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Abstract Microcalorimetry is an experimental technique
which allows us to precisely measure the energy released
as a consequence of any transformation process. All
organisms produce heat as a consequence of metabolism.
The rate of heat production is an adequate measurement of
metabolic activity of organisms and their constituent parts,
cells and sub-cellular levels. Microorganisms produce
small amounts of heat, in the order of 1-3 pW per cell.
Despite the low quantity of heat produced by bacteria, their
exponential replication in culture medium allows their
detection using microcalorimetry. This study is a micro-
calorimetric study of the growth and metabolism of the
bacterium Pseudomonas aeruginosa, using the heat liber-
ated as a consequence of bacterial metabolism. With this
aim, we used a Calvet microcalorimeter, inside which two
Teflon screw-capped stainless steel cells were located
(sample and reference). Experiments were carried out at
final concentrations of 106, 105, 10% and 10 CFU/mL, and a
constant temperature of 309.65 K was maintained within
the microcalorimeter. Recording the difference in calorific
potential over time we obtained P. aeruginosa’s growth
curves. The shape of these curves is characteristic and has a
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single phase. Thus, the heat flow curves were mathemati-
cally studied to calculate the growth constant and genera-
tion time of this bacterium.
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Introduction

Metabolism can be described as the set of chemical reac-
tions that take place within the cell and involve energy flow
and participation of certain enzymes. It consists of two
fundamental processes: (a) Catabolism, in which large
molecules are broken down into smaller simpler ones with
the release of energy during the process. A part of this
energy is stored and available for producing work whilst
the rest is lost as heat. (b) Anabolism, wherein complex
molecules are produced from simple ones with consump-
tion of such stored energy. These are, therefore, a set of
chemical reactions that are accompanied by a change of
energy [1].

Growth is an essential response to the physico-chemical
environment by microorganisms and involves their repli-
cation and change in cell size. Microorganisms can grow
under a variety of physical, chemical and nutritional con-
ditions. They extract nutrients from a nutrient medium and
convert them into biological compounds. A part of such
nutrients is used for biosynthesis and generation of
products.

Growth curves show different perfectly defined phases,
namely: latent, logarithmic, stationary and cell death.
Microorganisms grow and divide up to a maximum during
the logarithmic stage according to their genetic potential
and media culture conditions. Characteristic parameters for
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each bacterial strain can be obtained during this period
from culture behaviour.

If ng is the number of cells at time O and 7, is the number
of cells at time ¢, during the logarithmic phase of the
growth curve, then we obtain the expression [2]:

n, = ng - € (1)

where k is the growth constant.
If we consider P,, as energy released by each cell, then it
leads to the following equation:

n, -P,=ngy- P, (2)

If we take into account that energy released at ¢ zero is
Py and P; is the energy released at time 7, then we get:

P, =Py (3)
InP, = InPy + k-t 4)

Thus, the growth constant can be obtained by selecting two
points from the exponential phase of a bacterial growth
curve.

Generation time G is defined as the time taken by a
population to duplicate its number and is expressed as:

(In2)
: 5

Microcalorimetry arouses interest in biological sciences
because heat flow is closely related to kinetics and ther-
modynamics of biological processes. Therefore, heat vari-
ations produced as a consequence of chemical reactions
which take place during metabolism can be used to monitor
bacterial growth and observe the influence of external
agents [2, 3].

All living beings produce heat as a consequence of their
metabolism. Heat rate is a good measure of metabolic
activity in organisms and their constituents and at their
cellular and sub-cellular levels [4]. Heat generated by just
one cell lies within a range 1-80 pW. Human connective
tissue cells (fibroblasts, lipocytes, etc.) have shown meta-
bolic rates of about 25-80 pW/cell. On the other hand,
microorganisms produce small amounts of heat in the
magnitude of 1-3 pW/cell. Despite the low bacterial heat,
their exponential replication in culture media permits their
detection by microcalorimetry in a few hours time, even
when samples have a low concentration, e.g.: 10 CFU/mL.

Microcalorimetry has been used in biology, pharma-
cology, biotechnology and ecology because of its high
sensitivity, precision and simplicity; but its use in clinical
practice has been quite limited so far.

The technique has been used for studying microbial cell
growth and metabolism under different conditions [2, 5].
One of the most studied bacterial species, namely: Staph-
ylococcus aureus, shows two strains: methicillin-resistant
S. aureus and methicillin-sensible S. aureus [6], which can
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be differentiated in a few hours, and thus can be of great
relevance to clinical practice.

Calorimetry is especially valuable in microbiological
research since it permits quick assessment of changes in
metabolism, growth speed and efficacy in the presence of
different agents [7—13]. Another advantage is that it can be
followed in real time.

Despite the recent references cited, bacterial growth
evolution through microcalorimetry is still quite unknown,
and very few species have actually been studied. The
sensitivity of the technique and availability of quick results
mean that microcalorimetry is a technique that offers great
potential for clinical development.

This article analyses the growth of Pseudomonas aeru-
ginosa (ATCC 27853) by studying heat liberated during
bacterial metabolism. To date, to our knowledge there are
no studies on characterisation of the growth of this bacte-
rium using a calorimetric method. Thus, in this study, a
Calvet microcalorimeter was used and several experiments
were carried out with concentrations ranging from 10 to
10° CFU/mL. The resultant growth curves were mathe-
matically studied to calculate the growth constant and
generation time of the said bacteria.

Materials and methods

Samples were prepared by adjusting turbidity concentra-
tion to 0.5 on the McFarland scale using a Densichek®
optical densitometer. This concentration was used to make
further dilutions using saline solution to obtain final con-
centrations of 106, 10°, 10® and 10 CFU/mL.

The liquid culture medium used was digested Soya
Casein.

The measures were carried out using a Calvet micro-
calorimeter [14] equipped with a device allowing operation
in the absence of vapour phase, and having a calorimeter-
cell volume of approximately 10 cm®. A Philips PM2535
multimeter and a data acquisition system were linked to the
microcalorimeter. Calibration was performed electrically
using a Setaram EJP30 stabilised current source. The pre-
cision in calorimetric signal was +1 pV. Further details
about the experimental method of operation have been
published [15].

The external environment of the calorimeter was
maintained at a constant temperature of 309.65 K. The
reference cell was injected with 7 mL of culture med-
ium 4+ 1 mL of saline whilst the experimental cell was
injected with just 7 mL of culture medium (Fig. 1). Both
cells were then introduced through two cylindrical holes
aligned in parallel, which extended from the upper part of
the microcalorimeter to the internal thermopile chamber.
The large distance that separates the cells from the entrance
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Fig. 1 Schematic diagram of the Calvet microcalorimeter internal
block

permits minimisation of heat flow to the exterior. The sys-
tem is allowed to stabilise for about 2 h, after which 1 mL
of the established concentration is introduced into
the experimental cell [16]. The experiment was also car-
ried out with a sample not containing any bacteria
(control).

Data were collected for more than 60 h, using the earlier
mentioned data recovery and processing system.

Bacterial metabolism produces residues that modify the
pH of the medium. Samples were subject to pH control
using a basic 20+ pH-meter both before and after each
experiment.

Results

A plot of calorific potential difference versus time gives us
a graph for the P. aeruginosa growth curve at different
concentrations (Fig. 2).

The shape of the heat flow curve of this Gram negative
and strictly aerobic bacterium is characterised by the
presence of just one phase, where the ascending part shows
four discrete leaps and the descending one presents an
exponential shape that is prolonged over time. These
curves have a characteristic shape as shown in Table 1.

Time taken for signal detection decreases as culture
concentration is increased. Bacterial growth in sample was
observed even for low concentrations (10 CFU/mL) within
a 5-h period.

Maximum peaks appear following a relative concen-
tration order and even though more intense peaks are
obtained at higher concentrations, no proportional rela-
tionship can be established. Moreover, all experiments
showed a maximum growth peak prior to 13 h.

A mathematical analysis of the growth curves was car-
ried out wherein an exponential component was observed
in the logarithmic stage of each of the peaks, and can be
represented by the following equation:
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Fig. 2 Calorimetric signal versus time for the P. aeruginosa
at the different studied concentrations: a 106; b 105; [ 103; and
d 10 CFU/mL

y:a-ek{ (6)
Iny=Ina+k-t (7)

Therefore, using this equation and by analogy with Eq. 4,
we can calculate the value of the growth constant k, and
obtain generation time G, from Eq. 5, for each of the P.
aeruginosa growth curve phases (Table 2). Methods gen-
erally used to achieve such parameters are quite complex,
tedious and require a lot of time.

pH measurements confirm acidification of the medium
due to the accumulation of metabolic residues, and all
samples showed a reduction of pH (Table 3). However,
metabolic activity was not found to be inhibited by such
acidification.
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Table 1 Acquisition time and signal values and detection time for the first, second, third and fourth peaks in the growth curves of P. aeruginosa

at the different studied concentrations

Concentration/CFU/mL Detec. t/h 1st Peak 2nd Peak 3rd Peak 4th Peak
t/h Signal/pV t/h Signal/pV t/h Signal/pV t/h Signal/pV
10° 2.86 4.82 14 7.13 58 8.80 124 9.69 121
10° 3.50 5.31 18 7.25 57 8.74 75 10.21 114
10° 3.83 7.12 21 9.26 66 10.85 85 12.22 120
10 4.27 6.09 14 8.09 52 9.75 49 13.01 100

Table 2 Growth constant (K, kK, k", k) and generation time (G, G’, G", G) from Eq. 5, for each thermogram of the P. aeruginosa

Concentration/CFU/mL ~ K/h™' G/ R? K'Mh™'  GMmh R K"m~' G"h R kh™" G R
10° 1.409 0492 0943 1319 0526  0.994  0.921 0.753 0999 *

10° 1.679 0413 0964 1.252 0.554 0986 0.817 0849 0993 0595 1.164  0.996
10° 0.966 0.717  0.857  0.887 0.782 0997  0.665 1.042 0990 0.441 1.570  0.995
10 1.434 0.483 0933 1.029 0.674 0988  0.640 1.083 0977 0404 1.714 0.992
? Due to a high intensity of signal, the logarithmic phase cannot be clearly observed

Table 3 pH values before and after each experiment References

Concentration/ Initial pH TIK Final pH T/K
CFU/mL

10° 7.09 299.25 6.96 301.05
10° 7.12 296.35 6.86 299.35
10° 7.08 297.95 6.87 296.85
10 7.12 299.65 6.93 299.55
Control 7.06 301.65 7.29 301.95
Conclusions

Microcalorimetry facilitates metabolism and growth stud-
ies of P. aeruginosa through measurement of heat gener-
ated by metabolism. It facilitates identification of
metabolic activity in cultures in a few hours time and,
therefore, is of great interest for clinical practice since an
early diagnosis permits quick treatment and, therefore,
greater success.

When compared to other methods which are complex
and slow, the calorimetric method furthermore allows us to
quickly and accurately measure certain parameters such as
the value of the growth constant and generation time,
which are characteristic for each bacteria.
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