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Isothermal microcalorimetry accurately detects bacteria,
tumorous microtissues, and parasitic worms in a label-free
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Isothermal microcalorimetry is a label-free assay that allows monitoring of enzymatic and meta-
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bolic activities. The technique has strengths, but most instruments have a low throughput, which Revised 07 NOV 2014
has limited their use for bioassays. Here, an isothermal microcalorimeter, equipped with a vessel Accepted 11 DEC 2014
holder similar to a 48-well plate, was used. The increased throughput of this microcalorimeter Accepted

makes it valuable for biomedical and pharmaceutical applications. Our results show that the sen- article online 15 DEC 2014

sitivity of the instrument allows the detection of 3 x 10* bacteria per vial. Growth of P. mirabilis in
Luria Broth medium was detected between 2 and 9 h with decreasing inoculum. The culture
released 2.1) with a maximum thermal power of 76 uW. The growth rate calculated using calori-
metric and spectrophotometric data were 0.60 and 0.57 h™', respectively. Additional insight on pro-
tease activities of P. mirabilis matching the last peak in heat production could be gathered as well.
Growth of tumor microtissues releasing a maximum thermal power of 2.1 uW was also monitored
and corresponds to a diameter increase of the microtissues from ca. 100 to 428 um. This opens
new research avenues in cancer research, diagnostics, and development of new antitumor drugs.
For parasitic worms, the technique allows assessment of parasite survival using motor and meta-
bolic activities even with a single worm.
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1 Introduction

All living organisms and many related biological process-
es produce heat. Calorimetric techniques can therefore,
in principle, be used to perform many bioassays [1]. For
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example, calorimetry has recently been used for detection
of infection [2—4], drug susceptibility testing [5, 6], screen-
ing for new drugs [7-10], food microbiology [11-14], mate-
rial testing [15], and parasitology [16-18]. When such
measurements are performed, it is the heat production
rate (i.e., the thermal power) that is measured. This kinet-
ic and thermodynamic property is related to the metabol-
ic activity of the observed biological system. However, the
relationship between the sum of metabolic processes and
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the obtained thermodynamic information is complex and
the latter is often ignored. As a result, isothermal micro-
calorimeters are often used primarily as a “bio-activity”
monitor.

As only heat production rate needs to be measured,
calorimetric assays are label free and may be performed
under all kinds of conditions with samples that have very
different physical properties. For example, using calo-
rimetry allows real-time monitoring of metabolic activity
of cells in suspensions, solids, gels, or attached to a sur-
face under oxic or anoxic conditions [1, 19, 20]. This
makes isothermal microcalorimetry well suited for study-
ing complex biological structures such as biofilms, tumor
microtissues, or parasites hiding inside their host cells.
For microtissues and some parasites such as parasitic
worms, there are very few assays available [18, 21]. In
addition, early calorimetric studies on biopsies and
tumors were hindered by the lack of throughput of the
instruments available in 1970s [22—24]. The same was true
for studies on protozoans used as models for parasites or
eukaryotic cells [25, 26]. Finally, the computing power at
this time was not sufficient to analyze the power—time
curves generated by worms using mathematical tools
such as wavelets for example [17]. Thus, microscopy
remained the gold standard for many parasitology and
animal cell studies. However, microscopy is labor inten-
sive and expensive for laboratories. Microcalorimetry has
been shown to allow accurate measurement of worms
metabolic and motor activity at very low workload [16-18]
offering the potential to increase efficiency and decrease
laboratory costs in drug screening for example.

Many types of calorimeters can be used for performing
measurement of living systems, however isothermal
microcalorimeters are now the most commonly used. The
term isothermal microcalorimeter refers to calorimeters
designed for measurements in the range of microwatt, or
lower, under essentially isothermal conditions [27]. Most
isothermal microcalorimeters in use are of the heat con-
duction type. In such instruments, the heat released in
the reaction vessel is conducted through a thermopile
plate before it is taken up by a surrounding heat sink. The
sample volume ranges from 1 to 26 mL and time constants
are usually in the order of a few min. The rate of heat flow
through the thermopile is proportional to the thermopile
potential. As a result, if the rate of the process is rather
constant the potential will be proportional to the thermal
power (the rate of heat production) that is released in the
reaction vessel. If the change in reaction rate is fast com-
pared to the time constant of the instrument, a more com-
plex relationship must be used in order to compensate for
the thermal inertia of the calorimeter [28]. The sensitivity
of modern microcalorimeters is higher than for many con-
ventional methods (spectrophotometry or enzymatic
assays for example). They can detect the metabolic heat
production of 10%-10° bacteria, 10°-~10*% protozoan, or
10%-10% hepatocytes [25, 29, 30]. Multi-channel versions of
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such instruments allows the simultaneous measurements
of many samples [1], thereby increasing the throughput,
and makes the technique interesting as a bio-activity
monitor for many biomedical and pharmaceutical appli-
cations. However, most commercial instruments available
today still have low throughput (i.e., 1-12 channels). As an
alternative, chip calorimeters [31-34] used in combina-
tion with flow-through systems can allow a much higher
throughput than conventional isothermal microcalorime-
ters. Such chip calorimeters have recently been used as
bio-activity monitors in exploratory studies [35, 36]. How-
ever, their small volume (10 nL to 100 uL) and their lower
sensitivity compared to conventional instruments, limit
their use with dilute cell suspensions and heterogeneous
materials like tissue preparations and small animals.

In this context, recently developed well-plate isother-
mal microcalorimeters are of particular interest for biolo-
gists since well-plates are a classical format. In addition to
taking advantage of the sensitivity and label-free nature
of this technique, well-plate calorimeters offer a higher
throughput than many conventional instruments [31, 33,
34], although at the cost of a slightly lower reaction vol-
ume. Still such low volume is sufficient not only for stud-
ies with microbes, but also for engineered microtissues,
biopsies, or parasitic worms. Here, we investigate the
performances of a prototype isothermal microcalorimeter
with a well-plate format sample holder for use in bacteri-
ology, oncology, and parasitology.

2 Materials and methods
2.1 Isothermal microcalorimeter

For all experiments we used a pre-production model of a
48-channel isothermal microcalorimeter (Symcel Sverige
AB, Kista, Sweden — Fig. 1). In this instrument, 48 peltier
elements are in thermal contact with an aluminum block
that serves as heat sink. The construction is suspended in
the cavity of a cuboid shaped block that is thermostated
at the chosen experimental temperature. This assembly
forming the calorimeter unit is positioned in a steel Dewar
vessel, which is mounted in a horizontal position. A third
aluminum block is positioned between the calorimeter
and the lid closing the Dewar vessel. This block is also
thermostated at the experimental temperature and serves
as a pre-thermostat for the samples during their introduc-
tion into their measurement positions. The samples are
contained in screw cap vials made from stainless steel or
titanium that are closed by lids fitted with O-ring seals.
Volume and inner diameter of the vials are 0.6 ml and
8 mm, respectively. The vials are positioned in a plastic
well-plate format sample holder. The well-plate format
sample holder is brought to the measurement position
through a narrow horizontal channel passing through the
thermostated aluminum blocks and the heat sink. A 3-step

© 2015 The Authors. Biotechnology Journal published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 461



Biotechnology
Journal

www.biotechnology-journal.com

controller

Well-plate format sémple holder ﬁ

Figure 1. Picture of the instrument used for the study. The instrument
is composed of a calorimeter unit maintained at constant temperature,
a PID temperature controller, a computer to record the data and a well-
plate format sample holder.

procedure is recommended by the manufacturer for ther-
mal equilibration. In this procedure, the well-plate format
sample holder stays between 10 and 15 min on the first
two aluminum blocks. Then, it is pushed in the measure-
ment position where it stays about 30 min before proper
thermal equilibration is achieved. Usually 1 h was neces-
sary before thermal equilibrium was achieved and meas-
urements could be recorded.

Up to 47 samples can be measured simultaneously —
one position in the plate is charged with an inert sample,
which is used as a reference. For optimal performance at
low power values the instrument can be operated with
multiple separate reference vessels. In our measure-
ments, 32 channels were used for samples as 16 were
used as references (i.e., one reference for two neighboring
samples). The thermostat was set at 37°C for all experi-
ments. At this temperature, the instrument has a short-
term noise below 50 nW for most channels and a baseline
drift below 100 nW per 24 h (manufacturer data for an
empty instrument — note that adding vials usually
increase the stability). However, we noticed that rapid
changes in room temperature did affect the baseline sta-
bility. The microcalorimeter data were sampled at a fre-
quency of 1 data point every 25 s and were stored as an
ASCII file that could be edited in commonly used spread-
sheet software.

2.2 Growth of Proteus mirabilis
(Deutsche Sammlung von Mikroorganismen
und Zellkulturen, DSMZ 4479)

The absorbance of an overnight culture was measured
and the culture was further diluted to obtain an initial con-
centration of 10° colony forming units (cfu). To determine
the sensitivity of the instrument, serial dilutions were per-
formed in order to achieve cell densities ranging from 10°
to 10! cfu/mL. 300 uL of each dilution was placed in stain-
less steel microcalorimetric vials. The same procedure
was repeated with medium containing 4 mg/L of chlo-
ramphenicol to avoid cell divisions during the thermal
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equilibration period of 1 h. We chose a sub-inhibitory con-
centration of chloramphenicol that inhibits growth by
perturbing the synthesis of new proteins without affect-
ing activities of those previously made and thus metabol-
ic heat production.

To investigate the relationship between the thermal
power curve and conventional parameter to estimate
growth, serial dilutions were performed in order to
achieve cultures with a cell density ranging from 10° to
10° cfu/mL. 300 uL of each dilution was placed in stain-
less steel microcalorimetric vials. The vials were then
sealed and inserted in the well-plate microcalorimeter
according to the manufacturer instructions. A parallel set
of vials was prepared and placed in an incubator at 37°C.
Using this set of samples we validated the bacterial meas-
urements by monitoring the OD using a Uvikon 860 spec-
trophotometer (Kontron, Eching, Germany). To further
identify the processes happening during the stationary
growth phase protease activity was quantified using the
azocasein assay. Briefly, 160 uL of cell culture from a
calorimetric vial were centrifuged and 100 pL of super-
natants were incubated with 400 uL of 1% azocasein for
30 min at 37°C. The reaction was stopped by adding
600 uL of 10% trichloro acetic acid further incubation on
ice for 30 min. The samples were then centrifuged at
14 000 rpm for 5 min and 800 UL of the resulting super-
natants were added to a polystyrene spectrophotometer
cuvette containing 200 uL of 1.8 N sodium hydroxide.
Absorbances at 420 nm of the samples were measured
using a Uvikon 860 spectrophotometer (Kontron, Eching
Germany). The amount of azo dye release by protease was
calculated using the Beer—-Lambert law assuming a molar
absorption coefficient of 82 600 L/mol/cm.

2.3 Growth of tumor microtissues

Tumor microtissues were obtained from InSphero (Schlie-
ren, Switzerland). In this study we used hepatocarcinoma
microtissues based on the HepG2 cell line (American type
culture collection, ATCC® HB-8065). Upon receipt, differ-
ent numbers of microtissues were immediately transferred
into titanium microcalorimetric vials by pipetting (accord-
ing to the handling instructions of the provider). After
transfer, the original medium was replaced with 300 uL of
fresh 3D culture medium (InSphero 3D InSight™ Cell-
Culture Media). The vials were then sealed and inserted in
the well-plate microcalorimeter according to manufactur-
er instructions. The metabolic heat signal was recorded
until it returned to baseline (i.e., until metabolic activity
was no longer detectable). At the end of the culture, vials
were reopened and the size of the microtissues was meas-
ured microscopically. Finally 10 puL of the culture medium
were streaked on a brain heart infusion (BHI) agar plate to
ensure the absence of bacterial contamination.
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2.4 Monitoring the metabolic and motor activity
of the parasitic worm Schistosoma

2.4.1  Adult Schistosoma preparation

Naval Medical Research Institute (NMRI) mice were
infected subcutaneously with approximately 200 S. man-
soni cercariae. After 7-8 weeks, mice were killed using
CO, and dissected. The schistosomes were removed from
the hepatic portal system and the mesenteric veins.
Worms were washed three times with PBS (pH 7.4),
placed in Roswell Park Memorial Institute (RPMI) 1640
culture medium, and kept at 37°C in an atmosphere of 5%
CO, until use. All culture media used were supplemented
with 5% inactivated fetal calf serum (iFCS), 100 U/mL
penicillin, and 100 pg/mL streptomycin.

Worms were transferred to the stainless steel micro-
calorimetric vials with 300 UL of the culture medium. The
vials were sealed and inserted in the well-plate micro-
calorimeter according to the manufacturer instructions.
The heat production rate calorimetric signal was record-
ed until it returned to baseline.

2.4.2 Data analysis

Data from measuring channels showing too much elec-
tronic noise or poor thermal equilibration were discarded.
Growth parameters of planktonic P mirabilis were
estimated by fitting a simple exponential model
(Q,=Q, x e to the heat over time curve (obtained by
integration of the raw data (i.e., the thermal power over
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time curve)). The lag phase and the total heat were esti-
mated using the Gompertz model [37]. Growth of hepato-
carcinoma microtissues were analyzed by fitting the
Gompertz growth model to the heat over time curve. To
determine the motor activity of the Schistsoma worms,
wavelet decomposition was performed according to ref.
[17] with the exception that the absolute value of the
“noise” (i.e., the random oscillations in the signal result-
ing form the worm motor activity) is given instead of its
amplitude. Statistical comparisons between different
groups of data were performed using analysis of variance
(ANOVA) after the normality was confirmed using the
Shapiro—Wilk normality test. All statistical analyses were
performed using the R statistical software and the grofit
package [38, 39].

3 Results

In all the performed experiments the heat production rate
by the living organisms tested was sufficient to produce
a detectable signal over time.

As expected the metabolic heat production during the
growth of P mirabilis was easily detected (Fig. 2). Based
on the average thermal power of P mirabilis serial dilu-
tions during the 20 min after 1 h of thermal equilibration,
the detection limit was estimated to be 3 x 10 cfu per vial.
This compares well with other well-known instruments
[31]. Slowing down the growth of P mirabilis with chlo-
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ramphenicol did not significantly change the results and
the same detection limit was observed. The raw thermal
power signal is composed of three mains peaks. The first
two of these peaks are rather sharp as the last one is much
wider (Fig. 2A). The maximum thermal power measured
was 76 £ 13 UW (n = 25). The lag phase duration ranged
from 2 to 9 h and was inversely proportional to the inocu-
lum size (Fig. 2B). The growth rate determined was
0.60 £ 0.14 h™! (n = 25) (Fig. 2C). The total heat released
during the growth experiments was 2.1 £ 0.3 J (n = 25)
(Fig. 2D). The growth rate measured represent a doubling
time of 1.16 h which is in agreement with the OD meas-
urement providing a similar growth curve and a similar
growth rate 0.57 h! (Fig. 3A). When comparing the
growth curve obtained using the spectrophotometer we
can see that the first two peaks correspond to an increase
in cell number. On the contrary the last peak is clearly
linked to another metabolic process. Previous observa-
tions made with Escherichia coli have shown that the first

firm the presence of the protease activity
peak.

10 12

peak can be associated to respiration that is metabolical-
ly preferred in facultative anaerobe and that following
peaks could be attributed to fermentations of various sub-
strates [19]. Indeed our setup, the amount of oxygen in the
medium is ca. 0.08 pmoles and the amount of oxygen con-
tained the headspace (200 uL) of the vial is ca. 1.9 umoles.
Using these values and the Thornton rule [40, 41] we can
estimate a total heat of 909 mJ if all oxygen was used.
However, after the second peak ca 930 £ 3 mJ have been
produced. This shows that even if all oxygen could be
used, fermentation would still be needed to provide the
remaining heat. Because oxygen consumption rate is
much higher than oxygen diffusion rate that is rather slow
in aqueous solutions, it is likely that fermentation starts
much before oxygen is exhausted from the headspace,
thus leading to two peaks of similar sizes. In larger vials
oxygen diffusion can be considered as negligible [19];
however, the vials used here have small volume and a
reduced oxygen diffusion path. Therefore, oxygen diffu-
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sion should be considered [42, 43]. The peak in protease
activity determined by our enzyme assay matched the
last peak in the metabolic heat production rate curve
(Fig. 3B). At this point it should be noted that the protease
assay is quite long and that some shift between the pro-
tease activity observed using the azocasein assay and the
calorimetry data might occur. However, such shift cannot
be longer than the assay time (i.e., 1 h). Even considering
such shift the two peaks still match well. Furthermore,
these observations are consistent with production of large
amounts of protease by P mirabilis entering the station-
ary growth phase as previously reported in the literature
[44].

The growth of hepatocarcinoma microtissues released
much less heat (Fig. 4A) than bacteria used in this study.
The maximum thermal power observed was 2.1 p{W. The
thermal power measured during the first 5 h of the exper-
iment was directly proportional to the number of micro-
tissues placed in the microcalorimetric vial (Fig. 4B). As a
microtissue is made of about 1000 cells (manufacturer
data), one can estimate a heat production of 102 pW per
cell. In comparison, previous data for rat hepatocytes
reported a heat production of 329 pW per cell [30]. Simi-
larly, for bacteria (see above), the lag phase duration that
was obtained when fitting the heat over time curve with

Number of microtissues

Figure 4. (A) Representative metabolic
thermal power pattern in uW of samples
containing 1, 5, 10, and 15 hepatocarci-

. noma microtissues grown in 300 pL of
InSphero 3D InSight™ Cell-Culture
Media. (B) Average thermal power
(proxy for the overall metabolic activity)
during the first 5 h of the experiment.
Note the linear relationship between the
number of microtissues (ca. 1000 cells
per microtissue) and the thermal power.
(C) Lag phase duration decreasing expo-
nentially as the number of microtissues
increases. (D) Picture of a microtissue
recovered at the end of the measure-
ments. Measurements in B,C are the
mean (dot) and the SD (error bars) of
four replicates.

the Gompertz model also increased as inoculum decreased
(Fig. 4C). The measured growth rate was ca. 0.005 h™
which means a doubling time of 138 h. This doubling time
seems rather high compared to hepatocarcinoma cell cul-
tures in monolayers where doubling times range from 19
to 66 h [45]; however, it is known that cells proliferate
much slower in microtissues [21, 46, 47]. Thus, such dou-
bling time is compatible with microtissue biology. Micro-
scopic observations revealed that at the end of the meas-
urements the microtissues had increased in size from 100
to 160 pm at delivery to 428 £ 71 um. In addition, they
were very cohesive and very few planktonic cells were
observed in the medium (Fig. 4D). This indicates that
most of the heat comes from the microtissue metabolism.
No bacterial contamination was observed, thus indicat-
ing that the signal observed can clearly be linked to the
metabolic activity of the tumor cells.

Finally, the Schistoma showed decreasing metabolic
activity over time. The overall activity decreased rapidly
over the first 10-24 h. Then, the overall metabolic activity
stabilized for a time period lasting between a few hours
and a few days (up to 180 h) and then returned to baseline
indicating worm death (Fig. 5A). This overall pattern is in
close agreement with the pattern previously observed
[17]. On the other hand the worms’ motor activity was
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Figure 5. Example of a measurement of Schistosoma metabolic and motor
activity as recorded by the thermal power in pW. Worms were in stainless
steel microcalorimetric vials with 300 UL of RPMI culture medium con-
taining 5% iFCS. (A) Overall signal including metabolic activity and motor
activity (additional oscillations in the signal visible in the insert) of one
vial containing five worms. (B) Random oscillations used as a proxy for
the motor activity. (C) Overall signal including metabolic activity and
motor activity of one vial containing one female Schistosoma.

clearly visible and followed a decreasing trend over time
as well. Random oscillations (i.e., the additional “noise” in
the signal resulting form the worm motor activity) showed
a maximum of 1.8 UW at the beginning (Fig. 56B) and
decreased below detection limit slightly before the meta-
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bolic activity returned to baseline consistent with senes-
cence and death. Considering an electronic noise of
ca. B0 nW the maximal S/N is ca. 35:1. The motor activity
signal was very strong even when a single worm was con-
sidered (Fig. 5C).

4 Discussion

In all the applications tested the isothermal microcalori-
meter with its well-plate format sample holder provided
reproducible data. For bacteria (i.e., P mirabilis) the
growth rate and the lag phase duration can be determined
using a microcalorimeter and data are consistent with
conventional OD readings and CFU counts. Potentially, the
determined growth rate can be used to assess the effect of
a substance on microbial growth, and the lag phase dura-
tion can be used to estimate the bacterial load in a sample
or a potential bactericidal effect more quickly and as reli-
ably than time consuming conventional methods used for
screening [6, 37]. This instrument could also be used for
opaque samples (blood, stool, or milk) where optical meth-
ods (i.e., OD measurement) could not be applied.

For microtissues and parasitic worms, our data are in
agreement with previously collected data using other
microcalorimeters and with data available in the literature
[17, 48, 49]. For both microtissues and parasitic worms
microscopy remains the gold standard; however, our
results demonstrates that a well-plate format micro-
calorimeter is sensitive enough to offer a similar through-
put at a much lower workload. In addition, combining
microcalorimetric data with other sets of data allows pin-
pointing of interesting time points in the heat production
profile. For example, with P mirabilis the last peak reflects
the protease activity and could be used to assess produc-
tion of such enzymes in other organisms as well. This
peak is quite marked since the enthalpy of hydrolysis of
peptide bonds is high [50, 51], although this also depends
on the solution pH and buffer used. As a result the tech-
nique is sensitive enough and it opens promising
research avenues in the screening of protease inhibitors,
as those enzymes have often been implicated as a viru-
lence factor of bacteria [562]. Furthermore, considering the
importance of protease inhibitors in several other infec-
tions including human immunodeficiency virus (HIV),
hepatitis, malaria, Giardiasis, and Chagas diseases as
well as cancer [53-56] one might hypothesize that a rap-
id calorimetric screening of protease inhibitors could eas-
ily be implemented, thus allowing higher throughput and
faster screening in drug development.

Similarly when considering cancer, it has been clearly
demonstrated over the last years that 3-D microtissue
models have a higher predictability for in vivo response
than conventional monolayer culture [57]. Our results
show that overall viability and growth of cancer microtis-
sues can be easily monitored over time without the need
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of disrupting them to perform a viability assay. Consider-
ing the high intratumor genetic heterogeneity [58], phe-
notypic screening of the susceptibility of tumors to anti-
tumor agents potentially provides a cheap alternative for
selecting the best possible chemotherapy and aids the
development of personalized medicine based on tumor
biopsies. Previous work on urogenital tumor biopsies
have indeed demonstrated that microcalorimetry can be
used as an accurate diagnostic tool since cancerous tis-
sues produce more heat than healthy tissues. In addition
it was shown that microcalorimetric measurements per-
formed on such biopsies could be related to the histolog-
ical grading of the same biopsies [22].

Finally with respect to applications in parasitology,
our results indicate that the low mass and the high ther-
mal conductivity of the microcalorimetric vials contribute
to an increased sensitivity compared to other instru-
ments. Thus, it becomes possible to get accurate data
with single worms decreasing the need to sacrifice hosts.
Furthermore, the workload is rather low since there is no
need for continual microscopic evaluation (mostly based
on the motor activity) to assess the viability of worm, as
well as their senescence and death.

Although, the well plate format is extremely common
for biological assays, they often require labeled substrate
or labeled organisms. On the other hand isothermal
microcalorimetry is label-free and has become more com-
monly used among biologists and physicians over the last
few years [1, 19]. Here, we have demonstrated that a well
plate instrument combining the throughput of well-plate
assays and the sensitivity of isothermal microcalorimetry
can be easily used in the fields of microbiology, oncology,
and parasitology. The label free and passive nature of
isothermal microcalorimetry allows making measure-
ments on complex 3D structures (such has microtissues)
that would otherwise require destruction to perform a
conventional assay (DNA or protein quantification for
example). Therefore, we believe that there is not only
room, but also a bright future for this technique in applied
biology and medicine. Future users will need to adapt cur-
rent assays or develop new ones and optimize those in
their own fields of research. Particular attention should be
paid to the interpretation of the calorimetric signal and its
“translation” into a biologically meaningful equivalent.
For example the choice of the growth model applied to the
bacterial growth needs to be appropriate [37] and one
must take care that the fitted part of the calorimetric
curve actually corresponds to the growth. Similarly, the
wavelet decomposition used to extract the worms’ motor
activity needs to be optimized depending on the type of
worms considered and the experimental conditions. Only
after careful model choice and optimization can the
method be applied routinely and data analyzed automat-
ically by batches. Such potential for automation of the
data treatment per batches (i.e., in this case a well-plate)
also contribute to the attractiveness of the technique.
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