcome effect of evaporative cooling) (9). The phenomenon
of latent heat transfer was termed “nonsensible” or “insensi-
ble,” because no temperature changes could be observed
(seen) during this energy intensive process (9).

Santorio also identified that heat transfer processes could be
quantified and scaled in a range that was germane to biologic
functions. Thus, it is no surprise that this fastidious “mea-
surer” would adapt the thermoscope to systematically record
human temperatures on a consistent scale. This adaptation was
critical to the development of modern thermometry. Indeed,
Santorio proved that by capturing the heat liberated from a
living being in an adjacent but confined material, the heat
transferred could manifest in a macroscale reporting system
(the density change of water and gases), such that he could
record and compare cohorts of patients’ temperatures through
changing health conditions (7,8).
Because such observations evolved to support the empirical

science of thermodynamics, the understanding of temperature
moved from the simple concept of sensible heat to more
advanced perspectives of specific heat content, latent heat
capacity, and how thermal energy transiently moves in bio-
logic systems and the environment at large. It was later
realized that the thermoscope and thermometers were lever-
aging intrinsic material properties that isolated heat content as
a variable. Eventually, the invention of the sealed thermome-
ter, a bulb and stem alcohol thermometer, by Ferdinando II de’
Medici was able to measure temperature independently of
barometric pressure, unlike Galileo and Santorio’s open ther-
moscope and thermometer (11). A similar device using mer-
cury, designed by Daniel Gabriel Fahrenheit, gave us the
common glass tube thermometer calibrated to report on a
Fahrenheit scale (°F) (11). Improved understanding of the
nature of sensible heat and material heat content led to the
continued development of temperature scales that were in-
creasingly precise and molecularly relevant.

Thermodynamics and Thermometry

Classical thermodynamics hosts the convention for the
temperature scales used in contemporary medicine, engi-
neering, and bioengineering. The salient theme through
which thermometry has evolved continues to be defined by
thermodynamic thresholds associated with material phase
transitions. These transitions are visible on the macroscale,
where correlations of temperature and the behavior of
ordinary substances—the boiling of water or the expansion
of mercury—are commonplace. They extend to wide-spread
engineering applications where repeatable changes in material
properties manifest from density changes. The ubiquitous
thermocouple is calibrated to report temperatures based on a
metal’s current capacity or physical conformation, because it
expands in response to changing heat content—a microscale
process, which is used for thermal control systems. We now
leverage analytical tools that confidently report physical con-
formation on subcellular scales, where we can literally watch
engineered and biologic polymers undergo structural transi-
tions that are as predictable as mercury expansion and the
transition from ice to water. Phase transitions are the common
denominator of thermometry, and the prospects for (bio)poly-
mer-based temperature reporting is replete with power and in
situ functional potential.
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Throughout history, physicists, chemists, and more recently
bioengineers have pursued thermometry on an absolute tem-
perature scale, independent of the properties of individual
substances, and thus report true heat content (10). Attempts at
such manifest in the modern Rankine (R) scale in the English
system, and the Kelvin (K) scale in the SI system (both these
scales officially abandoned the degree designation in 1967
[e.g. °K] to reflect their physical basis in absolute zero) (10).
A scale that is thermodynamically identical to these absolute
scales is based on the activity of ideal gases, where the
temperature is defined as zero when the pressure they exert is
zero (10). Using this basis, efforts toward improving the range
and accuracy of direct temperature measurements have vastly
improved over the last generation and in large part rely on
nanomaterial science to produce, contain, and control unique
states of matter [e.g. plasma, Bose-Einstein condensates (12–
14)] as well as a multitude of systems which deliver, detect,
and record different forms of electromagnetic radiation [e.g.
lasers and infrared lenses (15)]. The international temperature
scale of 1990 (ITS-90) reflects how recent advances in
nanoscale science translate into improved applications (16).
ITS-90 is based on the fusion and sublimation of water at its
triple point—the thermodynamic condition (absolute pressure
and temperature) where liquid, vapor, and solid ice exist in
physical equilibrium.
Although absolute scales have improved thermometry, ab-

solute scales are typically used in science and engineering
outside ranges that are germane to biologic systems—except
when supporting the development of localized destructive
freezing practices for surgeries and long-term cryogenic stor-
age (17,18). The resolution and reporting of temperature are
largely idiosyncratic to application, and often intrusive; no-
where is this more obvious than in medical settings. With
notable exception to infrared reflectometry, which is local and
surficial (2), temperature measurements within biologic sys-
tems are notoriously difficult from a bioengineering perspec-
tive because of the range of their scale(s) and the fact that they
are not in thermodynamic equilibrium.
Thermodynamics teaches us that fixed point calibration

brings tremendous leverage to thermometry from an absolute
basis, regardless of the reporting mechanism and how it is
used in a thermometer: if water-ice and steam points are
assigned respective values of 0 and 100, then the temperature
scale will be identical to the Celsius scale. Any scale can thus
be “embedded” in another, provided the fixed points defining
the desired range are also based on a thermodynamic phase
transition; thus, thermometry can be extended to any materi-
al(s) that undergoes structural transition, provided the time
frame of the transition is germane to the system of concern,
including, but not limited to, tissues, cells, and biopolymers
they contain.

Nanomaterial-Based Thermometry

Just as the first thermometer was used for medicine, as new
thermometric technologies are developed, they too are adapted
for medicine and biomedical research, although not always
with the success Santorio enjoyed. An early example of a

micro- or nanoscale approach to thermometry using embedded
scales and relevant to medical settings comes from a patent
filed in the late1970s (19). This patent relies on the changes in
the magnetic characteristics of ferromagnetic, paramagnetic,
and diamagnetic materials corresponding to changes in tem-
perature. Using micron-sized particles, which were injected
i.v., the patent suggests that certain cells will absorb particles
according to an equilibrium distribution, which is dependent
on intracellular temperature. With calibration to known tem-
peratures, a sensitive three-dimensional (3D) scanner could
then detect the changes in the magnetic properties of these
intracellular particles. Although the underlying physics is
sound (20,21), there are no published examples of this tech-
nology being used. This is likely due to problems achieving
the broad cellular uptake, issues with biocompatability, and a
lack (at that time) of viable 3D imaging technologies required
to make implementation of such a method practical.
With the creation of nanomaterials, this same theory has

been applied to develop a more practical cellular thermometry.
The origins of this technology lie in the development of
fluorescent quantum dots (QD), also known as semiconductor
nanocrystals. These QDs have found many in vitro uses as
fluorescent labels with size-dependent emission wavelengths,
bright fluorescence, and resistance to photobleaching (22).
However, the main effect temperature has on QDs in a phys-
iologic range is to shorten their radiative-lifetimes with in-
creasing temperature through 300 K (26.8°C) (22–24). Al-
though QDs do respond to temperature changes in only a
limited capacity, the fluorescence intensity they liberate is
significantly affected by the makeup of their immediate sur-
roundings (22). Thus, QDs can provide a simple, fluores-
cence-based detection system that is sensitive to environmen-
tal conditions.
Materials scientists have taken advantage of QD sensitivity

to environment and developed nanogels that significantly
change structure in response to temperature. These nanoma-
terial gels expand or contract with temperature changes, and
this alteration in conformation at the molecular level will
exclude ions and even water molecules (25). When QDs are
placed in or conjugated to these nanogels, changes in temper-
ature alter the local environment such that QDs significantly
change the intensity of the fluorescence they liberate (25).
These technologies have been successfully used to measure
relevant temperatures in physiologic buffers (25).
Recent advances in this nanogel technology no longer rely

on QDs for reporting but rather use chemical modifications
that lend environmentally sensitive fluorescence to the nano-
gel itself. This type of engineered nanogel behaves similarly to
QD containing nanogels; it changes conformation in response
to temperature changes, altering the molecular environment
and thus changing the emission of integrated fluorescent moi-
eties (26). This fluorescent nanogel thermometer has been
successfully microinjected into COS-7 cells and demonstrated
temperature dependent fluorescence with a resolution of
0.31°C at �28°C (26).
One of the largest concerns about the use of nanomaterials

in the biologic arena, and particularly in medicine, is biocom-
patability. Early studies of the interactions of nanomaterials in
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biologic systems have shown that many nanomaterials are
unpredictably reactive and can produce reactive oxygen spe-
cies, radicals, and a host of other by-products as a result of
their highly ordered structures (27,28). Although there has
been extensive testing of biocompatability with engineered
nanomaterials that could potentially serve as in situ thermo-
metric systems (25,26), because of the complex nature of
biologic systems, minor but significant effects on cellular
systems may exist that have not yet been observed. Further,
much of the biocompatibilty testing has been observed on
short time scales, and longer term interactions, because the
biomolecules used for targeting are likely degraded, revealing
the QD cores, must be studied; such systems have been
examined in animal models with few effects, although long-
term effects have not been examined other than to note tissue
specific accumulation (22). This lack of data pose significant
problems for long term in vivo and ultimately clinical appli-
cations of this technology.

Biomolecular-Based Molecular Thermometry

To circumvent the engineered nanomaterials-based biocom-
patibility question, other systems must be investigated. Per-
haps the most biocompatible nanomaterials are biologic mac-
romolecules themselves. By their nature, biologic molecules
are naturally occurring nanomaterials; they are highly ordered
molecular structures of the size range characteristic of engi-
neered nanomaterials—�100 nm (nm) in any dimension (Fig.
1). Further, biologic macromolecules, by the nature of bio-
logic diversity, function at a wide range of temperatures. This
eliminates the issue of a relevant scale seen with temperature
sensing using QDs alone without nanogels. Further, engineer-
ing of specific biomolecules has become routine; thus, we can
readily design and even evolve bionanomaterials to perform
specific functions [e.g. aptamers (29)]. The next step to de-
signing biologic molecules for intracellular thermometry is a
relatively small one.
Some synthetic polymer gels share physical/chemical and

thus structural features with the contents of living cells. Much
like their synthetic counterparts, hydrogels that are con-
structed in whole or in part of natural biopolymers are gaining
increased attention for thermometric applications. Such pseu-
do-natural gels, from a physical perspective, mimic nanoscale

framework of actual intercellular matrices—such as cyto-
plasm, which is a unique and dynamic hydrogel created by
short and long polymers biochemically associating with ge-
latinous qualities (30). Similar to the way water condenses to
ice, the biopolymers, which constitute some hyrdogels, can
experience significant physical transformations in response to
temperature thresholds (31) and thus will be useful for ther-
mometry. In this context, hydrogel transformations have been
termed “phase transitions” by a growing cohort of biophysi-
cists (32), which were first predicted through thermodynamic
calculation by polymer scientists (33) and subsequently mod-
eled by experiment (34,35). These transitions, characterized
by massive conformational changes, including protein dena-
turation or the melting of hybridized nucleotide complexes,
are typically triggered at thresholds through small environ-
mental shifts, much like the freezing and boiling of liquids.
The denaturation of protein in a cooking egg provides an
excellent example. Biopolymer interactions that maintain the
character of hydrogels are pseudo-stable at a given heat
(content), pH, ionic strength through a conglomerate of weak
intermolecular interactions; by their nature, these become
unstable at physical/chemical thresholds. Although the tem-
perature-induced shift of selected biopolymer conformation
(e.g. a specific protein) from one folded state to another is well
recognized, the accompanying shift in the stability of gel-like
plasma in which proteins reside is less acknowledged. Yasu-
naga et al. attempted to model plasma-like gelling behavior
with hydrogels of a common polymer (acronymed PNIPAM)
(36,37). Using nuclear magnetic resonance, they demonstrated
that when the temperature of a PNIPAM-containing solution
progressively increased, a surrogate metric for the motional
freedom of associated water (T2/s) also increased to a marked
threshold. Beyond a critical temperature, termed the “gellation
temperature,” water motion becomes remarkably restricted as
the “system gels.” An analogous thermodynamic motif
emerged which parallels the freezing of pure substances:
where temperature thresholds predictably associate with pro-
found structural changes can be leveraged for thermometry
(Fig. 2).
Some of the earliest studies of genetic mutation took

advantage of these biopolymer transitions in response to
changes in temperature (38,39). The use of temperature
sensitive (ts) mutants, or wild-type (wt) biomolecules for
that matter, is typically considered only in the context of
their biologic function; however, they can also provide
information about their environment. These mutants (both
heat and cold sensitive) essentially function as biologic
thermometers; they have a detection system (i.e. the func-
tion of the biomolecule typically evidenced through a
detectable phenotype) and a relevant scale can be readily
defined (i.e. the biomolecule functions at 35°C but not at
42°C). Although much of the literature surrounding ts
mutants focuses on function as a measure of denaturation or
structural change in an on/off manner, some studies have
examined function through a range of temperatures.
Chao et al. developed a series of lacI-ts mutants to elimi-

nate the need for biochemical analogs to activate lactose-
triggered expression systems (40). Instead of using expensive

Figure 1. Relative sizes of cells, proteins, and nanomaterials discussed in
this review. A, mammalian cell, 10–110 �m; B, bacterium, 1–5 �m; C, EGFP,
300 nm diameter; D, QD-5–50 nm (1/2 to 1/20 the size of the period).
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reagents to induce the desired expression of a critical gene
cassette, key regulatory proteins (LacI) were engineered such
that they would thermally denature at predetermined temper-
ature levels and expose the transcription factor-binding site
(T7A1 promoter with synthetic lac0 sites), which controlled
the downstream production of a valued pharmaceutically ac-
tive protein. In controlled steps between 1 and 3°C, they
examined the expression of the reporter protein LacZ through
the range between 30–40°C and demonstrated a significant
response in LacZ activity corresponding to stepwise temper-
ature increases through this physiologically relevant range
(40). This group, in developing a temperature based expres-
sion system to reduce the cost of pharmaceutical production,
has laid the groundwork for a ts mutant-based intracellular
thermometer. Further work characterizing these vectors, per-
haps with different reporter constructs or in different cell
systems, will be required to confirm the clinical applicability
of such a system as a biomolecular thermometer.
Even less complicated systems for a biomolecular ther-

mometer can also be imagined. One report used loss of
enhanced green fluorescent protein (EGFP) fluorescence as a
marker for cellular heating, assuming heat denaturation led to
this loss of fluorescence (Wood W et al., The use of fluores-
cent dyes and other markers to measure elevated temperature
in cells during RF exposure, Bioelectromagnetics Society
Meetings, June 14–19, 2009, Davos, Switzerland, Abstract
P-63). However, this group observed a sharp reduction in
fluorescence through a narrow temperature threshold, limiting
the sensitivity and applicable range of this system using
EGFP. This approach can likely be applied to other reporter
proteins, wt or engineered. As a result of their individual
structural features and stabilities, other proteins would likely
behave differently, showing different temperatures at which
the reporter denatures or perhaps broader temperature ranges
of detection. Several reporters could be used in concert to
achieve a broad range sensitive thermometric system in a cell
using native wt proteins.

Another approach to an EGFP-based thermometric system
would be to examine, not the loss of fluorescence, but rather
changes in the emission spectrum of a fluorescing protein. The
various EGFP derivatives with different excitation and emis-
sion spectra represent minor structural changes to the mole-
cule. Much in the way ts mutants alter the sensitivity of a
protein to temperature, these subtle changes in excitation and
emission could be created by changes in temperature. A recent
biophysics article has in fact demonstrated changes in the
emission wavelengths of wt-green fluorescent protein with
increasing temperatures (41). The temperatures tested range
from 85 K to 294 K (�188.5 to �20.85°C) (41). Although just
shy of a clinically relevant range, this trend would likely
continue and could be seen in EGFP and other protein based
fluorophores. Perhaps most importantly, changes in emission
are quite easy to detect with high levels of sensitivity.
There are a variety of molecular mechanisms by which

temperature is sensed in the cell aside from proteins; heat-
shock induced expression changes provide an RNA-based
example (42). In one system, the temperature dependent con-
trol of heat-shock uses the ROSE RNA element (43). This
ROSE sequence is found in the mRNA of a heat-shock
transcript and regulates translation of the mRNA. At 30°C, a
ribosomal binding sequence is occluded in the ROSE stem-
loop structure; however, as the cell heats to 42°C, the hydro-
gen bonds forming the stem-loop become unstable or “melt,”
exposing the ribosomal binding sequence, leading to transla-
tion (43). Thus, this article demonstrated the ability of 3D
structure of a biomolecule to act as a thermometer in vivo.
The melting curves of the ROSE and a mutant were mea-

sured at various ion concentrations, from 0 to 100°C. The
melting curves manifest into distinct distributions, suggesting
that the melting of the stem loop structure did not occur in all
molecules simultaneously (43). This population distribution of
melted and intact stem-loop structures at any given tempera-
ture indicates that a standard could be determined which
would relate temperature to different families of reporter
systems. Incorporation of the ROSE element into a marker
transcript, EGFP, LacZ, etc., would provide such a detection
system and lead to RNA-based thermometry within a cell.
Just as the melting of the stem loop structure of the

ROSE element manifests into a distribution through a given
temperature range, small DNA hairpins would likely be-
have in a similar manner. Hairpin probes designed for
quantitative polymerase chain reaction (qPCR) have fluoro-
phores at both ends of the strand that quench when in a
hairpin, but fluoresce when melted and bound to the target
amplicon. Much in the way heat “melts” a ROSE element,
exposing a ribosomal binding sequence, a DNA hairpin,
tagged with a quenched fluorophore, would also fluoresce
beyond a denaturing temperature threshold. The base order,
AT/GC content, as well as hairpin length of a family of such
tagged oligonucleotides, could be engineered for desired melt-
ing temperatures and thus provide control through relevant
temperature ranges, which could be assessed by individual
hairpins. The relative fluorescence could then be calibrated
against known temperatures and thus provide relevant scales.

Figure 2. Generalized structural motif representing how some engineered
polymeric hydrogels respond to temperature shifts as judged by water exclu-
sion. The fluidity of hydrogels is governed by weak electrostatic interactions
between water and the polymers comprising the gel. When temperature
reaches a “gel” threshold, water and polymer order undergoes formidable
structural rearrangements. This behavior is parallel to the thresholds observed
where pure substances experience conventional phase changes.
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Summary

In this review, we have presented hallmarks circumscribing
the development and application of modern thermometry in
biologic applications, as well as some of the historical path
through which thermometry has emerged and progressed into
contemporary thermodynamics and physics. We close with an
acknowledgment and perspective of the unfortunate overlap-
ping usage of the term “scales” in this context: one with
respect to the scale of the systems, we desire to measure
(organism, tissue, or cell); another with respect to the scale of
the reporting system of local heat content (a thermocouple, a
contained thermometer, or intracellular biopolymer); as well
as the various mathematical scales benchmarked to unique
material behaviors (the freezing of water or the denaturing of
proteins) used by thermometric systems to report heat content.
This multiple usage reflects a parallel in the overlap of many
fields—thermodynamics, molecular biology, materials sci-
ence, and physics—that have precipitated the potential for
molecular thermometry to serve important functions in med-
ical applications.
We find the art and science of thermometry experiencing an

unprecedented acceleration over the past decade and, fortu-
nately, following technological trends of miniaturization into
the micro- and even nanoscale. At the intracellular scale, a
variety of molecular thermometers have emerged with mark-
edly different physical bases: some are based on magnetic
behaviors, others in cutting-edge nanomaterials, and yet others
based on biopolymer behaviors, both native and engineered.
All of these thermometric systems share two things with
conventional thermometry: a method of detecting temperature
changes (i.e. the loss or gain of energy through heat transfer)
and a relevant scale such that temperature readings can be
normalized and compared. These systems cover a tremendous
range of relative complexity from individual molecules or
particles, to hydrogels, to transcription control systems. Ad-
vancements in nanomaterials and bioengineering will no
doubt lead to thermometry improvements which we cannot yet
envision.
It is important to note that many of the molecular thermome-

ters presented herein are hypothetical and have yet to mature into
reliable temperature reporting systems, and this is particularly
true of those based on biomolecular functions. In this realm, the
only systems actually serving as a functional thermometer be-
yond the context of immediate biologic function is that incor-
porating EGFP denaturation. Although it may seem that the
use of biomolecules as thermometers may be lost in the
complex nature of cells, far more complicated biologic sys-
tems have been used as thermometers for over one hundred
years. It had long been recognized that the activity of common
crickets varies with temperature in temperate climates, but in
1898, Dolbear conducted an extensive study that demonstrated
that the rate of audible cricket chirps closely correlates with
temperature. His observations showed temperature in °F
equals 50 plus the number of chirps let in a minute, minus 40,
divided by 4; thus providing the relevant scale to a macro level
observation turning a cricket into a thermometer (44). Indeed,
the further evolution of thermometry will require classical

thermodynamics to embrace other disciplines, and it is an
exciting time for those collaborating in this unique cusp.
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