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a b s t r a c t
Microcalorimetry has been widely used in measuring cellular metabolic heat to study bioprocesses, such
as metabolism. However, it is still limited by insufﬁcient sensitivity and system complexity, especially
for the direct measurements of individual cells. Here, we present a droplet-based simple differential
microcalorimetric system for determining the real-time energy balance of the ciliate protist, Paramecium
caudatum. We utilized the platform to dynamically monitor its defensive behavior and measured the
temperature change. Then we used heat balance equation and calculated corresponding dissipated power
and energy with an ultimate resolution of ≈14 nW. The results showed that the defensive behavior by
the ejection of the trichocysts’ content consumed energy of ≈0.75 mJ per cell, and the dissipated power
was ≈303.8 W. This differential microcalorimetric platform can be used to study the metabolic heat
of protist metabolism as well as other individual cells, helping us to understand this widespread, yet
little-known, biological phenomenon from a new perspective.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction
Real-time energy balance monitoring is crucial for characterizing and analyzing the thermodynamics of physical, chemical, and
biological processes [1–5], with a special emphasis on unicellular
eukaryotes, as well as individual cells from multicellular organisms
[6]. These experiments provide a new type of information about
general cellular processes, such as metabolism and responses to
environmental stimuli [7]. There are several approaches that can be
used to monitor their energy balance, including scanning thermal
microscopy [8], ﬂuorescent techniques based on ﬂuorescent polymeric thermometers [9], green ﬂuorescent protein [10] or quantum
dots [11], and microcalorimetry for the overall reaction heat measurements [12]. Microcalorimetry has become a powerful tool for
characterizing label-free molecular interactions by evaluating their
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enthalpy [13,14]. It is capable of processing small volume samples
in or even below the L range, leading to a high thermal resolution.
Therefore, it has been widely used to monitor the energy balance
and measure the metabolic heat of bioprocesses in cells and tissues
[3,4,15,16], perform disease diagnosis [17] and aid in drug discovery [18–20]. However, monitoring the energy balance at the microand/or nano-scales required for this work is challenging, especially
with temperature and power resolution in the K and nW range,
respectively.
With the advent of micromachining and microﬂuidic technology, high-performance microcalorimeters for chemical and
biological applications were developed [1,21,22]. Systems to perform dissipated power measurements in samples with a volume
in the pL range were also developed [23]. Moreover, sensitive
systems are now available to measure the metabolic heat associated with different cellular processes [16,17,24,25]. The isothermal
microcalorimetry was employed to detect bacteria, tumorous
microtissues, and parasitic worms in a label-free manner [16]. The
system was also utilized to monitor the growth of the bacteria Pro-
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teus mirabilis, resulting in a total energy release of ≈2.1 J with a
maximum thermal power of ≈76 W.
Recently, a microﬂuidic calorimeter with a sensitivity of ≈0.2
nW was reported [26]. The platform was utilized to measure
the metabolic heat rate of the ciliate Tetrahymena thermophila
and determine its spare respiratory capacity. However, the measurement platform had only one calorimeter, which could not
be operated in a differential mode. The ﬂuctuation of ambient temperature could have a non-negligible impact on the
metabolic rate measurements, even within a high-vacuum environment. Moreover, the authors utilized magnetic particles to
capture and immobilize the cells, which could have inﬂuenced
their natural activities and, therefore, could have biased the result.
A microcalorimeter to measure the metabolic heat output of
Caenorhabditis elegans with power resolution of ≈270 pW was
reported [27], allowing time-resolved measurement of a single
worm from the larval to the adult stage. However, in order to
perform the measurements, the specimen has to be immobilized in a capillary tube, preventing its natural movement; this
has a signiﬁcant impact on metabolism. Moreover, almost all the
microcalorimeters developed for metabolic heat determinations
have a time constant from tens to hundreds of seconds [16,26,27].
Although these heat conduction calorimeters can measure bioprocess in a dynamic manner, due to their long thermal response they
are better suited for slower biological processes such as microbial
growth.
Paramecium caudatum (P. caudatum) is a unicellular eukaryote
frequent in freshwater ecosystems, widely used as a biomodel to
evaluate environmental quality and the effects of xenobiotic compounds, to name the most frequent applications [28–30]. Like many
other protists when under threat, P. caudatum activates defense
mechanism by ejecting numerous sharply-pointed structures from
specialized organelles called trichocysts [30]. This defense mechanism can be artiﬁcially triggered by exposing the ciliate to various
surfactants e.g. Triton [31], and due to dependence on metabolic
energy [31], this results in a temperature change. However, the
real-time energy balance of this defense mechanism has not yet
been studied.
In this work, we present a droplet-based microcalorimeter
capable of dynamically monitoring the defensive behavior of P.
caudatum with a resolution of ≈14 nW. Our differential microcalorimetric platform has a small value of thermal time constant of ≈1.5
s, therefore, it allowed the dynamic and real-time monitoring of
bioprocesses in an unrestricted manner. It is important to note,
that energy balance for biologists refers to the difference between
energy inputs such as chemical energy from nutrients and energy
outputs such as heat, motor activity, biomass chemical energy, ATP
hydrolysis to ADP etc. Here we consider the system energy balance
from physics point-of-view as we monitor overall energy difference
inside the isolated calorimeter system.
A single protist was placed into a ≈1 L droplet of cultivation
medium, which simulated unconstrained microenvironment. We
measured the temperature change of the droplet and calculated
the corresponding dissipated power and consumed energy, demonstrating the potential of this approach to study chemical-induced
bioprocesses of P. caudatum. It could be further used for analyzing other bioprocesses, such as cell division, differentiation, and
apoptosis.

(Fig. 1a). It consists of the following three components: a thermostatic system, a microcalorimeter chip, and a microscope-based
imaging system.
The thermostatic system is composed of nested outer, middle
and inner chambers, which are made from brass and assembled
together by plastic screws (Fig. 1b). Heaters, coolers and sensors for
controlling internal temperature were ﬁxed on the bottom of each
chamber. The outer chamber and cover were connected and sealed
using screws, o-rings and sealing grease. There are four connecting
ports on the outer chamber: two for vacuum and pressure measurement and another two for wire connections. A view window was
located on the outer cover for the observation of microcalorimeter
chips and experimental phenomena. The thermostatic system provides excellent thermal isolation, which can suppress the inﬂuence
of ambience.
We utilized our previously reported [32] open-chamber
microcalorimeter chip designed using Nanolithography Toolbox
software [33,34] to perform the metabolic heat measurements. We
ﬁrst deposited and patterned a sandwich layer of Cr and Au as
heater and a resistance temperature detector (RTD). The RTD sensor had a spiral structure with a large sensing area of 2.4 mm2 .
The absence of ﬂuidic channels or chambers for sample injection
and reaction further lowers the thermal conductance of the chip
and greatly simpliﬁes its design and fabrication (Fig. 1c). There is
a close-up showing the patterned temperature sensor and heater.
For details about fabrication, see Methods and Supplementary Fig.
1.
The chambers were installed on a customized microscope stage.
We utilized the microscope-based imaging system to observe the
cell’s activity inside the droplet, using pictures and videos. The
microcalorimeter chip and printed circuit board (PCB) were assembled in the inner chamber.
The surface of fabricated microcalorimeter chips was coated
with ﬂuorosilane [35] and two chips were directly soldered to the
customized PCB (Fig. 1d). With two external resistors, we formed
a Wheatstone bridge in a differential conﬁguration to reject the
common mode. We only measured the differences between resistances of two RTDs, thereby suppressing the inﬂuence of ambience
and improving the sensitivity. However, evaporation of water from
sample droplets would cause heat loss and a change in thermal
capacitance, leading to increased error in the measurement. Therefore, we covered the sample with mineral oil, forming a virtual
reaction chamber (VRC) (Fig. 1d). The VRC prevented the evaporation of samples, thus eliminating the related heat loss. Mineral oil
of high purity grade is traditionally used to prevent biological systems against evaporation [36]. Also the VRC and sensor/heater were
separated from each other by the glass substrate preventing the liquids from inﬂuencing the properties of the sensors. Moreover, we
did not observe any degradation of the hydrophobic coating on the
surface of microcalorimeter chips.
2.2. Characterization of microcalorimeter
The principle of calorimetric measurement can be described as
follows: ﬁrst, the metabolic heat output generated by a biosample
will cause a temperature change (T) in the droplet; then the T
will be detected by the sensor (RTD) on the microcalorimeter chip,
with the heat output calculated by using the heat balance equation:
C

2. Results

dT
+ G · T = P
dt

(1)

where C, t, G and P are thermal capacitance, time, thermal conductance of the chip, and dissipated power, respectively. Before
measuring the metabolic heat of the bioprocesses, we characterized
the thermal properties of the microcalorimeter chip by methods described earlier [32], including electrical resistance (R) and

2.1. Design of microcalorimetric platform and chip
We designed a microcalorimetric platform to decrease heat
loss, suppress the inﬂuence of ambience, and improve sensitivity
2
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Fig. 1. Design of microcalorimetric platform and chip. (a) The assembled microcalorimetric platform containing thermostatic system, microscope-based imaging system and
microcalorimeter chip. The connecting ports are used for vacuum and pressure measurement, as well as for wire connections. (b) The explosive view of the platform. The
thermostatic system consisting of three nested isolation chambers is used for optimal thermal isolation, which can suppress the inﬂuence of ambience. Each chamber has its
own heater, cooler and sensor for internal temperature controlling. A view window is located on the outer cover for the observation of experimental phenomena. The PCB
with microcalorimeter chips is assembled into an inner chamber. (c) The fabricated microcalorimeter chip and a close-up of sensor and heater both made of Au. The sensor
has a spiral structure and is surrounded by the heater. (d) The setup of PCB with microcalorimeter chips and a close-up of the virtual reaction chamber (VRC). Two chips are
soldered onto PCB, forming a differential conﬁguration to reject the common mode. The samples are dispensed into a droplet of mineral oil, forming a VRC to prevent the
evaporation. The VRC and sensor/heater are separated by the glass substrate, so there is no inﬂuence between them.

temperature coefﬁcient of resistance (␣) of the sensor, thermal conductance, capacitance and time constant () of the chip, and the
thermal resolution and sensitivity of the microcalorimeter.
We measured the R and ␣ of the sensor on the microcalorimeter
chip using the four-point probe method (see Methods and Supplementary Fig. 2). We obtained the resistance at 0 ◦ C (R0 ) and ␣ as
(109.7 ± 0.2)  and (3.15 ± 0.07) × 10−3 K−1 , respectively - both
(mean ± standard deviation). The RTD was then connected to a
Wheatstone bridge (Fig. 2a) [37]. R1 , RS and RF represent the variable resistor for adjusting the balance of the bridge, the resistance of
RTD and the ﬁxed resistors with nominal resistance of 1 k, respectively. The Wheatstone bridge was powered by a sinus-shaped
voltage with an VB amplitude of 100 mV root mean square (RMS)
provided by a lock-in ampliﬁer internal power supply. The Wheatstone bridge output voltages were subtracted from each other and
ampliﬁed by an internal differential ampliﬁer with gain (GD ) set to
991, then processed by a voltage preampliﬁer with gain (GV ) of 1,
and, ﬁnally, by a lock-in ampliﬁer with sensitivity set to 100 mV. The
lock-in ampliﬁer output voltage (VL ) was recorded by an oscilloscope. The temperature response (TT ) of the microcalorimeter can
be derived as follows:

value allowing us to measure fast biological processes. Then the
thermal capacitance C was calculated as G· ≈423.5 J·K−1 .
We evaluated the sensitivity of the microcalorimeter by determining the system noise with set VB of 100 mV RMS, GD = 991, GV
= 20, and S =1 mV, providing a TT value of ≈1561 V·K−1 , according to Eq. (2). We then calculated the temperature noise (Tnoise ) as
≈49.7 K (Fig. 2c). As a result, the sensitivity of our microcalorimeter was calculated as Ps = G·Tnoise ≈14 nW. Although the sensitivity
of our calorimeter did not supersede two recently reported works
[26,27], our microcalorimeter is still one of the best metabolic heat
measurement platforms reported until now. There is still a room
for improvement by lowering the G value of the glass substrate as
well as improve thermal stability of the chamber, which will be
addressed in our next-generation microcalorimeter.
We also estimated the self-heating of RTD during the measurements. The applied voltage VB has an amplitude of 100 mV RMS to
keep the temperature increase (TSH ) of the microcalorimeter chip
due to the self-heating effect minimized as:

VL
˛ · VB · GD · GV
TT =
= 10
4·S
T

TSH =

(2)

We calculated the temperature response of ≈7.8 V·K−1 ; then,
the voltage output was converted to the temperature signal using
T = V/TT , and the voltage input was converted to power input
using P = VB 2 /(4·RS ) (Fig. 2b). Therefore, the thermal conductance
can be calculated using Eq. (1) in steady state: G = P/T ≈282.3
W·K−1 . The time constant was extracted as  = 1.5 s, a very low

VB2
4 · G · R0

(3)

The TSH was calculated as ≈80.7 mK, causing a ﬁxed offset at
the bridge output, since the VB is applied during entire measurements. This offset is further eliminated by the bridge conﬁguration
in a fully differential mode as shown before [37], therefore, it does
not inﬂuence the metabolic heat measurements.
3
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Fig. 2. Characterization of microcalorimeter. (a) The schematic of electric circuit for microcalorimeter chip characterization. The chip is connected into a Wheatstone bridge,
as RS . R1 and RF are the variable and ﬁxed resistors. The bridge is powered by a lock-in ampliﬁer and its output is then processed by a differential ampliﬁer, a voltage
preampliﬁer, and a lock-in ampliﬁer, and is ﬁnally recorded by an oscilloscope. (b) The T according to the applied power. The thermal conductance can be calculated using
G = P/T ≈282.3 W·K−1 . (c) The noise measurement. The temperature ﬂuctuation of the system is measured by an RTD for ≈200 s. The RMS temperature noise is ≈49.7 K;
therefore, the sensitivity of our microcalorimeter was ≈14 nW. Source data for 2b and 2c are provided as Source Data ﬁles.

Fig. 3. Real-time monitoring of the defensive behavior of P. caudatum. (a) The voltage output (VL ) as a function of t in monitoring the defensive behavior. The result shows
the different stages of measurements, including droplet dispensing and mixing, the defensive behavior of P. caudatum, and its disintegration. The ﬁrst peak is caused by
droplet mixing and defensive behavior, while the second one is induced by cell disintegration. The temperature difference T1 represents the Triton-induced death and
cell disintegration, with the difference between initial and ﬁnal equilibrium T2 being the normal metabolism of P. caudatum. (b) The photos capturing different stages
corresponding to the blue boxes in Fig. 3a. (i) P. caudatum with an intact membrane; (ii) the blast-like defensive behavior; (iii) trichocyst arrows scattered nearby and a broken
membrane with leakage of cellular material at left bottom; (iv) dissolving membrane; (v) ruptured membrane, likely a consequence of an uncontrolled massive release of
trichocysts arrows; (vi ) cellular debris. Source data for 3a is provided as a Source Data ﬁle. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article).

2.3. Real-time monitoring of the defensive behavior of P.
caudatum

the defensive behavior of P. caudatum induced by the addition of
Triton X-100 (Triton) The experiments were conducted using two
microcalorimeter chips connected to a Wheatstone bridge in a fully
differential mode (Fig. 1d; Supplementary Fig. 3). The detection
circuit is modiﬁed from Fig. 2a by replacing the two ﬁxed resistors
(RF ) with an adjustable resistor (R2 ) and a reference resistor (RR ).

We utilized our nanowatt droplet-based differential
microcalorimetric platform to monitor the energy balance
and measure the corresponding dissipation and energy change of
4
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Sensors and Actuators A 323 (2021) 112643

The differential system signiﬁcantly suppresses ambient noise
and improves the accuracy of metabolic heat measurements.
The Wheatstone bridge was powered with an amplitude of VB
set to 100 mV RMS, and the output VL was recorded with an
oscilloscope and converted into T using Eq. (2) (Fig. 3a).
We placed a ≈0.5 L droplet of suspension containing P. caudatum on the testing microcalorimeter chip and a ≈1 L droplet
of water on the reference chip. Both droplets were subsequently
covered with ≈4.0 L of mineral oil, forming the VRC to suppress
the water evaporation.
The platform was aligned using a microscope and the counted
number of P. caudatum was ﬁve. The system was ﬁrst initialized to
equilibrium from t ≈0 s. At that moment, due to the sufﬁcient living space and nutrients, P. caudatum behaved naturally and had an
intact membrane (Fig. 3b i). We then added a ≈0.5 L Triton droplet
into the VRC on the testing chip at t ≈115 s. The two droplets mixed
inside the VRC, and when the protist came into contact with Triton, it quickly moved away and activated its defense mechanism by
ejecting numerous sharply-pointed arrows from organelles called
trichocysts, which are localized under its cellular membrane. This
activity is very fast, corresponding to a time range between ≈133
ms and ≈165 ms (see supplementary Video), which is in a similar
time frame to previously reported values [30].
Meanwhile, a phenomenon looking like exploding of a bomb was
observed, creating a clear area (Fig. 3b ii). The droplets mixing and
the defensive behavior consumed energy and caused a temperature
decrease by ≈750 mK at t ≈125 s. The microcalorimeter temperature then gradually increased and reached almost the equilibrium
value of ≈23 mK at t ≈168 s. There was a P. caudatum with arrows
scattered nearby, with leakage of cellular material at the left bottom part of the cell (Fig. 3b iii), while the cell membrane still looked
intact.
After that, the temperature decreased again and reached the
second peak at t ≈211 s. During this time, we observed the disintegration of P. caudatum membrane (Fig. 3b iv). This is because
Triton destroys the membrane structure and increases its permeability. The membrane disintegration consumed energy, causing a
T of ≈365 mK, and the P. caudatum gradually lost its viability.
The cellular material was released massively (Fig. 3b v), increasing
VL . Finally, the P. caudatum membrane was completely dissolved,
releasing the cellular contents (Fig. 3b vi ), and the system gradually
reached the ﬁnal equilibrium of ≈33 mK at t ≈900 s. We recorded a
video using a CMOS camera with a 20.2-megapixel imager and 30
frames·s−1 , showing the defensive behavior of P. caudatum upon
the addition of Triton (see supplementary video).
Energetic processes in cells are complex and catabolic exothermic reactions are tightly coupled with endothermic anabolic
processes and the process of exocytosis is no exception. Since the
trichocyst exocytosis is an endothermic process [38,39], this mechanisms of cell defense requires an energy. The endothermic phase of
exocytosis could be observed from phase i to phase ii (Fig. 3a). Then
there is system relaxation bringing the microcalorimeter back to
original temperature (ii to iii) and the metabolisms of cells returns
nearly to the original state (ii-iii). In this phase the cell membrane is
probably reconstructed after its massive fusion with trichocysts in
the previous phase [40]. This is supported by our observation using
microscope where the cell till phase iii seemed to be intact. The second decrease of the signal (iii-iv) could be assigned to the lysis of
cells due to the persistent presence of toxic concentrations of Triton
in the medium. P. caudatum is equipped with contractile vacuole
which ensures the broad range of its osmotic resistance [41] but the
detergent Triton in the concentration needed for exocytosis stimulation and after longer exposition destroys physiological functions
of cell membrane. We observed its rupture, cell lysis and slow ﬁrst
temperature decrease and later on increase back to original equilibrium (Fig. 3a iv-vi).

Besides the key experiment described above, we also performed
a set of reference experiments always using volume of ≈0.5 L
of a hay extract solution having typically one of two P. caudatum
covered with ≈4 L of mineral oil. Then we added different solutions (see below) with volume of ≈0.5 L to merge with a fresh hay
extract with one or two P. caudatum, such as DI water, hay extract,
DI water with ≈0.001 % of Triton solution (experiment described
above in Fig. 3), DI water with ≈0.0005 % of Triton solution, DI water
with ≈0.00025 % of Triton solution, and DI water with ≈0.0001 %
of Triton solution.
Only samples containing stronger contents of Triton had an
effect on the P. caudatum. Adding ≈0.001 % of Triton immediately
killed P. caudatum. Adding ≈0.0005 % Triton solution killed P. caudatum in a few s while ≈0.0001 % Triton solution did not exhibit any
obvious effect on P. caudatum. We can therefore conclude that it is
the Triton and not osmotic effect destroying P. caudatum, which is
in an agreement with previously published work showing P. caudatum having specialized organelle (the contractile vacuole) with an
ability to regulate osmotic pressure [41]. Presence of this organelle
allows survival of P. caudatum in solutions with different content
of ions therefore we did not observe the different behavior of cells
in DI water and hay extract.
From the real-time monitoring measurements, we can draw the
conclusion that three activities are responsible for T: ﬁrst, droplet
dispensing and mixing, which cause a temperature decrease; then,
the blast-like defensive behavior of P. caudatum, which brings a
quick and dramatic temperature drop; ﬁnally, the disintegration of
cell membrane, which induces a continuous and moderate temperature decrease. We analyzed and calculated T, dissipated power
(P) and consumed energy (E) corresponding to each of these activities (Fig. 4).
We transformed the VL amplitude in the range from t ≈100 s
to t ≈168 s (Fig. 4a) into T and P (Fig. 4b) using Eqs. (1) and (2) by
a MATLAB script (see Supplementary Information). We found that
there were two peaks from t ≈120 s to t ≈127 s, matching with the
two activities of droplet mixing and defensive behavior. The ﬁrst
peak was induced by droplet mixing, with a value of ≈501 W at t
≈121.4 s, while the second one resulted from the blast-like defensive behavior, with a value of ≈1476.6 W at t ≈123.7 s. To verify
the above conjectures, we performed control experiments where
Triton was added into a droplet without P. caudatum, which means
solution mixing in the absence of any bioprocess. We monitored
the VL signal (Fig. 4c) and converted it to T and P (Fig. 4d). The
results showed only one drop, caused by droplets mixing, and then
the curves reached the ﬁnal equilibrium. Therefore, we conclude
that the second peak or peaks of P were caused by the defensive
behavior of P. caudatum. The E was calculated by performing a curve
ﬁtting using the Levenberg-Marquardt method in the range from
≈123 s to ≈126 s by the Lorentz function (green curve in Fig. 4b):
P = P0 +

w
2E
·
,
 4(t − t0 )2 + w2

(4)

where P0 is a power offset set to 0 W, and then determining the area
under the Lorentz function representing total consumed energy
during the defensive behavior. The t0 is the peak location, and w
is the function width. The E value was determined to be (2.52 ±
0.04) mJ (mean ± ﬁtting error), and since there were ﬁve P. caudatum cells present in the droplet, the mean values of P and E
associated with a single-cell defense mechanism were ≈295.3 W
and ≈0.50 mJ, respectively. As previously discussed, when analyzing the video, the ejection of trichocysts from individual cells—i.e.
the defensive behavior—is an asynchronous process triggered at
different times in individual cells. In a few experiments, this process was delayed in one or two cells, and there was a peak related
to a single event (Fig. 4e and f). We calculated the E value of each
5
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Fig. 4. Measurements of real-time energy balance monitoring the defensive behavior. (a) The voltage output (VL ) of defensive behavior monitoring as a function of t from
≈100 s to ≈168 s. The peak represents the addition of Triton, triggering the defense mechanism. (b) T and P as a function of t in range from t ≈120 s to t ≈127 s, converted
from VL in Fig. 4a using Eqs. (1) and (2). The green curve ﬁtting represents the consumed energy. The green cross and arrow represent the beginning of the defensive
behavior, corresponding to ≈9 min 5 s in the attached video. (c) The voltage output in the control experiment. Only one peak occurs, representing the droplets mixing. (d)
The T and P as a function of t in the control experiment. There is no output change between the initial and ﬁnal equilibrium. (e) The P and its curve ﬁtting related to
one P. caudatum defense mechanism. (f) The P related to two defensive events. The red, blue and green lines represent T, P, and the ﬁtting curves using the Lorentz
function, respectively. All these data are available in Source Data ﬁles. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article).

event, resulting in a value of (0.73 ± 0.08) mJ (mean ± standard
deviation).
At t ≈168 s, P. caudatum started to disintegrate and release its
cellular content. As described above, this process resulted in a continuous and moderate temperature decrease. At t ≈211 s, it reached
a peak with a value of T1 ≈376 mK, after which the cell membranes were gradually lysed (disintegrated). The system reached
the ﬁnal equilibrium at t ≈900 s, with a T2 of ≈33 mK compared with the initial equilibrium (Fig. 3a). The ﬁnal equilibrium
is equal to the initial equilibrium in the control experiments (T
=0 K) (Fig. 4c and d). Vital P. caudatum has an active metabolism,

resulting in dissipating heat—which was, of course, not taking place
at the end of the experiments. Therefore, due to the termination of
P. caudatum’s metabolism, the ﬁnal T is lower than the T at the
beginning of the experiments with live ciliates. Here, we deﬁned
T1 as the T of Triton-induced death and T2 as the T of active
metabolism. We calculated the T and P values caused by a single cell in the steady state, resulting in T1 and P1 of ≈75.2 mK and
≈21.2 W and T2 and P2 of ≈6.6 mK and ≈1.9 W, respectively.
We repeated the energy balance monitoring experiments several times (n = 16) and calculated the average T and P of P.
caudatum. The average T1 and P1 of Triton-induced death were

6
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Fig. 5. Experimental results of P and E of defensive behavior (n = 16). (a) The P and (b) E values obtained with different number of P. caudatum cells. All these data are
available in Source Data ﬁles.

(78.0 ± 1.3) mK and (22.0 ± 0.4) W, while the average T2 and
P2 of its metabolism were (6.6 ± 0.15) mK and (1.9 ± 0.04) W,
respectively. In the meantime, we measured P and E of defensive
behavior with different numbers of cells (Fig. 5a and b). The mean
values of P and E associated with a single-cell defense mechanism
were (303.8 ± 6.3) W and (0.75 ± 0.02) mJ, respectively. These
results are in good agreement with the ones from single events
calculated above using data from Fig. 4e and f.

temperature change and dissipated power from a single P. caudatum metabolism were established as ≈6.6 mK and ≈1.9 W, while
the average values of Triton-induced exocytosis followed by cell
death were ≈78.0 mK and ≈22.0 W, respectively.
Our measurements demonstrated that the nanowatt dropletbased microcalorimeter is capable of dynamically measuring
the energy balance of bioprocesses in microorganisms in a
non-invasive and non-immobilized way. Furthermore, it can be
expanded to study other biological processes, such as the formation
of the neutrophil extracellular traps during netosis, when neutrophils eject primarily their genomic DNA to form nets to catch
infectious agents [43]. Such further studies would epitomize how
many intriguing phenomena can be investigated when we adapt
and improve our knowledge by integrating physics with life science.

3. Discussion
We measured the metabolic processes of P. caudatum including
Triton-induced defensive behavior followed by cell lysis using a
droplet-based differential microcalorimetric platform by monitoring its temperature change. Then we used heat balance equation to
determine the dissipated power corresponding to the measured
temperature change. The results including temperature change,
dissipated power, and consumed energy were analyzed to evaluate the defensive behavior by the ejection of trichocysts. We were
able to show that our nW droplet-based differential microcalorimeter system has sufﬁcient sensitivity to analyze thermodynamics of
these processes and their mechanisms. Although our platform is
not the most sensitive system when compared with other studies
[26,27], it can monitor and measure the energy balance of bioprocesses in a noninvasive and non-immobilized manner, which
could lead to more real and reliable results than other labeled and
immobilized methods. However, the sensitivities reported so far
are still not sufﬁcient for monitoring the thermodynamics of living
mammalian cells [38,42]. We are pursuing this goal by decreasing
the sample volume in order to obtain faster response with better
temperature sensitivity.
In summary, we showed a simple yet fast and sensitive
microcalorimetry system for monitoring the real-time energy balance of a unicellular eukaryote by using a nW droplet-based
differential microcalorimeter with a temperature and power resolution of ≈49.7 K and ≈14 nW, respectively. The microcalorimeter
has a short response time of ≈1.5 s, and thus allowed the dynamic
and real-time monitoring of fast bioprocesses. We selected the
defense mechanism of the protist P. caudatum because it is the
fastest known synchronous exocytosis. We monitored the energy
balance due to the activation of the trichocyst exocytosis upon its
induction by Triton. We found this process is endothermic, which
is in line with previously published work [31].
We calculated the mean values of dissipated power and consumed energy corresponding to a single cell exocytosis event of
≈303.8 W and ≈0.75 mJ, respectively. Meanwhile, the average

4. Methods
4.1. Microcalorimeter chip fabrication
The microcalorimeter chips were fabricated on a glass substrate, with diameter and thickness of ≈100 mm and ≈100 m,
respectively. As shown in Supplementary Fig. 1, we deposited
Cr/Au with thickness of ≈10 nm and ≈100 nm, respectively.
Next, we transferred the chip pattern onto the substrate using
ultraviolet lithography with positive photoresist (PR), followed
by a metal sandwich etching using KI/I2 -based Au etchant and
(NH4 )2 [Ce(NO3 )6 ]-based Cr etchant solution. We then diced the
wafer into individual chips with a size of (4 × 30) mm2 using a
diamond dicing saw. The ﬁnal steps were the PR removal and the
cleaning of the chips.

4.2. Determination of resistance (R0 ) and temperature coefﬁcient
of resistance (˛) of the sensor
The R0 and ␣ of the sensor on the microcalorimeter chip were
measured using the four-point probe method. We placed the
microcalorimeter chip on a hotplate and measured its R value as
functions of T. The hotplate temperature was monitored by a
Pt100 temperature sensor from ≈20 ◦ C to ≈50 ◦ C, with a temperature increase of ≈5 ◦ C between two measurements. Finally, we
performed a linear ﬁtting of the measured data using formula R =
R0 (1 + ␣T) and calculated the R0 and ␣. Two examples are shown
in Supplementary Fig. 2.
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The culture medium was prepared by being infused with hay
overnight in deionized water, spun, and autoclaved. The P. caudatum was cultured in hay extract and prepared to a content of
≈8 × 103 cells·mL−1 . The Triton X-100 was diluted with deionized
water to a content of ≈0.001 %. All chemicals were prepared with
deionized water produced in-house, which has a speciﬁc resistivity
greater than 18.0 M·cm at 25 ◦ C.
Data availability
Source data for Figs. 2b, c, 3 a, 4 a–f, 5 a, and b and Supplementary Fig. 2a and b are available in Source Data ﬁles. All other
data supporting the ﬁndings of this study are available from the
corresponding author upon reasonable request.
CRediT authorship contribution statement
Jianguo Feng: Writing - original draft, Methodology. Hanliang Zhu: Data curation, Investigation. Julius Lukeš: Investigation.
Marie Korabečná: Investigation. Zdenka Fohlerová: Resources,
Investigation. Ting Mei: Software. Honglong Chang: Supervision.
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dynamic contact angles within microﬂuidic devices, Microﬂuid Nanoﬂuid 22
(2018) 51.
E.A. Johannessen, J.M. Weaver, L. Bourova, P. Svoboda, P.H. Cobbold, J.M.
Cooper, Micromachined nanocalorimetric sensor for ultra-low-volume
cell-based assays, Anal. Chem. 74 (2002) 2190–2197.
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