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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, 103 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

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 n0 is the number of cells at time 0 and nt is the number

of cells at time t, during the logarithmic phase of the

growth curve, then we obtain the expression [2]:

nt ¼ n0 � ek�t ð1Þ

where k is the growth constant.

If we consider Pw as energy released by each cell, then it

leads to the following equation:

nt � Pw ¼ n0 � Pw � ek�t ð2Þ

If we take into account that energy released at t zero is

P0 and Pt is the energy released at time t, then we get:

Pt ¼ P0 � ek�t ð3Þ
lnPt ¼ lnP0 þ k � t ð4Þ

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:

G ¼ ln2ð Þ
k

ð5Þ

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

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

106 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, 105, 103 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 cm3. 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 lV. 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 ? 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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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:

y ¼ a � ek�t ð6Þ
ln y ¼ ln aþ k � t ð7Þ

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.

Test solution

Culture mediumCulture medium
             +

Physiological
saline solution

Fig. 1 Schematic diagram of the Calvet microcalorimeter internal
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Fig. 2 Calorimetric signal versus time for the P. aeruginosa
at the different studied concentrations: a 106; b 105; c 103; and

d 10 CFU/mL
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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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calorimétrie et de la thermogenese. 1st ed. Paris: CRNS; 1967.

16. Lago Rivero N, Legido Soto JL, Arias Santos I, Garcı́a Fortes F.

Aplicaciones de la microcalorimetrı́a como método de identifi-

cación precoz del crecimiento bacteriano. Investig Cult Cienc

Tecnol. 2010;2:6–9.

Microcalorimetric study on the growth and metabolism of Pseudomonas aeruginosa 655

123


	Microcalorimetric study on the growth and metabolism of Pseudomonas aeruginosa
	Abstract
	Introduction
	Materials and methods
	Results
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


