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SUMMARY 
This paper is a review article of the research wurks conducted in the 

author’s group and deals with a method.of calorimetric characterization of the 
biological effects of drugs and other ~hern~c~~s on metabolic activities of 
living cells. The effects of various drugs and chemicals on different microbial 
systems were qna~titat~vely studied in a calor~aeter and by using the results 
drug potency curves were successfully drawn for each drugs. The method was also 
applied to the study of microbial activity in soil and it was shown that the 
method can be a powerful technique for the quantitative characterization of 
PulI~tants in ecolngical systems. 

Much work has been made by various investigators to study quantitatively the 

biological activities of living cells and tissues by observing their metabolic 

heatscrefs. l-3). The ethod is roainly based on the fact that the heat effect is 

strictly proportional to the metabolic activity and in most cases a magnitude of 

caluriwetric signal which is given by power unit @watt) is simply employed as 

an index to express the biological activities. 

R~~ever, it seems that less attention has been paid to the tine cowse of the 

ca~ometr~c signals (the growth thermogram~a~, although it reflects most directly 

the growth behavior of cells in culture vessel. 

Z< 1 Fur this term, the notation “power-time-curve” is c~mmo~Iy used, in accw- 
dance with the recumme~datian by Interunion commission on 3~otbermodynam~cs~Pu~~ 
& Applied Chemistry, 54, 6~1-679(~982)). It is true that if one observes a heat 
evolution process in a calorimeter whose time constant is very short, the calo- 
rimeter output signal would be very close to the thermogenesis that is expressed 
in the unit of power(=~att~. Bowever, it should be pointed out that what one 
actually observes with any type of calorimeter is the temperature difference 
between the caIorimetric vessel and its surroundings (or the reference vessel), 
and is never the “power dg/dt”. The signal is proportional to the power only in 
particular case where the instrumental time constant is practically zero (the 
heat leakage modulus is infinite). This relation will be clear when one con- 
siders about the use of an isoperibol (Dewar vessel) calorimeter or an adiabatic 
calorimeter. Since with the adiabatic calorimeter the heat leakage modulus is 
practically zero, the heat evolution in the calorimetric vessel results in the 
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It has been long my view that the biocalorimetry as an analytical tool is 

most effectively applied to the kinetic analysis of microbial cultures. Recently 

we have developed a high sensitive multiplex batch-calorimeter which is appli- 

cable to the detection of small heat effects due to cellular metabolism and 

applied to the analysis of growth behavior of microbial cells. Weat evolution 

processes were observed with microbial cultures grown on different culture 

media containing various antimicrobial drugs and the growth behaviors were ana- 

lyzed in terms of growth kinetics to obtain the viable activity of the microbes 

and the effect of the drugs on them. This enabled one to determine parameters 

which characterize the drug action and to draw calorimetrically the drug potency 

curve. 

The same principle was also adapted to a quantitative estimation of food pu- 

trefaction and of environmental pollution studies. In the former, an attempt bas 

been made to determine guanti~ativeI~ the action of food preservatives on actual 

foodstuffs and in the latter study a method to evaluate the effect af pollutants 

on microbial activity in soil has been proposed. 

EXFERI~~NTAL 

Calorimeter 

A multiplex batch calorimeter involving the conduction principle was con- 

structed in this laboratory. The apparatus has 25 calorimetric units which are 

arranged in an aluminum heatsink with a dimension of 350 x 700 x 120 mm. The 

basic structure and its operation are essentially the same as those of our pre- 

vious design aith six-aeabered calorimetric unitshf. 4). 

Method of Analysis 

The heat evolution process f(r) during incubation of microbial cells was 

obtained from the apparent calorimetric output signal g(t) at an incubation time 

of t by using the refationjrefs. 5,S): 

fft> = g(t) + K g(t)dt I (I> 

where K is the heat leakage modulus (the heat conduction constant) of the 

(continued from previous page) 
temperature rise whose extent is directly proportional to the amount of heat 
evolved. Thus the calorimetric signal (dog or K) gives the amount of heat evol- 
ved(J) when it is multiplied by the heat capacity(J/deg or J/X> of the system. 

Strictly speaking, with calorimeters of existing design (except that working 
ideally in adiabatic principle) the signal (K) is converted to the power unit by 
the following procedure; the signal (K) is converted to “Joule unit(J)” after 
correcting for the heat leakage and being multiplied by the heat capacity and 
then differentiated with respect to time(s) to give the “power(J/s=watt)“. In 
another word, a simple graphical integration of the calorimeter recording does 
never give the true thermok~neti~al curve and we believe that the use of the 
term “pouer-time-curve* say lead to erroneous conclusions. For this reason 
we disagree with the use of this term, but rather use “growth thermogram” or 
simply “calorimetric recording”. 
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Fig. 1 Electrical calibration mark g(t) and 
its conversion to f(t) curve 
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The relationships het- 

ween these two quantities g(t) : 
and f (t ) are shown in Fig. 1 20 - 

for an electrical calibration 

experiment conducted on one of $ 

the calorimetric units and in ‘, 

Fig. 2 for a practical mea- c 
10 - 

surement on a fungi culture. 

In the electrical calibra- 

tion experiment, a constant 

electric power of 330.8 uW was 10 20 30 40 50 

sent on a heater mounted on c/b 

the calorimetric unit. The 
Fig. 2 Growth thermogram g(t) observed for the growth of 
Asp. oryzae grown at 30'C on bran and its conversion to 

calorimeter record g(t) gave a f(t) curve. The dotted curve is the one fitted on eq. (2). 

typical calibration mark and the corresponding f(t) curve was obtained by compu- 

tation using eq. (1) as shown in Fig. 1. It can be seen that the f(t) curve 

gives a straight line with a definite slope until the heat power is off. Thus 

the f(t)curve determined from the calorimeter recording after correcting for 

the heat leakage well reflects the temperature change of a calorimetric unit 

which one would observe when it were placed in a hypothetical adiabatic condi- 

tion. This fact obviously indicates that the computational procedure employed 

here on the basis of eq. (1) is a reasonable one and applicable to practical 

measurements. 

In Fig. 2 a typical calorimetric recording g(t) (the growth thermogram) 

observed for the growth of a fungi, Asp. oryzae grown on solid medium bran at 

30-C. In this measurement, the culture vessel was tightly sealed with a gastight 

cap and when all the oxygen present in the vessel was consumed, the signal 

rapidly returned to the baseline. The corresponding f(t)curve which was ob- 



tained by computation using eq. (1) is also included in the figure. The curve 

thus obtained gives a typical growth curve of microbes. 

It is very interesting to see that even after the oxygen is consumed (near at 

40 h incubation), f(t) curve gradually goes up, indicating the involvement of a 

minute heat evolution without the oxygen consumption. 

Determination of growth rate constant 

We have previously reported that the heat evolution process during the expo- 

nential growth phase of microbes is given by a sitnple exponential function; 

f(t) = AN,exp(pt) f BN, (2) 

where p is the growth rate constant, No is the total number of viable cells at 

the start of incubation (the inoculum size) and A and Bare the constants(refs. 

586). 

Using this relation a regression analysis was made on the f(t) curve and the 

growth rate constant, p, was determined as a best-fit value. The dotted line in 

Fig. 2 is the curve fitted by the regression analysis and in this particular 

case the growth rate constant was obtained to be 

P = 5.32 x 10-B min -1 (3) 

Here, it should be noted that the curve fitting was made just for a limited 

incubation period, since the growth deviates from the exponential phase as the 

oxygen concentration becomes low. 

EXPERIHENTAL RESULTS AND DRUG POTENCY CURVES DRAWN 

Fig. 3(a) shows growth thermograms observed for the growth of Escberichia 

coli grown at 30°C on bouillon medium containing various anounts of anti- 

biotics novobiocin (ref.8). The result indicates that with increasing the 

concentration of novobiocin in the medium , the growth thermogram shifts 

toward a longer incubation period with a slight decrease in the steepness 

of their initial slopes. Such the effect of the drug becomes more clear 

when the observed growth thermogramsare converted to f(t) curves. 

The corresponding f (t ) curves obtained by computation using eq. (1) are 

shown in Fig.3(b). Obviously there is a good correlation between the change 

in growth curves and the novobiocin concentrations. 

A similar result was also obtained with the growing culture of Asp. oryzae 

grown on bran containing different amounts of p-hydroxybenzoic acid (PHBA) and 

the results are shown in Figs. 4(a) and 4(b) (ref. 9). 

In order to characterize this feature induced by the drug action more quanti- 



Fig. 3 (a) Growth thermograms of 8. co12 grown at 3O*C 
on bouillon medium containing novobiocin at various con- 
centrations and (b) the corresponding f(e) curves compu- 
ted according to the method described in the text. 

tatively, we have proposed a method of analysis based on the following 

scheme (ref. 10) ; 

V + n5 + vs* d 2v + P 
v + aI * Vim 
v&J + ml * VSmIm 

(4) 

where a viable microbial cell V takes up n moles of nutrient (substrate) S 

to form an intermediate YS, which produces a new viable cell together with 

the possible formation of metabolic by-product P. The drug I inhibits the 

viable activity of the cells by forming nonviable states VI, and V&I, 

crbere I is the mean number of molecules of the drug needed to inhibit 

the reproduction of new cells. 
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If we denote the substrate constant and the dissociation constant of the drug 

as Ks=[V][S]n/fVSn] and Kd=[V][I]m/[VIm]=IVSn]fI]m/[VSnIID] , respectively, 

then we have the growth rate equation; 

pi = pm/~l+Ks/sn)~l+i~/K~) (5) 

where /.Jt is the growth rate con- 

stant found in the presence of a 

drug at concentration i(=[I]) and 

,nm is the maximum growth rate con- 

stant in the absence of the drug 

and in the presence of excess 

nutrient. 

Since in actual measuremnts, the 

following relationship holds, to a 

good approximation, 

Rs < s” (6) 

@q.(5) is reduced to eq.(?); 

0. 

‘; 
. 
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Pi = pm/( ?+im/Kd) (7) 

The values of K,j and mare de- 

terminable by a regression analysis 

on the basis of eq.(7) and moreover 

a drug potency curve will obtained 

by plotting the specific growth 

activity pi/pm against 

the drug concentration i. 
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Fig. 4 (a) Growth thermograms of ASP. ory~~+e grown 
at 30°C on bran containing p-hydroxy benroic acid 
at various concentrations and (b) the corresponding 
f(t) curves. 

The drug potency curve 

obtained by the above 

procedure for the action 

of PHBd on the growth of 

Asp. oryzae grown on 

bran at 30 C is shown in 

Fig.5. 

Measurements were also 

made on the drug actions 

on ,the growth of Asp. 

oryzae grown at 30 “C on 

bran containing various 

food preservatives as 

test drugs and the drug 
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Fig. 5 Drug potency curve drawn for the actions of p-hydroxy 
benzoic acid on Asp, oryzae growth. The open circles denote 
the experimental data. The curve was drawn by regressfon 
analysis on the basis of q.(7). 



potency curves were calorimetrically drawn and are shown in Fig. 6. In the plots, 

the drug concentrations are given in the logarithmic unit so that they cover a 

wide concentration range. 

As understood from eq.(?), the values of “Yi” m& corresponds to the drug 

concentration at which the growth activity is repressed by 50 %, while the value 

of m reflects the cooperative nature of the drug actions. Thus the two para- 

meters can be an index of the 

effective and dynamic con- 

centration range in the drug 

action. These parameters de- 

termined by the present 

calorimetric method are sunma- 

rized in Table I (ref.9). 

In Fig. 7, the drug potency 

curves obtained calorimetri- 

cally for the action of three 

antibiotics, streptomycin, te- 

tracycline and chloramphenicol, 

on E. con growth are shown. 

The corresponding parameters m, 

Kd and Ki ate also summarized 

in Table I (ref.10). 

It turned out that the 

change of growth thermograms 

in the presence of certain 

drugs can not be explained 

quantitatively by the noncom- 

petitive inhibition model 

which is defined by scheme (4). 

These drugs are penicillin 6, 

amipicillin and polymyxin B 

(ref. Ii) which are known to 

inhibit the biosynthesis of 

bacterial cell walls. With 
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Fig. 6 Drug potency curves for the action of various food 
preservatik on A&. oryzae drawn calorimetrically. 
Orugs are: (a)potasrium sorbate, (bfcalcium propfooate, 
(c)sodium benzoate, (d)p-hydroxy benzoic acid and 
(efethyl alcohol. 

f / umol dm-' 

Ffg. 7 Drug potency curves for the action of (a)strePto- 
mycine. (b)tetracycllne and (c)chlorampheoicol on E. colt 
growth drawn calorimetrically. 

these three antibiotics it was found that the growth thermograms are affected in 

such a manner that they shift toward a longer incubation period, while the 

growth rate constant remains unchanged, even when the drugs are present in the 

incubation medium. 

This characteristic feature may be explained by the drug action that the 

effective inoculum size is lowered due to their specific binding to the cell to 

inhibit the cell division. On the basis of a scheme that the decrease in the 
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effective inoculum size is 

proportional to the mN-th 

power of drug concentration, 

the observed changes in 

growth thermograms were ana- 

lyzed to obtain the drug 

potency curve. The results 

are shown in Fig. 8 (ref.11). 

0.01 1 

1 / umol dm-' 
Fig. 8 Drug potency curves for the action of (a)peni- 
c+llin G. (b)amplcillln and (c)polymyxin B on E. con 
growth drawn calorimetricatly. 

TALLY I Inhibitory parameters of some drugs on the growth activity 
of microbes as measured by the calorimetric method 

Drugs Microbes 
m Kd Ki 

molecule cell-l (mol dm-*)m mol dm+’ 

ethyl alcohol Asp. oryzae 3.3 0.815 0.94 

p-hydroxybenzoate Asp. oryzae 1.9 0.102 0.300 
sodium benzoate Asp. oryzae 2.1 0.00278 0.0691 
calcium propionate Asp. oryzae 2.4 0.0113 0.0408 

potassium sorbate Asp. oryzae 1.2 0.00964 0.0209 

chloramphenicol E. coli 1.3 1.46 x 10-a 0.94 x 1oe- 

tetracycline E. coli 0.7 3.49 x 10-S 0.43 x 10-6 

streptomycin E. coli 1.2 8.69 x lo+ 0.19 x 10-s 

Fig, 9 Microbial degradation thermograms of glucose in soil 
containing various amounts of chromium at 30% Chromium coo- 
centrations I ppm are; (a) 0, (b) 25. (cf 50, (d) 75, (e) 100. 
fff 125, (g) 150 and (h) 200. 



Fig. 9 shows the results 

of experiments conducted 

for microbial ~e~radat~o~ 8 

of ~lueose in soil contain- 
5 

ing various ame~mt~ of % 

ch~om~nm as a model corn- p@.s 

pound of pollutant (ref.X),Z 

The specific degradat~ou i!! 
5 

rate of glucose was deter- 8 
VI 

~~tbough the actual b~ockem~ca~ proceseas in living cells are more 

cemp~~ceted than what me eesemed here and the parameters defined abtwe 

have limited biological significance in themselves, the drug patency curves 

draan are the ones which &re obtained by fitting the e~pe~~menta~ data 

and the~efor~~ we believe, that they are fully 

method given here will be a powerful technique 

tat~ve~~ the h~a~o~~ca~ effects of various drugs 

living ceils. 

reliable and that the 

to cba~acteri~e quanti- 

and Foreign subs~ences an 

A.E. Beezer, P, Fujita, K. Nunomure* R. Brettel, B. ~cbaa~sckmidt, &.I. Eatin, 
f. ~~mprecbt~ P, Hank, W. Forrest and 3. idadso, ~~crob~e~~g~ca~ ca~or~rnetr~~~ 
in: I. ~amprecbt and B, ~cbaarscbmi~t (Eds.). ~p~~~cat~on of ~a~or~matr~ in 
Life Sciences, Yalter de Grunter, Berlin, X977, pp. fW-156, 

S.P. Ilelaich, Growth and metabu~~sm in Bacteria, in: A.E, Beszer <Ed.?, Bia- 
logical Hicracalorimetry, Academic Press, Neu York, 1980, pp. 1-42. 

f. Lem~recbt* eremtb and metabel~s~ in yeast, in: 6.E. fleezer (Ed.), Sio- 
logical. ~~croca~er~rnet~~* Academic Press, New York, 1980, PP. 43-112. 



80 

6 T. Kinura and K. Takahashi, Calorimetric studies of soil microbes: Quanti- 
tative relation between heat evolution during microbial degradation of 
glucose and changes in microbial activity in soil, J. Gem. Microbiol.(London). 
131(1985) 3083-3089. 

7 K. Takahashi, Microcalorimetric methods, in: Jap. Biochem. Sot. (Ed.), 
Seikagsku Jikken I(oza (Experimental Methods in Biochemistry), Vol. 12, Tokyo 
Kagaku Dojin, Tokyo, 1976, pp. 19-37. (in Japanese), 

8 A. Katarao, N. Yamato and K. Takahashi, in preparation. 

9 H. Kitani and K. Takahashi, in preparation. 

10 A. Katarao, T. Mune and K. Takahashi, Calorimetric analysis of the effect of 
streptomycin, tetracycline and chloramphenicol on the growth of Escherichia 
coli, Agric. Biol. Chem., 51(g) (1987) 2443-2449. 

11 A. Katarao. H. Okuno and K. Takahashi, Calorimetric analysis of the effects 
of penicillin 6, ampicillin and polymyxin B on the growth of Escherichia 
coli, Agric. Bio.2. Chem., 52(9) (1988) 2279-2285. 

12 R. Kaneda and K. Takahashi, in preparation. 


