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Abstract

To meet the need for studies ol anaerobic microbial and animal cell cultures involving much
lower heat effects as compared to aerobic microbial cultures, a bench scale calorimeter, Bio-RCl,
has been improved for achieving a higher long-term sensitivity. This newly improved Rio-RC1
was used for heat measurement of anacrobic growth of Lactebacillus helveticus, The results
showed that the bench-scale calorimetry has powerful potemtial for on-line monitoring and control
of anaerobic bioprocesses as well as fundamental studies, such as stoichiometry, thermodynamics
and kinetics of ccllular growth,
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Introduction

Cellular growth processes are thermodynamically irreversible, in which cells in-
variably and continuously dissipate Gibbs cnergy, as a result, always exchange heat
with the environment. The heal generation can be monitored in a calorimeter. Thus
the calorimetric measurement is clearly a key factor in understanding thermodynam-
ics of life processes. Moreover, it is also of greal practical importance to have suffi-
cient quantitative information on microbial heat exchanges when designing cooling
facilities for biotechnological processes at large scale. The on-line measured heat
signals could ulsu be used wgether with other on-line data for bioprocess monitor-
ing, optimization and control,

In order to yield such quantitatively significant results, as opposed to qualitative
‘calorimetric curves’, heat measurements must be carricd out in a beneh/large scale
or reaction calorimeter, which allows for on-line measurements and a tlight control
ol all culture parameters such as pH, pO,, nutrient concentrations, ctc. However, the
bench sealefreaction calorimeters suffer traditionally from significant lower sensitiv-
ity, as compared to microcalorimeters, therefore, in the past two decades, great at-
tempts have been made to development and/or improvement of calorimetric systems
at bench scale [1-3]. Amongst others, the Rin-RCi, which was modified from RC1
reaction calorimeter (Mettler-Toledo AG, Switzerland) for biological process opera-
tion in our laboratory, has been widely used for the studies of aerobic and some an-
aerobic bioprocesses [4-6], and demonstrated to be a powerful tool for monitoring
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and control of bioprocesses. The Bio-RC1 as well as some newly developed bench-
scale calorimetric systems have achieved considerably high sensilivity, ca.
20~50 mW L' under optimal conditions. But most anaerobic microbial and animal
cell cultures are poorly exothermic or even endothermic processes, therefore, require
the development of even higher resolution calorimetric systems.

Lactobacillus helveticus is a key strain in food industry. In the homofermentative
degradation of sugar by L. helveticus, no on-line signal is normally available for
process monitoring as this growth process does not release CO». Monitoring heat
production is thus an cbvious solution for on-line asscssment of the metabolic activi-
ties of cellular cultures. In this work, anaerobic growth of L. helveticus in a semi-de-
fined medium was studied using an improved Bio-RCL

Experimental
The improved Bio-RCI calorimeter

The work principle of the RC1 and its modification for biological purposes have
previously presented in details [4]. After extensively studying the factors which de-
termine the Bio-RC1's detection limit (longer term sensitivity), the resolution of the
A/D convert for the signal of jacket temperature (7}) was incrcased to the same order
of that for reactor temperature (7}), i.e. 0.2 mK; the heating power range of the ‘hot’
oil circuit was largely reduced to 100~500 W; a more precise P controller for T, was
implemented in place of the previous P controller. The details of technical measures
have been described in a recent article [7]. In order to minimize the cxternal influ-
ence, mainly from the fluctuation of the ambient temperature, a thermostat housing
was built around the reactor, which has been proved to be very helpful for achieve-
ment of a high long-term sensitivity, up to 5 mW L™,

Microorganism and medium

The strain L. kelvericus G used in this study was supplicd by Forschungsanstalt
fiur Milchwirtschaft (FAM) (Bern, Switzerland). It was grown on a semi-defined me-
dium of the following composition (in g L™): glucose 20; yeast extract 30; MgSOy
0.6; FeS04 0.03; MnS04 0.03; sudium acetate 1.0; KILPO, 0.5; K;HPO, 0.5.

Culture condition

Fermentation experiments were conducted in this newly improved Bio-RCl
calorimeter at 42°C and an agitation speed of 400 rpm. The pH was maintained at 5.9
with automatical addition of NaOH (ca 6 N). The homofermentation of L. helveticus
is not strictly anaerobic, and there is not gaseous product to be measured, therefore,
the cultures in this reported work were just flushed with N, before inoculation and
nitrogen blankets were maintained over the cultures in the reactor, Sparging continu-
ously with N; was unnecessary for experiments in this work. Under the operating
condition in this work, the detection limit of the Bio-RC1 was about 10 mW L7, for
at least 48 h.
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On-line and off-line data

A data acquisition system (T.LABVIEW sofrware with Macintosh) was used to
store all the on-line measured signals (heat, addition of NaOH, pH, etc.). Samples
were regularly taken from the broth cultures for off-line analysis. Growth was deter-
mined by measuring the absorbance of the culture spectrophotometrically (U-3210
spectophotometer) at 620 nm and relating to a previously calibrated curve of cell dry
mass vs. absorbance. Concentrations of glucose and lactic acid were determined us-
ing standard enzymatic assays (Bochringer Mannheim, Germany). The composition
(CH, 6:00.48Np23) and heat of combustion (536.1 kJ C-mol™) of the cells of L.
helveticus were determined previously [8].

Results and discussion

On-line calorimetric measurement and correlations of heat generation to
other process variables

Growth curves from on-linc and off-line measurements are given in Fig. 1. We
can see that cells grew exponentially until the depletion of carbon/energy source,
glucose, which was signified by the on-line measured heat production rate. Figure 2
depicts a correlation between the generated heat and the formed biomass, from
which the heat yields Yo was caleulated to be 324 8 kI C-mol™. Similarly, we
could also determine the product yield ¥p5 and the biomass yield Y5 to be 0.856
and G110, respectively, which result in a carbon recovery of 0.97. However, the
measured heat yield was notably higher than the calculated value (252.2 kJ C-mol ™)
based on heat balance of the growth rcaction. This discrepancy may be attributed to
the side-reactions, mainly the neuotralization, during the anaerobic growth. In ho-
moflermentation of L. helveticus, the product was lactic acid which would result in a
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Fig, 1 Anaerobic growth of Lactobacillus helveticus in a glucose-limited semi-defined me-
dium. — - rate of heat production; a ~ glucose concentration; m~ biomass dry mass;
¢ — lactic acid concentration
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Fig. 2 Determination of heat yield Ygix for anacrobic growth of Lactobaciilus helvelicus in a
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considerable decrease of pH in the culture, thus a much larger amount of base, as op-
posed to normal aerobic growth, had to be added automatically to the culture in order
to maintain the pH constant, Although this side-reaction is kinetically in conjunction
with the growth rcaction, it has (o be taken into account in heat balancing, particu-
larly in designing the cooling facilitics in industry. The importance of the influence
of side-reactions on enthalpy balance of anaerobic growth has been addressed in [9].

Determination of kinetic parameter by means of calorimetric measurements

The exponential growth kinetics is described by dX/dr=pX, where X and p are the
concentration of biomass and the specific growth rate, respectively. p is generally
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Fig. 3 Determination of specific growth rate of anacrobic growth of Lactebacillus helveticus
in a glucose-limited semi-defined medium by off-line biomass measurcment (w) and by

on-line heat measurement (thick broken line)

A Therm. Anal. Cal., 56, 1999

nQ




LIU ¢t al.: BENCIT SCALE CALORIMETRY 1195

determined by the measuement of biomass, i.c. plot of InX vs. time 1. If the
stoichiometry of growth reaction is constant, then the rate and the amount of
biomass formation, (dX/ds) and (X—Xp), arc proportional o the rate and the amount
of heat production, (dQ/dr) and @, respectively. Provided that the initial concentra-
tion of biomass Xy alter inoculation is very low, i.e. X=X-Xj, then p can be deter-
mined by means of calorimetric measurement, i.c. plot of InQ vs. time ¢. This is par-
ticularly true when the data point are taken from the later part of the exponential
growth phase. As shown in Fig. 3, data from the anaerobic culture of L, helveticus in
the Bio-RC1 were used for determination of the specific growth rate, by plot of InX
and InQ against time ¢, which resultin gt of 0.29 and 0.30 h™, respectively, and they
are in agrecment with the reported value under the same growth condition, 0.31 b
[10}. Therefore calorimetry provides an alternative to determine the specific growth
rate. Since much more on-line data points are available from calorimetric measure-
ment, this proposed alternative is believed to be of advantages of precise and casc. as
compared Lo Lhe off-line hiomass measurement.

Conclusions

Calorimetric studics of anacrobic growth of L. helveticus showed that the Bio-
RC1 is a powerful tool for studies of stoichiomelry, thermodynamics and kinetics of
cellular growth. Morcover, heat signal has been demonstrated as a very uselul on-
line variable for asscssment of the metabolic activities of anaerobic cultures, and
thus can be used for on-line medium optimization, monitoring and control of anaero-
bic cultures. Further application of the improved Bio-RC1 in these subjects will be
reporied elsewhere.
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