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Abstract

An improved flow-through chip calorimeter useful for liquid samples is presented. The heat power detection limit could be decreased
to a level of 180 nW. Main features of the new micro-sized calorimeter are a differential chip arrangement, a small sized thermostat with a
precision in the micro-kelvin range and the application of micro-pumps for liquid flow control. The improved heat power resolution enables
the monitoring of biochemical processes under relevant conditions. As applications have shown a pulsed fluid injection can increase the
degree of mixing. For the determination of the degree of mixing a new method was developed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction parameters of a micro-sized flow-through calorimeter the
heat power dissipation was estimated. It is to be recognised
Because of the universal nature of the heat power produc-clearly that a heat power resolution below the micro-watt
tion of chemical reactions the measurement of the evolved range is desirable if relevant applications should be possible.
heat opens an elegant way to study directly elementary pro- Micro-sized flow-through calorimeters are usually devel-
cesses in biochemistry. In fact, no sophisticated cascades obped on the basis of thermopile silicon chifds2]. Since
reaction steps are necessary to generate signals which areeveral years we are studying the possibilities of application
related to the primary reaction under investigation. On the of micro-structured devices in calorimetry. On the basis of
other hand, a calorimetric equipment which is necessary to micro-machined silicon chips with integrated thermopiles as
obtain reasonable information from such kind of processes istemperature sensing elements we have constructed so-called
rather ambitious. Usually, the amount of the available sample integrated circuit (IC) calorimeters (also named as chip
is strongly limited. Beyond that, the low concentration of the calorimeters) useful for various purpogés-5]. Due to the
active species, as for example peptides, decreases the heapplied semiconductor technology the heat power sensitivity
power density. IfTable 1relevant data of some biochemical of the used thermopile chid8] exceeds the corresponding
processes are summarised which illustrate the demands orglata of conventional calorimeters by many degrees. That s at
the detection limits of the heat power measurement. The firstall the most substantial precondition for the construction of
three processes are enzyme catalysed reactions followed byniniaturised calorimeters with reasonable capabilities. The
two aerobe and one anaerobe degradations of substrates binain reasons for the high demands on the sensitivity are the
living micro-organisms. The last row contains representative reduced volume of the reaction chamber and the limitation
data of antigen—antibody reactions. The degree of conversionof the degree of mixing which decreases the amount of the
means the relationship from the amount of converted sub-overall available heat power.
strate to the amount of the injected ones. It depends on the For the study of liquid samples the application of chip
activity of the enzymes and the micro-organism as well as on calorimeters is not ideal. The main advantage of chip
the mixing efficiency of the measuring device. In all cases a calorimeters are their low time constants which are in the
continuous flow-through operation mode is assumed. For therange of a few milliseconds. This feature can be success-
given concentrations and assuming representative operatiorfully used for the investigation of thin coatings directly
deposited onto the surface of the chip membrane, e.g. for
"+ Corresponding author. Tek+49-37-3139-2125; _the determination of heats of absorptiph8], heat capac-
fax: +49-37-3139-3588. ities at high frequenciefd] and for the measurement of
E-mail addressjohannes.lerchner@chemie.tu-freiberg.de (J. Lerchner). heats of melting of small metal clustef&0]. However,
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Table 1
Heat power generation of some biochemical processes (estimated assuming a volume flow eat20gil min—1, a chamber volume o¥ = 20l and
an enzyme activity of 200 U mf)

Process AH (kJmol 1) Concentration, Degree of Heat power
¢ (mmol %) conversion,D (uW)
Glucose (GOD/catalase) 225 0.1 0.7 7
Urea (urease) 61 0.1 0.5 1
Sucrose (invertase) 15 0.1 0.5 0.25
Phenol (Rhodococcus) 200 0.24 0.65 10
Glucose (Saccharomyces) 2870 0.24 0.1 24
Anaerobe degradation 100 1 0.003 0.2
Antibody—antigen reaction 70 0.01 0.9 0.1

liquid samples need to be covered by a reaction chamber inas well as amplifier noise restrict the heat power detection
order to avoid evaporation effects. This increases the timelimit to approximately 50nW assuming a sensitivity of
constant remarkably. Evaporation effects in free standing 2VW~1 and a band width of 1 Hz. As a consequence, the
samples caused by vapour pressure changes limit the resoperformance of the temperature control should limit temper-
lution of the heat measurement to approximately.3Q3]. ature induced disturbances in the heat power measurement
The time constants of flow-through chip-devices for liquids to a range of lower than 100 nW.
are in the range of some seconds. As a consequence, the Fig. 1 depicts the scheme of an arrangement of two
influence of external temperature perturbations is increasedthermally coupled thermopile chips NCM-9924 (improved
and the experimental effort for temperature control has to version of the chip LCM 2425 manufactured by Xensor
be extended. Further the reduced mixing efficiency due to Integration, Netherlandf6]). Aim of the coupling is the
the laminar flow conditions has to be taken into account.  reduction of signal noise caused by temperature perturba-
Nevertheless the application of micro-sized calorimeters tions in the surroundings. The upper chip (measuring chip)
is attractive: the investigation of very small samples is pos- is joined with a flow-through reaction chamber (PMMA).
sible, the operation is much faster in comparison with con- The inlet flows enter the reaction chamber at the inlet ports
ventional calorimeters and micro-sized calorimeters can be (seeFig. 3). A detailed description of the reaction chamber
applied as analytical tools. Therefore, we have made someis given in[11]. At slow changes the influence of external
attempts in the last time to improve the heat power resolu- temperature perturbations on the signal depends only on the
tion of flow-through chip calorimeters for liquid samples. In  heat capacity of the samp|&2]. A reaction chamber of a
this paper, we aim to describe new experimental features ofvolume of 20ul filled with aqueous sample corresponds to
a silicon chip-based flow-through calorimeter: a heat capacity of 100 mJR. In this case stochastic tem-

perature perturbations of 2@ (standard deviation) with

e a differential chip calorimetric arrangement with high a band width of 1 mHz generate a heat power noise of ap-

figrr]fs-rmame o Suppress remaining temperature perturba-, ;a1\ 100 nW. One way to reduce this kind of noise is

: L . . . to apply the classical principle of a differential calorimeter.
e the design of a miniaturised calorimetric module with . . . o
) . ) In the described device two chips are joined face-to-face by
micro-kelvin-temperature control,

. . . . . a 2mm thick aluminium frame which is positioned near the
e the adaptation of micro-sized devices for fluid flow con- . ) .
trol reference junctions of both thermopiles. In order to prevent
' direct thermal coupling of the hot junctions of the ther-
mopiles thermal shielding is necessary. The reference chip is
2. Experimental loaded with an inert sample (graphite cylinder of 4 mm diam-
eter and 2 mm height). Because it is practically impossible

2.1. Differential chip arrangement

Outlet Inlet

The heat power detection limit of flow-through chip Shields\ Reaction
calorimeters is essentially determined by the signal voltage n /
nois_e, the stability of_ the reference te_zmperature of the ther- (Tﬁsf;"‘swf /=ﬁ ";’r'ﬁ:s“femem
mopile and of the fluid flows, respectively. Further pressure ’
pulses induced by fluid pumps, gas bubbles and electronicymey ———2°0 E Thermal
effects due to the change of the ionic strength of the liquid Tubes coupling
can generate noise effects. Unfortunately, solid-state inte- 4‘ ‘

. . . . ‘ \5\ Reference

grated thermopiles have a rather high electrical resistance Inertia chip

Mounting

(i.e. 50 k2 for the LCM 2425 chip in comparison with®
for a conventional thermopile module). Thus Johnson noise Fig. 1. Scheme of the differential chip arrangement.
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Heat exchanger

to establish equal thermal conditions for both chips the
thermopile signal of the reference chip cannot be used for
corrections without previous processing (see below).
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Despite of the application of correction procedures as de-
scribed above a precise temperature control is necessary. One
has to be aware that temperature fluctuations qf@f an
aqueous fluid flow of 2@ min—* produce 70 nW heat power
noise. Therefore, some effort was made in order to design a | 0 mm :\
precise thermostat with a size adequate to a chip calorimeter.

The developed two-stage thermostat consists of two Brirens
nested U-shaped frames (s€igs. 2 and R The chip ar- T4
rangement is mounted inside the inner frame. The outer and
inner frames are made of 4 mm thick aluminium and 5mm
thick copper, respectively. At the outer side of the walls four
foil heaters are attached. In order to enable fast response the
temperature sensors T1-T2 (10 khermistors) are placed
inside the walls near the foil heaters. Only one sensor of
every frame is used as regulating sensor. The symmetry
of the design assures a sufficiently constant temperature in ——— Peltier cooler
both walls of the frames. For temperature control digital im-
plemented PID controllers with optimised parameters were _ ) _ )

. Fig. 2. Scheme of the micro-kelvin thermostat (T1, T3—regulating and
used. The control temperatures for th'e outer and inner frameme‘,jlsuring thermistors: T2, T4—measuring thermistors).
were set to 25 and 25°€, respectively. The reference

5
%

X
7
i

Outer frame

e
5
o

53
%
7
S
%%

e
2

7T
ofatete

T
bt

oo
ofetele!

5
>

e
areeletel

o0

&

X
o]
beTetedd

e
olatese!

XD,
00

32

e
K
e

.
505

5%

.

f
;

%

o
3

b
5

ot
LIS

T2

5

v
(XK
5

obi el
(eteteturate!
AT

RIS

00
50

.,
Ta Sttt tetatete!
. —
2
e

IR
%
B

XX
o
X2

o,

ST
.’.ﬂ

=
0%
o,
5%

5
5%

S5

.

=
%

e

G TI—————
(XTI X RRRRRRFRRIRRRRRRARARRRRRRFR

O R oo R R e a o b a Ao s Ao Ta e PR ehoPeashebesety
Pateleloeleleleleteetetele e te ot e o te tete St e te 20 e et e tete e

Reaction
chamber

Inner frame

Differential chip
arrangement

Heat ex-
changer

Inlet ports

Fig. 3. Photograph of the inner frame of the thermostat with the installed chip arrangement.
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Cch. 1 Heat exchangers Inlet ports As example for a fast reaction the protonisation of TRIS
A A% | (tetrahydroxy-methylaminomethane) by hydrochloric acid
was applied. In the continuous flow mode TRIS solution
Outlet is continuously injected, whereas the variable flows were
switched between hydrochloric acid (B, channel 2) and
T‘IT distilled water (C, channel 3). In the flow injection mode
L the calorimeter inlet ports are permanently connected with
Chip with reaction chamber channels 1 and 2. The second reaction is a model sys-
tem for the intended biochemical application of the chip
calorimeter. We have chosen the enzyme catalysed oxi-
dation of B-p-glucose. To improve the sensitivity of the
reaction the enzyme glucose oxidase (EC 1.1.3.4) was cou-

o . . pled with the enzyme catalase (EC 1.11.1.6). The activity
temperature of the upper chip is monitored by an additional of the used enzyme solution was 250 and 280 Ghnfbr

sensor (T5). A peltier module serves as constant power heat : .

sink. Three micro-machined silicon-glass heat-exchangerglucose oxidase and catalase, respectively. Glucose (A)
' L and the enzymes (B) were solved in 0.1 mdl phosphate

(IPHT Jena, Germany) for temperature equilibration of the buffer of bH — 6.9. Pure buffer solution was used as

input fluid flows are attached at the walls of the inner frame. com onenri C -

The coils which are mounted below the upper chip (see P '

Fig. 1) are used for final temperature equilibration of the

flows. Two U-shaped Ild_s of th_e same size and material as 3. Results and discussion

the frames (not shown in the figures) make up two closed

chambers.

Magnetic valves

Fig. 4. Scheme of the fluid flow system.

3.1. Verification of the correction procedure
2.3. Fluid control As mentioned above time constants and heat capacities of

o i ) the samples of both chips are not equal, i.e. the same per-
A simplified scheme of the fluid flow system is shown rhations in the reference temperature of the thermopiles

in Fig. 4. Through channel 1 component A is permanently proqyce different noise signals. On the other hand, there
injected. Two other flows are controlled by magnetic valves i5 5 correlation between the outputs of the thermopiles.
(LEE Company, USA) in order to initiate the reactions by Therefore, it should be possible to create a dynamic model
switching between components B and C. The flow system i, order to convert the signal of the reference chip into a
is equipped with a syringe pump (SP 200 World Preci- gyjtaple correction signal. For the experimental identifica-
sion, USA). Volume flow rates in the range between 0 and tjon of the model, a stochastic perturbation of the control
30pImin~" were applied. In order to test the suitability (emperature of the inner thermostat was generatig.5a

of micro-pumps the syringe of channel 2 was replaced by shows the response of both thermopiles to the perturba-
different types of micro-pumps in some experiments. Up (ons Using these signals the parameters of a simple ARX
to now we successfully tested the micro-pumps XXS500 mogel[13] were estimated by help of the system identifi-
(thinXXS, Germany) and LPV (LEE Company, USA). Bé- ¢ation toolbox of MATLAB (MathWorks Inc., USA). The
cause the investigations are still in progress summarised,,qodel as presented 15q. (1)is a time-discrete simulation
results of the tests will be presented in a future paper. The ot the transfer function of a linear system with the ther-
cqntrol unit of th(_a pumps enables different modes of OPer- mopile voltage signals); (reference chip) andy (mea-
ation. In the continuous flow mode the pumps are activated suring chip) as input and output, respectively. It is the sim-

permanently. In the impulse injection mode separate vol- plest version of a parametric black-box model. During the
ume increments can be injected. If the volume increments 4 mal operation of the systetd, is measured in paral-

are larger than_ the volume of the reaction chamber it is o \with Um. The processing of the calculation signal as
better to term it as stopped-flow mode. For example, the \ye|| a5 the correction of the measurement signal can be
stopped-flow mode can be used to determine the degregyerformed in real-time or off-lineFig. 6). As shown in

of conversion. In the impulse injection mode the flow rate fjqy sptemperature induced disturbances can be suppressed
dependence of the sensitivity is not relevant. Further the by factor 10. The signals iffig. 5b were also generated

degree of conversion has not to be taken into account. Onyy stachastic perturbations of the control temperature of the
the other hand pressure effects must be corrected.

thermostat.
2.4. Test reactions Un(®) + arUn(t — Tp) + - - - + agUn(t — 4T0p)
= b Ur(t — To) + - - - + baU;(t — 4Tp) 1)

In order to demonstrate the performance of the chip
calorimeter the results of two test reactions are presented.whereTy is the sampling time.
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=
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< -0.04
E .
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-0.08 - Fig. 7. Comparison of temperatures and signals in the system
0.10 (Ts—surrounding temperaturél,;—measuring thermistor located inside
R the wall of the inner frameTs—thermistor located at the measuring chip
-0.12 | (seeFig. 1); Uy, Un—thermopile voltage of reference and measuring
chip, respectivelyU;,—corrected measuring signal).
-0.14 1 T T T T T T
0 10 20 30 40 50 60 ) ) o
t (min) measurement is 48K, which was proved by substituting

one of the thermistors by a precision resistor. The tempera-
Fig. 5. Signal correction: (a) signals measured during the identification ture of the non-controlled wall of the inner frame responds
run (1, 2—thermopile voltage of the reference and measuring chip, re- to the room temperature change by deviations of 1K0
spectively); (b) ‘measured and corrected signals from th_e appl_ication run (T4, Fig. 7b). The temperature changes at the upper Chip ex-
(1, 2—thermopile voltage of the reference and measuring chip, respec- . . .
tively, 3—corrected measuring signal). F:eed 1mK Ts, Fig. 79. Obviously, the chip arrangement
is not perfectly enough coupled to the walls. This causes
disturbances in the thermopile voltage of a few micro-volts
3.2. Performance of the signals as shown inFig. 7d Applying the correction procedure as
described above the base line deviations can be reduced to
In Fig. 7 the course of the temperature at selected posi- a level of £0.4V which corresponds to 180 n\WFig. 78.
tions of the system is shown. The periodic fluctuations of the The low level of the reference signal requires a strong noise
room temperatureTg in Fig. 79 measured near the peltier reduction before calculation of the correction signal.
module are caused by the air condition system of the lab- To demonstrate the signal resolution of the system a low
oratory. The temperature deviations of the controlled walls heat power reaction was measuredFlg. 8 the calorimet-
of the outer and inner frame are 40 angls, respectively ric signal for the TRIS protonisation using a 0.5 mmdi |
(not included in the figure). The stability of the temperature hydrochloric acid solution is plotted. The measurement was
performed in continuous flow mode. A signal resolution in
the nano-watt range seems really possible.

U

3.3. Enzyme catalysed oxidation of glucose

The plots inFig. 9 are to demonstrate the applicability

_ _ _ of the chip calorimeter to typical biochemical processes.
Fig. 6. Correction schemeUf, Un—measured thermopile voltage of | h . Lin th ti fl d d th
the reference and measuring chip, respectively:—calculated correction n each case, a signal In the continuous Tlow mode an e

signal; U,—corrected measuring signal; ARX—time-discrete dynamic IMpulse injection mode is showRig. 9adepicts one period
model determined during the identification run). of a sequence of consecutive reaction steps performed in




192

J. Lerchner et al./Chemical Engineering Journal 101 (2004) 187-194

20 4

-10

-20 A

/-

su= 0.1 pW

360

Fig. 8. Corrected measuring signal from TRIS protonisation reaction
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rate dependent sensitivity and the degree of mixing. The
results are also presented in order to emphasise the effect
of the pumping mode on the mixing behaviour. Two series
of measurements were done, using the syringe pump and
the piezo-membrane micro-pump XXS500, respectively.
The injection of the liquid by the syringe pump is almost
continuously. The pulse volume of the used micro-pump
is approximately 0.4ul corresponding to a pulse frequency

of less than 1 Hz. Probably the strong fluid pulses generate
additionally mixing effects which lead to larger calorimetric
signals. InFig. 9dthe heat effects of the injection of 10
volume increments are shown dependent on the concentra-
tion of the glucose solution. The saturation of the signal
near 1mmolt?! is determined by the concentration of the
solved oxygen (0.24 mmott).

3.4. Degree of conversion

At the used volume flow rates the flow in the reaction

the continuous flow mode. The heat power pulse shown in chamber is laminar, i.e. mixing is achieved by molecular
Fig. 9bis after subtracting of the pressure effectskig. 9c
the dependence of the steady-state voltage on the volumeeaction chamber as well as the operation conditions the
flow rate is presented. Obviously an optimal flow rate ex- knowledge of the achieved degree of mixing for a given

ists which is determined by the rate of reaction, the flow reaction is desirable. From the literature some methods
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Fig. 9. Application of the enzyme catalysed glucose oxidation: (a) steady-state Eigfimim continuous flow mode operationgyc = 1.1 mmol -1,
v = 16.7 wImin~1; (b) impulse injection of 7.5, cgluc = 5 mmol 1, v = 10 min—1; (c) flow rate dependence of the steady-state signal for syringe pump
(SP) and micro-pump (MP) application; (d) peak integrals A of impulse injections dependent on the glucose conce¥itzatl®yl, v = 10w min—2.
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are known which are using special test reactions (e.g. the c
formation of iron rhodanidg14], the iodide—iodate reac-

tion systenm[15] or pH changes in buffer solutioj$6]) to Ci
study the mixing efficiency of micro-reactors. Because the
degree of mixing depends on the diffusion coefficients of X
the involved species the results of such studies are only rel-  (5) 0 Xo
ative ones. If the enthalpy of the studied process is known

v

then the calorimetric signal can be used to calculate the a n

degree of mixing. IrEq. (2)the degree of mixin@®mix is dn/dt

calculated from the measured steady-state voltagethe - (i-co)V * Bn\
sensitivity S and the maximum heat powpkax. The latter L

is determined by the enthalpy, the volume flow rate and the | t

concentration of the substrate. Unfortunately, it is difficult
to obtain accurate data for the sensitivity of micro-sized (b)
calorimeters[11,17] To avoid this problem, we have de-

veloped a new method for the determination of the degree

- . U
of mixing based on the comparison of the amounts of con- 5/
verted and non-converted substrate during a stopped-flow T U ‘ A,

Start Stop

measurement:
Us t >
DmIX = Spnax (2) (C) Start StOp
Veh Fig. 10. Degree of mixing from calorimetric stopped-flow measurement:
Ir = T 3) (a) concentration distribution of the substrate inside the reaction chamber
(ci, co—input and output concentration, respectivedyslinear dimension
ne = (¢j — co) iy (4) of the reaction chambexo—outlet position); (b) schematic course of
the rate of conversion during a stopped-flow experiment-{amount
Dmix = e (5) substrate accumulated during transition phase;-amount of substrate
ne+nz2 —nq which reacts after stop of fluid flos—volume flow rate); (c) schematic
signal of a stopped-flow measuremehls{steady-state voltage during
ne — Us " 1 (6) flow phaseA;, A,—areas which have to be determined).
€T S "AH
1 1 volume flow ratev during the residence timg (Eqg. (3).
ng—ni1=——(Aafs— A1)— (7) h f hich i i h
S(v) AH The amount of substrate. which is converted during the
same time results from the difference of the input and
fo= S(v) (8) output concentrationdq. (4) Fig. 10h. Assuming a fast
Sv=0) reaction the degree of mixing can be expressed accord-
Usty ing Eq. (5) By help qf Egs. (6)—(9)the degree of mixing '
Drix = Usr & feAg — A 9) can be calculated using the parameters of the calorimetric
s Jsfiz Al signals Fig. 109. Further, the relation of the sensitivity
whereAH is the reaction enthalpy. at volume flow ratev andv = 0 has to be knownv)

Fig. 10a depicts schematically the distribution of the andSv = 0), respectively), i.e. the calculation is not com-
concentration of the substrate inside the reaction cham-pletely independent of the sensitivity. But in comparison
ber. For simplification linear geometry is assumed. The with Eq. (2) errors in the sensitivity have a much smaller
shown distribution is presumed to be valid in steady-state. effect.

The fluid enters the reaction chamber with the substrate Using Eqg. (9) we have calculated the degree of mixing
concentrationc; and leaves it with concentratiory. The for both test reactions at different volume flow rates. Up
non-converted substrate which is accumulate inside theto 30wl min~! complete mixing was found in the case of
reaction chamber is equal the integral of the concentra-the TRIS protonisation. The enzyme catalysed oxidation of
tion over the chamber volum€,. After the fluid flow is glucose is a slow reaction regarding the present residence
stopped the reaction continues until complete conversiontime. ThereforeEq. (9) provides the degree of conversion
of the accumulated substratey (in Fig. 108. The totally including both mixing and kinetic effects. For the series of
accumulated amount, consists of two parts. The amount measurements performed with the syringe pump the degree
ny which corresponds to the area above the dashed lineof conversion is approximately 0.7. The larger signals for the
in Fig. 10ais accumulated during the transition phase. micro-pump-based measurements can be really explained by
The area below it corresponds to the non-converted partan improved mixing efficiency. The degree of conversion is
of the substrate which is injected in steady-state with the increased to values higher than 0.8.
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4. Conclusion Prospects, Proceedings of the Third International Conference on
Microreaction Technology, Frankfurt, April 18-21, 1999, p. 1999.

The application of Chip calorimeters for solving biochem- [5] A. Wolf, A. Weber, R. Huettl, J. Lerchner, G. Wolf, Sequential flow
injection analysis of complex systems using calorimetric detection,

ical problems requires a heat power resolunon_near t_he Thermochim. Acta 382 (1-2) (2002) 89-98.

physical determined limits. A heat power detection limit [6] Xensor Integration, Delft, NLhttp:/www.xensor.nl

lower than 50nW is prevented by the large electrical re- [7] J. Lerchner, R. Kirchner, J. Seidel, D. Waehlisch, G. Wolf,

sistance of integrated thermopiles because of thermal and Determination of molar heats of absorption of enantiomers into thin

amplifier noise. Further, larger time constants accompanied chiral coatings by combined IC c_alorlr_netrlc and microgravimetric
. .. . (QMB) measurements. |. IC calorimetric measurements of heats of

with the use of liquid samples increase thg necessary effort  apsorption, Thermochim. Acta, in press.

for temperature control. However, differential chip arrange- (8] D. Caspary, M. Schroepfer, J. Lerchner, G. Wolf, A high resolution

ments and temperature control with a precision better than IC-calorimeter for the determination of heats of absorption onto thin

100pK enable the monitoring of heat power evolution in coatings, Thermochim. Acta 337 (1-2) (1999).

- : . [9] S.A. Adamovsky, A.A. Minakov, C. Schick, Scanning microcalori-
the nano-wat range. This opens the way for relevant app|l metry at high cooling rate, Thermochim. Acta 403 (1) (2003) 55-63.

cations in bio-solution chemistry. [10] S.L. Lai, G. Ramanath, L.H. Allen, P. Infante, Z. Ma, High-speed
scanning microcalorimetry with monolayer sensitivity, Appl. Phys.
Lett. 67 (9) (1995) 1229-1231.
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