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a b s t r a c t

The growth of the bacterium Rhodococcus opacus 1CP on water insoluble carbon sources (n-tetradecane
and n-hexadecane) has been investigated by calorimetry, using the LKB 8700 device. The applied method
proved to be well suited for process-monitoring in heterogeneous systems. High reproducibility was
obtained for cultivation on the chosen hydrocarbons. Equations for the growth process were constructed
vailable online 19 October 2008
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based on yield coefficients for the products of the microbial growth. Good correspondence of experimen-
tal and calculated enthalpy change was accomplished by regarding the production of biosurfactants as
additional product.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Intensive use of petroleum products is strongly connected to the
nthropogeneous discharge of hydrocarbons into the environment.
ence hydrocarbons are widespread pollutants, the hydrophobic-

ty of which causes a low bioavailability and therefore a particular
ersistence against bioremediation measures. However, numerous
errestrial and aquatic species of microorganisms possess the abil-
ty to degrade water insoluble hydrocarbons. In order to increase
he bioavailability of the otherwise hardly accessible substrates,

icroorganisms use strategies like increasing the hydrophobicity
f their surfaces or the excretion of emulsifiers [1].

Among others, members of the genus Rhodococcus have the abil-
ty to produce biosurfactants during their growth on long-chain
ydrocarbons [2]. The majority of the biosurfactants formed by
hodococcus strains are classified as glycolipids [3] which are the
ost important and yet best investigated biosurfactant class [4].
lycolipids show a high surface activity, high pH and tempera-

ure stability. Compared to their synthetic counterparts, glycolipids
re considered to be readily biodegradable with lower toxicity [5].

he antimicrobial activity [6] and good technical characteristics
7] discussed for glycolipids open fields of application for these
iosurfactants ranging from bioremediation, food and agrochem-

cal industry to pharmaceutics. The investigation of the microbial

∗ Corresponding author.
E-mail address: regina.huettle@chemie.tu-freiberg.de (R. Hüttl).
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lkane degradation and the synthesis of biosurfactants is, therefore,
rom an ecological point of view, of particular interest.

However, the growth behaviour of these systems cannot be
nvestigated by classical microbiological methods (photometric

ethods or methods which require defined sampling like pro-
ein estimation, dry mass or cell number determination), due
o the aggregation of cells leading to heterogeneous cell cul-
ures. In contrast the application of calorimetric methods allows
contemporary, continuous and non-invasive monitoring of the
icrobial activity even for such heterogeneous systems. Further-
ore calorimetry provides the opportunity to investigate wide

ell-density ranges and the particular noticeable microbial growth
trategies.

For the investigation of microbial alkane degradation the
etabolic versatile strain Rhodococcus opacus 1CP was chosen as
odel organism. According to the investigations given in [1] R.

pacus 1CP is able to utilise long chained n-alkanes (C10–C16) as
ole energy- and carbon-source. By thin-layer-chromatographic
nalysis of organic extracts of these cultivations a trehalose lipid
glycolipid) was detected and identified as trehalose dinocardiomy-
olate. Concerning the cultivation of trehaloselipid producing
trains high product yields are discussed for the use of n-
etradecane, n-pentadecane or n-hexadecane [8]. Therefore the

ultivation of R. opacus 1CP in the calorimeter was carried out using
ither n-tetradecane or n-hexadecane as sole energy and carbon
ource.

The cultivation of R. opacus 1CP on n-alkanes was recorded
alorimetrically. For exact consideration of the products,

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:regina.huettle@chemie.tu-freiberg.de
dx.doi.org/10.1016/j.tca.2008.10.007
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lementary composition and yield coefficients of biomass and
iosurfactant were determined. Based on these experimental
ata reaction equations were drawn up, the enthalpy of reaction
as calculated and verified by the experimental results from the

alorimetric measurements.

. Experimental

.1. Microorganism Rhodococcus opacus 1CP

The bacterial strain R. opacus 1CP was first isolated from soil in
nrichment culture on 2,4-dichlorophenol [9]. Metabolic pathways
or chloroaromatic compounds (mono-, di-, and tri-chlorophenols)
re discussed and illustrate its versatility [10]. Furthermore it
as the ability to utilise benzoate, 4-hydroxybenzoate and 4-
hlorophenol [9] as well as long chained n-alkanes (C10–C16) as sole
nergy and carbon source [1].

.2. Culture medium

The culture was grown on agar plates with a mineral medium
11] containing 2 mmol l−1 benzoate as energy and carbon source.
he cultivation temperature was 30 ◦C and the storage temper-
ture 4 ◦C. A standard- culture medium for chemolithotrophic
rowth was used for providing defined conditions during the calori-
etric experiments. The culture medium consists of a mineral

olution with additional 0.1 g l−1 (NH4)2SO4 as a further nitrogen
ource. It contains per 1000 ml 2 g KH2PO4, 7 g Na2HPO4·2H2O, 0.2 g
gSO4·7H2O, 0.01 g ferric ammonium citrate, 1 g (NH4)2SO4, 0.05 g

a(NO3)2·4H2O and the trace element solution SL 6 [12].

.3. Calorimetric experiments

The inoculum for the calorimetric experiments was prepared
n liquid pre-cultures grown in baffled Erlenmeyer flasks (culture
olume 200 ml) at 30 ◦C and agitation with 132 rpm on the same
edium and carbon source used for the experiment. After an incu-

ation time of 12 days the carbon source was exhausted. The cells
ere harvested and washed five times with sterile sodium chloride

olution. The inoculum samples contained a cell dry mass of 19 mg.
The measurements were done in two reaction calorimeters

both type LKB 8700) at 25 ◦C. Detailed description of the calorime-
er is given in [13] and its application for the investigation of

icrobial growth is illustrated in [14]. The 100 ml calorimetric
essels were made of glass equipped with stirrers (stirring speed
00 rpm). In order to meet the demands of aerobic cultivations on
ydrocarbons the vessels were additional equipped with an oxy-
en supply system and a titration capillary, connected to a syringe
ump, for the addition of the water insoluble carbon source. The
xygen supply of the culture was studied in preliminary exper-
ments with an amperometric oxygen sensor [15]. During the
xperiment the supply system provides an oxygen concentration of
.89 mmol O2 l−1 which corresponds to 73% oxygen saturated water
16]. Heat effects from evaporation were avoided by saturation of
he oxygen with water vapour. All calorimetric experiments were
arried out in liquid culture using the mineral medium described
bove. The inoculum sample (1.5 ml) together with 90 ml culture
edium without any carbon source was placed in the sterilised

alorimetric vessel. The oxygen supply system and the titration cap-
llary were connected to the calorimetric vessel and it was inserted

nto the thermostatic bath. The calorimeter was brought to equi-
ibrium temperature of 25 ◦C. At this temperature the calorimetric
ystem was tested during a time period comparable to the exper-
mental runs. Changes of the baseline over a long period of time
48 h) are lower then ±0.5 mK. In the same period no detectable

p
c
s
q
c

ica Acta 482 (2009) 12–16 13

ystematic rise of the baseline is observable. After stabilisation of
he baseline the experiment was started by titration of 50 �l of the
ppropriate alkane into the culture.

As the result of the calorimetric measurement using the
KB 8700 a time-dependent temperature difference �T(t) was
btained. From the �T-t-data thermal power–time data P(t) were
alculated using the TIAN equation [17]:

(t) = �T(t)
Rth

+ cp × d�T(t)
dt

(1)

As preconditions for these calculations reliable and constant val-
es for Rth and cp have to be determined, especially regarding long
ime measurements. A convenient method for determining Rth was
resented in earlier publications. This calibration method, heating
ith a constant power input up to thermal equilibrium, is illus-

rated for the determination of the enthalpy of crystallisation of
ithium chloride by measurements of the partial molar dissolution
nthalpies near saturation [18] and was applied for our system. By
lectrical calibration after each experiment this parameter was val-
dated and the cp was determined. The calculation of the enthalpy
hange was done by integration of the thermal power–time curve.

The verification of our results was possible using a further calori-
etric system. Comparative measurements were carried out with

he TAM II, which are a part of a further publication. The accordance
f the �H values confirms the usability of our calorimetric system
or long time investigations.

.4. Biomass analysis

According to the pre-cultures for the calorimetric measure-
ents R. opacus 1CP was grown in liquid culture on the appropriate

-alkane. After the carbon source was exhausted the cells were har-
ested. For the determination of the elemental composition of the
iomass the culture medium was removed by washing the cells
ith sterile tap water, the remaining liquid was removed by cen-

rifugation and the biomass was dried at 110 ◦C for 10 h. Elemental
nalyses were done by the elementary analytical laboratory using a
HN-O-RAPID device from the firm Heraeus. The determination of
he biomass yield coefficient was done by dry mass determination
ccording to the membrane filtration method [19].

.5. Biosurfactant quantification

For the determination of the biosurfactant yield coefficient the
nthron-sulfuric acid method was used, which is well established
or the quantification of sugar contents [20]. The method is based
n the oxidation of the sugar moiety (trehalose) of the biosurfactant
olecule (trehalose dinocardiomycolate). The biosurfactant quan-

ification was done with the obtained culture broth from cultivation
f R. opacus 1CP in the calorimeter. After the calorimetric exper-
ment was finished the calorimetric vessel was taken out of the
hermostatic bath and the culture broth was saved for further anal-
sis. For extraction of the biosurfactant the biomass was separated
rom the culture medium by filtration (frit pore width 10–16 �m).
he biomass was washed three times with 10 ml chloroform and
he organic phases were collected. After vaporisation of the chlo-
oform the biosurfactant crude extract was obtained. By hydrolysis
ith 1 N sodium hydroxide solution at 90 ◦C for 1 h the ester bonds

f the biosurfactant molecule were destroyed. Then the reaction
atch was neutralised with hydrochloric acid solution and the solid

articles were removed by centrifugation. The clear supernatant
ontaining the trehalose residue was analysed using the anthron-
ulfuric acid method by photometric measurement at 620 nm. The
uantification of the trehalose content was done by reference to a
alibration curve.
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. Results and discussion

.1. Power–time data

The power–time curves display the current metabolic activity
f the cells and hence contain information about the influence of
ultivation conditions to the culture. Changes in growth behaviour
ue to limitations or occurrence of toxic intermediates can clearly
e registered in the power–time curve [21].

Interpretation of the various cultivations demands a system
eferring thermal power. Therefore the measurements were carried
ut under equal experimental conditions and at constant volumes
or culture medium and inoculum. The amount of substance of the
arbon source was 170 �mol for cultivation on n-hexadecane and
92 �mol for cultivation on n-tetradecane. Fig. 1 shows power–time
urves obtained from five cultivations of R. opacus 1CP on n-
exadecane. The growth behaviour results from the interaction of
he bacterial strain with the water insoluble carbon source and is
haracteristic for these cultivations. At the start of the experiment
he bacterial cells have access to all required substrates (i.e. water,
arbon source, oxygen, nitrogen source). Hence, the growth process
ppears unlimited for about 20 h. The distinct change in the slope of
he power–time curves above 20 h (Fig. 1) displays the occurrence of
limitation. The development of cell-aggregates (laser diffraction,

esults not shown) among the hydrophobic carbon source causes
limitation due to reduced access of the bacterial cells to the sub-

trates dissolved in the aqueous culture medium. Because of the
igh sensitivity of the cells degrading alkanes against oxygen lim-

tation the access to oxygen appears to play the major role for the
ecline in thermal power. About 33 h after start of the experiment
he curves decrease gradually. During this period the alkane is still
tilised but the number of cells provided with all necessary sub-
trate decreases steadily. About 95 h after start of the experiment
he power–time curves (Fig. 1) appear nearly parallel to the base-
ine but show an offset. At this time the carbon source is depleted

hereas cells are still active and contribute a thermal power by
heir maintenance metabolism.

Regarding the heterogeneous system the power–time curves
how good reproducibility. Recording of power–time data therefore
ppears as a suitable instrument for process-monitoring of micro-

ial cultivations. Together with additional analytics (i.e. concerning
arbon source content and aggregate development) calorimetric
easurements permit the discussion of the cell–substrate interac-

ion during the cultivation.

ig. 1. Power–time curves of the growth process of R. opacus 1CP on 192 �mol n-
exadecane at 25 ◦C.
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ig. 2. Enthalpy–time curve of the growth process of R. opacus 1CP on n-hexadecane
t 25 ◦C.

.2. Enthalpy–time data

By integration of the area under the power–time curve the heat
xchanged during the cultivation is obtained. Because the micro-
ial growth process runs at constant pressure the exchanged heat
an be discussed as an enthalpy change. For indication of an inten-
ive quantity the exchanged heat was referred to the amount of
ubstrate. Fig. 2 shows the enthalpy–time curves for the cultivation
f R. opacus 1CP on n-hexadecane. The enthalpy–time curves, as
n integral signal, can be discussed in accordance to a common
rowth curve obtained from photometric or respirometric mea-
urements which are already well established for microbiological
nvestigations.

The curves indicate the good reproducibility of the cultiva-
ion under the chosen culture conditions. When the carbon source
s consumed, the exchanged heat reaches its maximum shown
s plateau in the enthalpy–time curve. The plateau value of the
nthalpy–time curve is of particular interest because it displays
he total heat exchanged during the microbial growth process and
ence the enthalpy of the process. This value is also a suitable mea-
ure for the reproducibility of the cultivation. As shown in Fig. 2 for
he growth process of R. opacus 1CP on n-hexadecane an enthalpy of

RH = (−4690 ± 80) kJ mol−1 was determined from the calorimet-
ic measurements. In the following the experimentally determined
nthalpy value is used for verification of reaction equations for the
rowth process drawn up based on yield coefficients.

.3. Reaction equations from experimental yield coefficients

Although microbial growth is combined with the proceeding of
wide variety of chemical reactions, from a thermodynamical point
f view even these complex processes can be summarised in one
ingle reaction equation [22–25].

The aerobic microbial growth on a carbon source with the for-
ula (CxHy) can be regarded according to the equation:

xHy + aO2 + bNH3 → cCHrOsNt + dCO2 + eH2O (2)

In this equation the product species (CHrOsNt) is the biomass
ormed during the microbial growth. Based on Eq. (2) an enthalpy
f reaction can be calculated for the microbial growth process. This
equires knowledge of the enthalpies of formation of all involved

pecies. Usually these values are well documented. However, for
iomass and complex biomolecules formation enthalpies are not
et available. Hence the enthalpy of formation for biomolecules
as to be calculated from the enthalpy of combustion. A well
stablished approach is the method of estimating the stan-
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ard enthalpy of combustion from the reductance degree of a
iomolecule as discussed by Cordier et al. [26]. The application
f this method requires the knowledge of the elemental compo-
ition of the regarded biomolecules. For the biomass of R. opacus
CP growing on n-alkanes the composition was determined by
lemental analysis of dry biomass samples. The elemental com-
osition of the alkane-grown biomass corresponds to the formula
H1.85O0.37N0.11. Regarding the oxycaloric quotient according to
iese [27] of Q = 115.06 kJ (e− mol)−1 the standard enthalpy of
ombustion for the alkane-grown biomass of R. opacus 1CP is

cH◦
Biomass = −588.0 kJ C-mol−1. According to Eq. (3) the standard

nthalpy of formation can be calculated from the standard enthalpy
f combustion:

fH
◦
Biomass = �fH

◦
CO2

+ �fH
◦
H2O − �cH◦

Biomass (3)

The value of �fH
◦
Biomass = −69.9 kJ C-mol−1 was calculated for

he alkane-grown biomass of R. opacus 1CP.
Stoichiometric coefficients of the involved species are needed in

rder to draw up reaction equations. Assuming the carbon source is
ransformed during the microbial growth process to biomass and
O2, the yield coefficient of one product species is sufficient for
rawing up the equation. The biomass yield coefficient can be eas-

ly obtained from dry mass determination. In the present case the
etermination was done by the membrane filtration method. The
iomass yield coefficients for cultivation of R. opacus 1CP on the
lkanes n-tetradecane and n-hexadecane are:

Cultivation on n-tetradecane :

YX/S = 0.98 ± 0.06 g biomass/g n-tetradecane

Cultivation on n-hexadecane :

YX/S = 0.97 ± 0.05 g biomass/g n-hexadecane

This data corresponds to an amount of substance of 9.1 C-mol
iomass formed when growing on 1 mol n-tetradecane and 10.3 C-
ol biomass formed when growing on 1 mol n-hexadecane. For

he cultivation on n-tetradecane the resulting reaction equation
eads:

C14H30 + 10.63O2 + 1NH3

→ 9.1CH1.85O0.37N0.11 + 4.9CO2 + 8.09H2O (4)

Using the database [28] the enthalpy of reaction for Eq. (4) was
alculated as �RH(calculated) = −4366 kJ mol−1.

If the reaction equation is a suitable model for the inves-
igated growth process, the calculated enthalpy value has to
orrespond to the experimentally determined enthalpy from calori-
etric data. In case of the cultivation of R. opacus 1CP grown

n n-tetradecane the calorimetrically determined enthalpy is
RH(experimental) = (−3770 ± 16) kJ mol−1. Compared to the calcu-

ated value a significant difference occurs and hence the given Eq.
3) is not convenient for the investigated growth process. How-
ver, the calculated value, being significantly more negative than
he experimental value, indicates at least one additional product
eglected in the reaction equation. As mentioned above, when
rowing on hydrocarbons R. opacus 1CP is able to form biosur-
actants. The biosurfactant formed by R. opacus 1CP is a trehalose
inocardiomycolate with the elemental composition CH1.88O0.13
eferred to the amount of carbon. Detailed description of the bio-

urfactant structure is given by Schlömann and co-workers [1]. The
nowledge of the elemental composition of the biosurfactant per-
its the calculation of the enthalpy of formation as done for the

iomass. Using the method described above an enthalpy of forma-
ion of �fH

◦
Biosurfactant = −15.6 kJ C-mol−1 was calculated.
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After the microbial growth process was finished, several bio-
urfactant quantifications were done with culture broths, obtained
rom calorimetric experiments. Even when the carbon source was
onsumed and no further microbial activity was detected the bio-
urfactant was present in the culture broth at maximum yield. For
he cultivations of R. opacus 1CP, carried out on the carbon sources
-tetradecane and n-hexadecane, the following yield coefficients
ere obtained from quantification using the anthron-sulfuric acid
ethod:

Cultivation of Rhodococcus opacus 1CP on n-tetradecane :

YP/S = (0.079 ± 0.005)g biosurfactant/g n-tetradecane

Cultivation of Rhodococcus opacus 1CP on n-hexadecane :

YP/S = (0.040 ± 0.002) g biosurfactant/g n-hexadecane

The biosurfactant quantification after the calorimetric experi-
ent indicates, that the biosurfactant is not metabolised after the

arbon source is consumed. Therefore the biosurfactant has to be
egarded as a product of the microbial growth process. The stoichio-
etric coefficients for regarding the biosurfactant in the reaction

quation can be calculated from the yield coefficients. For cultiva-
ion of R. opacus 1CP 0.98 mol biosurfactant were obtained when
rowing on 1 mol n-tetradecane and 0.57 mol biosurfactant when
rowing on 1 mol n-hexadecane. Regarding these data the reaction
quations for the investigated growth process were modified as
ollows:

Cultivation of R. opacus 1CP on n-tetradecane:

C14H30 + 9.25O2 + 1NH3

→ 9.1CH1.85O0.37N0.11 + 3.92CO2 + 7.16H2O + 0.98CH1.88O0.13

(5)

�RH(calculated) = −3729 kJ mol−1; �RH(experimental) = (−3770 ± 16)
kJ mol−1

Cultivation of R. opacus 1CP on n-hexadecane:

C16H34 + 11.39O2 + 1.13NH3

→ 10.3CH1.85O0.37N0.11 + 5.13CO2 + 8.64H2O

+ 0.57CH1.88O0.13 (6)

�RH(calculated) = −4641 kJ mol−1; �RH(experimental) = (−4690 ± 80)
kJ mol−1

The enthalpies of reaction [�RH(calculated)] calculated for the
odified equations Eq. (5) and Eq. (6), drawn up basing on yield

oefficients for biomass and biosurfactant, show good agreement to
he enthalpies obtained from calorimetric data [�RH(experimental)].
he calorimetrically determined enthalpies prove as a very useful
nd suitable measure for the verification of the reaction equations.
he equations drawn up regarding the formation of biomass as well
s biosurfactant appear as a suitable model for the growth process
f R. opacus 1CP on the given carbon sources. The data from calori-
etric measurement permit the verification of these models and

urthermore the monitoring of the growth behaviour even though
he culture broth is heterogeneous. A further advantage results from

he fact, that if the yield coefficient for biomass and the exchanged
eat for the investigated growth process are estimated, the yield
oefficient for the biosurfactant formed during the process can be
alculated. This often permits to avoid the time consuming bio-
urfactant quantification by the anthron-sulfuric acid method. A
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equirement for this approach is the maintenance of defined growth
onditions.

. Summary

The results of the calorimetric experiments with R. opacus 1CP
rowing on alkanes show, that calorimetric methods are well suited
or the investigation of microbial processes even in heterogeneous
ystems. Calorimetric data presented as power–time curves, dis-
laying the current microbial activity or as enthalpy–time curve,
roviding the more common integral signal, illustrate the charac-
eristic growth behaviour of the cell culture on alkanes and confirm
good reproducibility of the cultivation. The enthalpy of the growth
rocess proves as a suitable measure for verifying reaction equa-
ions for the process. With appropriate reaction equations and a
alorimetric monitoring system, product yields can be estimated by
alculation from calorimetric data. This is a suitable way for reduc-
ng the necessity of time consuming product analytics for instance
uring optimisation processes when fast results are needed.
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