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ABSTRACT

Nanocalorimeters, or microfabricated calorimeters, provide a promising way to characterize the thermal process of biological processes,
such as biomolecule interactions and cellular metabolic activities. They enabled miniaturized heat measurement onto a chip device with
potential benefits including low sample consumption, low cost, portability, and high throughput. Over the past few decades, researchers
have tried to improve nanocalorimeters’ performance, in terms of sensitivity, accuracy, and detection resolution, by exploring different
sensing methods, thermal insulation techniques, and liquid handling methods. The enhanced devices resulted in new applications in recent
years, and here we have summarized the performance parameters and applications based on categories. Finally, we have listed the current
technical difficulties in nanocalorimeter research and hope for future solutions to overcome them.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5134870

I. INTRODUCTION
A. Calorimetry for biology

Calorimetry is a technique that measures the thermal proper-
ties of the material. It is universally used in physical and chemical
reactions involving the release or absorption of heat and provides
significant insights into the reaction process. Therefore, it has been
widely used as a power tool in scientific discovery.

Calorimetry and biology are doomed to have a relationship, as
virtually all biological processes are accompanied with heat absorp-
tion or generation. Ever since a long time ago, heat is deemed as a
symbol of life, while cold is a synonym for death. Thermodynamic
studies using calorimeters provide a wealth of information that is
not only of fundamental scientific interest but also of immense
practical utility in biotechnology.

Most commercial calorimeters measure the power differential
between the sample and reference to maintain a zero temperature
between the cells [Fig. 1(a)]. They are categorized in two types
based on the operation mode: isothermal titration calorimeters
(ITCs) and differential scanning calorimeters (DSCs). ITC mea-
sures the energy associated with a chemical reaction triggered by
the mixing of two components at a constant temperature.” DSC
measures the heat thermally induced by phase transitions at rising
temperatures.

One of the calorimeter’s biosensing application areas is on bio-
molecule interactions, for example, protein,” nucleic acid,” lipids,” car-
bohydrates,” etc. To gain an insight into the energetic—function—
structure correlations of the biomolecules,” calorimeters are used in
several steps in the early stages of the small-molecule drug discovery
process. They unveil the nature of intra- and intermolecular forces that
stabilize the native state as well as binding interactions. To be more
specific, it can characterize the underlying physicochemical properties
that stabilize native molecular structures and elucidate the thermody-
namic driving forces that control and modulate receptor recognition
within macromolecules. This provides detailed and quantitative infor-
mation for decision making in lead discovery and optimization.”

One type of calorimeter, ITC, can yield abundant information
on the reaction process, including binding affinity, stoichiometry, and
the energetic forces driving the intermolecular association,
by interpreting the equilibrium constant (K,), Gibbs free energy (G),
enthalpy (H), and entropy (S). The ITC’s thermogram is shown in
Fig. 1(c). We have seen ITCs application on enzyme catalyzed
reactions, protein—protein,” protein-peptide, protein-DNA,” protein—
drug interactions, etc. These binding process could be related to cell
signaling,'’ Alzheimer’s disease,'' and muscle contraction.'>"”

The other type of calorimeter, DSC, measures excess heat capac-
ity changes (AC,) associated with temperature dependent phase

Biomicrofluidics 14, 011503 (2020); doi: 10.1063/1.5134870
Published under license by AIP Publishing.

14, 0115031


https://doi.org/10.1063/1.5134870
https://doi.org/10.1063/1.5134870
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5134870
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5134870&domain=pdf&date_stamp=2020-01-31
http://orcid.org/0000-0002-0038-1347
http://orcid.org/0000-0002-4519-7404
mailto:zhaoyuliang@neuq.edu.cn
https://doi.org/10.1063/1.5134870
https://aip.scitation.org/journal/bmf

Biomicrofluidics

(a) Reference

REVIEW scitation.org/journal/bmf

(b)

T
m
14 = v
10 4
)
& 4
K AH
[+]
£ 6
[
v
=
T
v
5 -
n "
Ll Ll Ll Ll Ll
30 40 50 60 70 80 90

Temperature (°C)

pcal s

I
1

Time >

kcal mol” of injectant
o

0 05 10 15 20
Molar ratio

FIG. 1. (a) Commercial calorimeters’ operating principle. It operates by measuring the power differential between the reference and sample side to maintain zero tempera-
ture difference between the two cells. (b) A typical DSC thermogram of protein unfolding showing the relationship between heat capacity and temperature. The transition
temperature (T,;) and enthalpy (AH) can be acquired through data interpretation. (c) a typical ITC thermogram to illustrate power vs time. Heats are used to extract affinity

(Kp), stoichiometry (N), and binding enthalpy (AH) using an appropriate binding model.

transitions that could lead to unfolding/dissociation enthalpy (AH)
and thereby enables elucidation of the forces that maintain macromo-
lecular stability. The DSC’s thermogram is shown in Fig. 1(b). Higher
T,, values are a typical representation of stability. Furthermore, recent
studies showed that DSC tests on protein were potentially used in
disease diagnosis. For example, diagnosing diabetes could be poten-
tially enabled based on a plasma proteome DSC test."

The other promising field calorimeter application in biosensing
is cell metabolic activity monitoring, including mammalian and
micro-organism cells. These studies can be crucial in many ways,
such as drug development, toxicology studies, clinical investigation,
and environmental studies.’ For instance, tumor cells are reported to
show a higher metabolic rate,"” and calorimeters could be the poten-
tial tool to diagnose them.'® Therefore, it would have profound sci-
entific impacts to unveil single cell thermal activities in real time.
Also, there is a growing interest to couple the biomass formation

with catabolic processes. Another example is to identify potential
infections by measuring the excess heat when bacteria growth
exceeds the threshold with the calorimeter.” In addition to research
purposes, monitoring microbial growth is also useful in industrial
processes such as food production'” or biomedical applications.'®

Overall, calorimetric techniques with high sensitivity exempli-
fied some representative applications, such as macromolecular
recognition and cell bioprocess monitoring. The thermogram mea-
sured with calorimeters can yield abundant information about
structural data and the reaction mechanisms, impacting fields such
as drug discovery, disease diagnosis, etc.

B. Advent of nanocalorimeters

Conventional commercial calorimeters for biosensing in
aqueous environment, though reach high resolution (10 nW level)
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FIG. 2. A nanocalorimeter system’s equivalent electrical circuit. The system’s
thermal mass can be deemed as the capacitor (C) and the thermal resistance
corresponds to resistor Ry,

and precision, typically use a larger volume of sample (>500 ul)
and the throughput is relatively low (cycle time >1 h). Those instru-
ments require a long thermal relaxation time to establish equilib-
rium and homogeneity. Heating the scanning calorimeter is also
time consuming, as it may need 1 h to reach 90 °C from room tem-
perature. Moreover, bulk calorimeter could hardly be tailored for
some specific research tasks. For instance, it is impossible to culti-
vate cells within the chamber with good visibility.'” Therefore,
researchers are calling for new types of calorimeters that have high
throughput and can meet some special requirements.

The advent of microfabrication technology made nanoca-
lorimeters possible. Some people name it microcalorimeters or
nanocalorimeters. A nanocalorimeter typically consists of a thin
membrane, a small chamber for holding samples and thermal
sensing elements. The system’s equivalent electrical circuit is shown
in Fig. 2. The thermal resistance of the device corresponds to the
resistor (Ry,), and the calorimeter’s thermal mass can be denoted as
the capacitor (C;). This structure leads to higher thermal insulation
(<1 mW/K), lower sample amount (<10 uL),” and high sensitivity
(1-100 V/W).*" While upscaling reduces the influence of environ-
mental fluctuations, smaller size shortened the thermal diffusion
process and measurement time. Moreover, the tiny scale could
result in more uniform thermal distribution,”” lower addenda mass,
and potentially enable parallel operations.”

Il. NANOCALORIMETERS’ DESIGN AND
PERFORMANCE

A. Thermal sensing methods

Most nanocalorimeters measure the heat based on tempera-
ture change. Thermal sensing methods can be divided in three cate-
gories based on thermal contact: invasive, semi-invasive, and
noninvasive thermometry.

In an invasive temperature measurement, the thermometer is
directly in contact with the medium of interest. Commonly seen
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examples are thermopiles,”*”” thermistors,”*”’ resistive temperature

detectors (RTDs),”® resonant thermal sensors,”” and bimaterial
microcantilevers.””’" Semi-invasive types measure the temperature
change indirectly by temperature sensitive materials based on fluo-
rescence,”” liquid crystal,” or quantum dot.”** They are advanta-
geous to obtain a high spatial resolution (<1 um), yet they suffering
from low temperature resolution. Noninvasive thermometers can
remotely measure the temperature change based on techniques
such as IR thermography.”””” Until now, invasive thermometers
are still dominant in calorimetry and we will dive deeper into these
invasive thermometry methods in the following paragraphs.

Thermocouples or thermopiles employ the Seebeck effect of
thermal electric materials to measure the temperature difference. They
are fabricated on thin films and integrated with nanocalorimeters.
Thermopiles require no extra power, meaning no additional heat is
introduced.”* To enhance the temperature sensing ability, series connec-
tions of the junctions were needed. Yet, this could impair the thermal
insulation and cause electronic noise in the signal, which impairs the
detection limit. The theoretical detection limit for a thermocouple
could be on the order of 10-100 #K, depending on the bandwidth.

Thermistors utilize the temperature dependent resistance to
measure the temperature as calibrated, so they can measure absolute
temperatures. Semiconductor thermistors normally have a negative
temperature coefficient (NTC), and the temperature response could
be one order more sensitive than metal ones.” One advantage of
thermistors is they do not need to be connected in series for high
sensitivity, which saves space for small region patterning. Similar to
thermopiles, the ultimate detection limit is the material’s noise. With
appropriate instrumentation, the temperature detecting resolution
could reach 10-100 K at 0.5-20 Hz.* Yet, temperature sensing with
a thermistor required electrical currents to pass through it, which
might introduce additional heat. One strategy is to bring in a refer-
ence side to the calorimeter to form a Wheatstone bridge, so that the
heat from sensing current could be counteractive.

Bimaterial microcantilevers exhibit high sensitivity in biosens-
ing.’>*"*>*! The materials in the two layers of microcantilevers
have different coefficients of thermal expansion, which cause the
device to bend in response to changes in the temperature.
Temperature changes are calculated from the amount of bending.
The sample of interest can be placed adjacent to the tip of the can-
tilever (Fig. 3) or trapped in the cavity formed by the beam

Heat source
1 Bimaterial cantilever beam
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FIG. 3. Schematic of the bimaterial cantilever beam temperature sensor. The
microheater is positioned at the distance d from the free end of the cantilever
beam. Reproduced with permission from Voiculescu et al., Sens. Actuators A
Phys. 242, 58-66 (2016). Copyright 2016 Elsevier.
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(Fig. 12).”" This method was reported to reach 1 nW power resolu-
tion in aqueous environments.

Resonant thermal sensor would alter the resonant frequency
responding to temperature change. The vibration is considered a
simple spring with an effective mass connected to the free end. To
apply this technique on a liquid sample, heat needs to be intro-
duced to the sensing beam.”” The method could lead to 10 uK level
of temperature resolution and 1 nW level of power resolution.*”

B. Liquid delivery methods and chamber
configurations

Nanocalorimeters for biosensing can be classified into two
types based on the configuration: open-type and closed-type (Fig. 4).
Open-type calorimeter utilizes air’s thermal insulation property and
required a micropipette to deliver samples to the sensing region. To
reduce the convective heat loss and evaporation, a cavity with
minimum air space is needed.”’ Such devices can generate remark-
able signal responsivity,"’ especially when an ultralow amount of
sample is used. However, the testing consistency can be impacted by
the undefined liquid sample shape, which is determined by the
surface wetting, and it varies from time to time. Also, the evapora-
tion heat loss and thermal fluctuation during sample injection will
be reflected as the noise in measurements, which will further
hamper the signal to noise ratio.**

Closed-type calorimeters can partly resolve the problems men-
tioned above with a reaction chamber and microfluidics system.
They help to prevent evaporation and the liquid can form a prede-
fined shape, reducing the chance of random errors. But it also
brings in additional challenges. For example, the microfluidic
system might be sophisticated, with valves, mixers, syringes, etc.
The dead volume could form consuming more sample than

’ Micropipette

open-type

Sample

[
thermometer

closed-type

Microfluidic channel

Embedded thermometer

FIG. 4. Open-type and closed-type calorimeters. The open-type calorimeter
normally dispenses the liquid droplet with a micropipette, and the closed-type
calorimeter delivers the liquid with an enclosed microfluidic chamber.”’
Reproduced with permission from Khaw et al., Microelectron. Eng. 158 (2016).
Copyright 2016 Elsevier.
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expected. Furthermore, the reaction chamber is adding addendum
mass to the calorimeter sensor, affecting the measurement result.
Commonly used materials for the closed-type microfluidics are
polydimethylsiloxane  (PDMS),*>**  poly(methyl ~methacrylate)
(PMMA),"” parylene,”” and silicon nitride.**

Based on the motion of the liquid during calorimetric sensing,
calorimeters can also be categorized into flow-through and static types.
The flow-through type calorimeter performs measurement while the
liquid sample is flowing through the detection region,"” while the
static type measures the samples in the chamber when the liquid is
still. Although the reported static type generally has higher sensitivity
than the flow-through type, to the authors’ knowledge, there is no
clear evidence to compare the performance of the two types.

C. Thermal insulation methods

Thermal insulation is vital to improve the sensitivity of nano-
calorimeters. Lower thermal conductance means the measured
thermal event can lead to a higher temperature change. An inher-
ent strategy of nanocalorimeter is to use a two-dimensional sub-
strate to reduce the thermal loss. Although a one-dimensional
structure can lead to even higher thermal insulation and higher
detection resolution,”" it is hard to be applied on liquid samples.

Other strategies to further enhance the thermal insulation
were explored. The closed-type calorimeters can form thinner and
complicated 3D wall structures to isolate the system with minimum
addendum mass."® Vacuum could also be used to increase the
thermal insulation significantly when well-designed with parylene
nonpermeable microfluidics to withstand the pressure.”*’

D. Sensing configurations

Calorimeters can sense the sample’s heat by referencing the sur-
rounding thermal bath. The method was already seen in calorimeters
with a high detection resolution.”**> Another type of calorimeters
use a reference side almost identical to the sample side to improve
the performance and solve the problems in a single measurement. A
schematic illustration is shown in Fig. 5. The reference side should

AT

c

reference

Thermometer Thermometer

K

FIG. 5. Thermal scheme of a calorimeter sensor with reference. The tempera-
ture difference AT is the detection of interest. k is the thermal conductance of
the sample and reference cell.
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TABLE I. Nanocalorimeters’ classification methods

Classification methods Classification types

Heat conduction
Power compensation
Open-type
Close-type
Isothermal titration calorimeter (ITC)
Differential scanning calorimeter (DSC)
Single measurement
Twin measurement with a reference
Heating current AC
DC
Static and flow-through

Measure principle
Configuration
Operation mode

Sensing configuration

Liquid motion

be highly symmetric to the sample side to achieve the common
mode rejection, so that the unwanted noise signal could be partly
counteracted and the baseline performance could be improved.

E. Heating currents

DC heating current is often used in calorimetric sensing. They
can serve to calibrate the sensor or raise the temperature for scan-
ning calorimeters. An AC voltage is applied to the heater, and by
the Joule effect, an AC heat wave with twice the input frequency is
produced. The heat wave propagates through the liquid sample
resulting in amplitude decay and phase delay and is detected by the
thermopile placed on the membrane.">”*”” The nanocalorimeter
classification methods are listed in Table I. Meanwhile, the author’s
have summarized detailed information about nanocalorimeters that
are applied in biomolecular interactions in Table II.

11l. NANOCALORIMETERS’ APPLICATIONS IN
BIOSENSING

A. Biomolecular interaction

1. Isothermal type

Nanocalorimeters’ application in compound binding tests was
pioneered by the Palo Alto research center. Open-type calorimeters
were more frequently used by then due to the ease of construction
and high sensitivity. The liquid was either merged by electrostatic
force™” or added by micropipettes.”* The enthalpy arrays were suc-
cessfully applied on three types of biochemical reactions: protein-
ligand binding reactions, with the examples of RNase A (61uM)
and cytidine 2'-monophosphate, streptavidin (36uM, 1.25 mg/ml),
and biotin; enzymatic reactions, such as the phosphorylation of
glucose (500uM) by hexokinase; and organelle reactions, such as mito-
chondria suspension exposure to 2,4-dinitrophenol (DNP) (1.2mM).

A similar open-type calorimeter, named the thermometric
enzyme linked immunosorbent assays (ELISA) system,‘3 ° was used for
a clinically relevant assay (Fig. 6). It measured an anticancer mono-
clonal antibody drug at therapeutic concentrations.”® The activity of
catalase was measured by spectrographically monitoring the con-
sumption of H,O. Closed-type calorimeters’ liquid manipulation is
operated by injecting the liquid in either continuous flow”’ or

REVIEW scitation.org/journal/bmf

5

droplets.”” The schematic view of a closed-type calorimeter’s opera-
tion is shown in Fig. 7. They are used for biochemical reactions
potentially applied in clinical analysis, bioprocess control, and envi-
ronment control.” Similar to enthalpy arrays, the device performance
was often demonstrated by biochemical reactions like the oxidation
of glucose catalyzed by glucose oxidase*>*’ or protein ligand binding
like the reaction of streptavidin solution with biotin solution.” Other
enzyme reactions could be used are like urea hydrolysis catalyzed by
urease’* and alkaline phosphatase (AP) to convert para-nitrophenyl
phosphate (PNPP) into para-nitrophenol (PNP) and phosphate.”’

To expand the power and applications of the closed-type chip
calorimetry, other approaches could be integrated with the system.
One example is the nanohole arrays (NHAs). It operates in a
microchannel coflow to determine the change in concentration
while detecting energy released in a chemical reaction.””** This
method provides more insights into the reaction in real time.
Another strategy is to integrate magnetic beads®’ with a calorimeter
to increase the reaction surface area and extend the reaction dura-
tion beyond the nanocalorimeter time constant. As a result, fast
hybridization reaction of two strands of DNA was demonstrated
with the technique, with one immobilized on the magnetic beads.

Aside from the heat detection of macromolecular interaction,
thermal conductivity and diffusivity of aqueous protein bovine
serum albumin (BSA) sample [20% (w/v)] could be measured by
an AC nanocalorimeter.”” The heater’s modulated heat propagates
through the liquid sample and was sensed by the thermometers on
the other side (Fig. 8). This method could further be used to calcu-
late the heat capacity without DSCs.

2. Temperature scanning type

Temperature scanning type nanocalorimeters are less reported
due to technical difficulties. Two scanning modes were explored in the
literature: slow scan mode (~5 K/min) and fast scan mode (>100 K/s).
The slow scan calorimeters”**** can use external heating sources for
scanning. 10-100 mg/ml of lysozyme denatured and IgG samples were
successfully demonstrated by a group from Virginia Tech.”

Fast scan mode can effectively magnify the power signal, since
the power change is proportional to the scanning speed
(AP = S§-AC,) at a given heat capacity change. A research group
from Xensor Integration®”** combined a commercial nanocalorim-
eter with a microfluidic cover to prevent evaporation (shown in
Fig. 9). The chip was powered by a commercial flash DSC instru-
ment and was scanned at a maximum rate of 1000 K/s. Lysozyme
(1% concentration), bovine serum, and olive oil were characterized
by the method. A more recent study applied on human blood
serum showed differences between cancer patients and normal
patients indicating the fast DSC as a potential cancer diagnostic
tool. The fast scanning rate was further increased to 8000 K/s to
study the lysozyme denaturation. Due to the fast rate, the protein
samples were dissolved in glycerol to prevent evaporation.”’

B. Cell metabolic activity monitoring
1. Thermopile methods

Calorimetric sensing with the thermopile method in both the
static mode and the flow-through mode can determine the heat
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Antibody Binding
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Bi/Ti thermopile

FIG. 6. Nanocalorimeter device cross section layout. The device is open-type
and liquid is delivered through a micropipette.

production in micro-organisms and animal cells. Escherichia coli
activity (>1 nW) under different conditions was measured in the
static mode with a microfluidic system.”” The thermal profiles
matched the exponential growth kinetics yielding the sample’s
growth rate.

The flow-through mode was more frequently applied on cell
metabolic activity measurement. Freiberg’s device'”’" was applied
to monitor the bacterial growth in real time, highlighting its appli-
cability for bioprocess monitoring.'”’ Its schematic composition is
shown in Fig. 10. Furthermore, extensive studies were done on bio-
films to investigate the bacterial resistance mechanism, which has
become a particular concern for antibiotic treatment.””

Apart from micro-organism studies, research studies on
animal cells were also reported by closed-type flow-through nano-
calorimeters. The study by Freiberg’s group on zebrafish embryos*’
allowed the calculation of heat power values of a few hundred
nanowatts per embryo. Such a system could be combined with the
segmented flow technology, which consisted in repetitive sequence
of sample segments separated by immiscible inert segments.”*”
Using the technique, the metabolic activity changes of human
erythrocytes caused by cell sickling was studied for the first time.”®
In addition, nanocalorimetry combined with respirometry enabled
the direct investigation of anaerobic metabolic process of
Trypanosoma cruzi cells by switching the oxygen concentration.””
Another calorimetry sensing technique applied on worms confined
the worm populations in a microfluidic chamber and close to the
sensor surface (Fig. 11). The technique was used to measure the

Isothermal jacket

Thermopiles (TP)

Exit€— _J B | Heat exchanger

TP4 TP3| TP2 TP1

Microfluidic channel System fluidics

Chip

FIG. 7. Schematic
nanocalorimeter.®*:°"'

microfluidic

representation of a

closed-type
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heater

thermopile

top chip
bottom chip

inlets
SiyN, outlet
membranes

FIG. 8. Fluidic AC chip calorimeter composed of two stacked chips with silicon
nitride membranes that define the liquid chamber. Reproduced with permission
from Adrega and Herwaarden, Sens. Actuators A Phys. 167(2), 354-358
(2011). Copyright 2011 Elsevier.

metabolic heat production of Caenorhabditis elegans larval popula-
tions (60-220 organisms).78 However, due to insufficient sensitiv-
ity, thermopile sensors, in overall, can hardly detect metabolic heat
at a very low level of cells (<10).

2. Beam methods

A bimaterial microcantilever placed adjacent to the cell was
reported to measure the heat of four to seven murine brown adipo-
cytes cells stimulated with norepinephrine based on deflection.”
The measurement method was noninvasive and provided plenty of
oxygen for the cells at its native state, allowing researchers to
observe them for several hours and to discover their gradual, long-
term increase in temperature. Bimaterial cantilevers can also form
very small close-chambers. They measure the heat (Fig. 12) by
introducing liquid samples into the cantilever microchannel and
detecting the beam’s deflection.” To date, the device was reported
to measure the heat capacity of organic compounds.”’ It will be
very promising to apply on cell thermal characterization, as it has
shown mass measurement at a single cell level.

In- and outlets
Topas cover

4 9
' [l ] -
Ceramic baseplate m X1-400 chip

Membrane with heater

[ IED[ 1. B

t
Sample side

Part of the liquid which is heated up during the measurement

Reference side

FIG. 9. Fast scan DSC chip cross-sectional view. (a) An empty device showing
the configuration. (b) A device filled with a sample and reference liquid. (c) The
red part indicates the area directly heated up during the measurement.”®
Reproduced with permission from Wolf et al, Thermochim. Acta 603, 172
(2015). Copyright 2015 Elsevier.
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FIG. 10. Scheme of Freiberg's chip calorimeter with integrated thin-film
thermopiles.

Resonator calorimeter with nanowatt resolutions has been
demonstrated to detect metabolic heat emission of a single brown
fat cell (BFC)."”*" The resonator is placed in the vacuum, and the
heat is conducted from the sample in the microfluidic channel via
a heat guide.””"” Tohuku University’s double-supported resonator
(Fig. 13) showed a temperature and power resolution of 79 uK and
1.90 nW. Such a level of measurement could be of a significant
impact on disease diagnosis.

IV. TECHNICAL DIFFICULTIES
A. Temperature control strategies

Commercial bulk calorimeters for biosensing show high per-
formance in feedback control. They are working by monitoring the
differential power and applying to the cell heaters to maintain zero
temperature difference between the reference and sample cells. The
minimized temperature difference is primarily achieved by
advanced control. The cell chamber is made of bulk metal, with
higher thermal conductance than the nanocalorimeter. The
thermal insulation is only 8.4 W/K (calculated by 200ul of the
sample amount and 10 s of response time). Yet, the device showed
a noise level of only 0.84 nW with the control technology.

Most nanocalorimeters’ power resolution or detection limit
heavily relies on high thermal insulation, while temperature feedback
control is rarely integrated on the chip due to technical difficulty.
This could be related to the nature of the lab made device: hardly a

FIG. 11. Microfluidic chip for C. elegans nanocalorimetric assays. Reproduced
with permission from Krenger et al., Lab Chip 18(11), 1641 (2018). Copyright
2018 Royal Society of Chemistry.

scitation.org/journal/bmf

FIG. 12. Top view of a chip containing the BMC (bimetallic microchannel canti-
lever), sample delivery channels, and inlet/outlet. Liquid reagents are confined
within the channel. Reproduced with permission from Faheem Khan et al., Lab
Chip, 14(7), 1302-1307 (2014). Copyright 2014 Royal Society of Chemistry.

standard sensor could be fabricated at a low manufacturing volume.
We might expect nanocalorimeters with more improvements when
implemented with more advanced control.

B. Liquid induced issues

Normally, biological samples are in aqueous environments.
This could cause issues not anticipated in solid samples. One of the
difficulties is the liquid solution has orders of magnitude higher
heat storage capacity than the sample of interest, so it dampens the
impulse heat signal during fast biochemical reactions. Also, a liquid
sample can hardly be adapted to one-dimensional structures for
thermal isolation,””** and therefore the detection resolution could
hardly be compared to those applied on solid materials.
Meanwhile, liquid evaporation causes heat loss and mass loss,
which could affect the detection accuracy. Last, liquids could poten-
tially cause device failure when permeated to the sensing element.

C. Power per volume resolution and signal to noise
ratio improvement

Although some nanocalorimeters’ power resolutions have
reached the nanowatt level, the power per volume might become a
problem, since there is a trend of worse power per volume perfor-
mance at a smaller amount as reported by some researchers.”' The
shrunk volume of the sample generated less heat at the same con-
centration, which makes it especially important to consider the

/ Microchannel \

Sample Cell

Resonant sensor

FIG. 13. Schematic of the resonator calorimeter. (a) The double-supported
type. (b) The cantilevered type. Reproduced with permission from Inomata
et al., Lab Chip, 16(18), 3597-3603 (2016). Copyright 2016 Royal Society of
Chemistry.
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FIG. 14. A nanocalorimeter’s baseline drift as liquid flows through the sensing
area. The signal of interest becomes harder to distinguish due to the baseline
performance. Reproduced with permission from Davaji and Lee, Biosens.
Bioelectron. 59, 120126 (2014). Copyright 2014 Elsevier.

volume specific power. A high surface to volume ratio might be
accountable for this phenomenon, as the smaller sample is more
susceptible to outside perturbation. This might eventually limit the
application at an extremely low volume.

In addition, the theoretical resolution obtained from thermal
insulation and temperature resolution could not be easily guaran-
teed in real applications. Thermal signal could arise from anywhere,
and any disturbance could hamper the resolution. For example,
introducing an additional sample could deviate the temperature
from its original, and thus the ability to monitor the minimum
temperature change could deteriorate as the measurement range is
enlarged (Fig. 14). Moreover, baseline drift resulted from the
gradual change in temperature or asymmetry between sample and
reference could dramatically limit the detection ability. They could
be deemed as unwanted energy flow added to the theoretical noise
additionally.

D. Integration for industrial usage

Nanocalorimeters for macromolecular interaction sensing
have the potential to enable high throughput drug screening.”””°
Yet, as of now, it is almost impractical to apply nanocalorimeters
for industrial applications. Real industrial usage would consider
device reliability, ease of operation, and readiness for automation.
These were still the shortcomings of nanocalorimeters compared to
conventional ones, and additional efforts are needed to overcome
the technical difficulties.

V. CONCLUSION AND FUTURE PERSPECTIVES

The power of calorimeters in biosensing has been extensively
demonstrated in macromolecule interaction detection and celluar
activity monitoring. Nanocalorimeters used low volume samples in
thermal measurement with high throughput. Potentially, this could
propel the drug discovery process and enable disease diagnosis.

The need for high performance nanocalorimeters in the bio-
sensing field has stimulated its development in the past few decades.
Different thermal sensing, thermal insulation, liquid delivery
methods, and sensing configurations were explored, and we catego-
rized them in detail in this paper. In recent years, they demonstrated

REVIEW scitation.org/journal/bmf

many successful applications, as we listed some of them to inspire
future extensions. Despite the exploding research papers showing
latest progress, some technical difficulties were still hampering the
nanocalorimeters’ development progress. This review pointed them
out for future design improvement.

Future prospects of biocalorimetry is highly promising, espe-
cially when the following aspects were taken care of. The bioprocess
monitoring should be at even lower cost to meet the economic
incentives. Similarly, there is a strong requirement for high robust-
ness and easy manipulation devices. In this way, nanocalorimeters
would have even higher impact applications.
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