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DETECTION OF ANTICHOLINESTERASE 
AGENTS IN DRINKING WATER BY USE OF 
TANDEM PACKED BED REACTORS WITH 

HUMAN RED BLOOD CELL 
ACETYLCHOLINESTERASE AND CHOLINE 
OXIDASE IN A SWITCHING FLOW SYSTEM 

J. SALAMOUN" and J. REMIEN 

Walther-Straub Institute of Pharmacology and Toxicology, Nussbaumstrasse 26, 80336 
Munich, Germany 

(Received, 28 September 1992; in final form. 28 March 1994) 

A flow system for the sensitive monitoring of acetylcholinesterase (ACHE) inhibitors is reported. The mobile phase 
contained acetylcholine (ACH) and choline (CH) as substrates. Red blood cell membrane ACHE was adsorbed on 
glass fibres. A tandem packed bed bioreactor system with reactors containing ACHE and choline oxidase (CHO). 
respectively, converted acetylcholine and choline selectively to hydrogen peroxide which was continuously 
detected by an electrochemical detector. The presence of ACHE inhibitors caused decreases in ACHE activity and 
hydrogen peroxide production, the decrease of the response being proportional with the concentration, reaction 
time and inhibiting strength of the solutes. Switching of the reactors enabled the detection of substances which 
inhibit CHO (e.g. the oxime HLa 7, which is used for the regeneration of ACHE), stopped-flow injection of 
inhibitors and their long time reaction with ACHE. Flow kinetic studies of both CHO and ACHE were performed 
to determine optimum conditions for the measurement. The limits of detection for paraoxon and physostigmine in 
drinking water were found to be 1 nM, and for malathion and parathion-methyl, 2 pM and 8 w, respectively. 

KEY WORDS: Acetylcholinesterase, choline oxidase, enzyme immobilization, organophosphates, flow 
injection analysis, inhibitors. 

INTRODUCTION 

Organophosphates and carbamates inhibit ACHE in central and peripheral nervous tissues', 
resulting in acute toxic effects mediated by excessive accumulation of ACH at nicotinic and 
muscarinic receptors. ACH accumulation causes a spectrum of acute toxic effects mediated 
by the nicotinic and muscarinic receptors. Unfortunately, a certain percentage of pesticides 
from agriculture reaches the aquatic environment in spite of their rapid degradation and low 
bioaccumulation potential'. 

*Author for correspondence. Present address: Chemie Brno. s.r.0.. Nopova 5,615 00 Brno, Czech Republic. 
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164 J. k4LAMOUN AND J. REMIEN 

There have been numerous reports on the development of enzymatic methods for the 
monitoring of antiacetylcholinesterase substances in recent years. They are based on the 
determination of ACHE activity in the presence of an inhibitor. The activity of ACHE can 
be assayed by a variety of methods3. In general, the most commonly used manual method 
is the electrometric method of Miche14. The colorimetric method of Ellman et al.’ is the basis 
for a number of automated methods. ACH sensors used for the detection of ACHE inhibiting 
compounds have also been described-. They are mainly based on ACHE immobilized in 
a polymer matrix and on a pH sensor. Kiffer and Minard’ described a continuous method 
for the monitoring of ACHE activity by means of immobilized electric eel ACHE and an 
assay adapted from Ellman’s method. 

Several methods have been published’&’’ on the determination of choline (CH) and 
acetylcholine (ACH) by HPLC, using bed reactors packed with the immobilized enzymes 
ACHE and choline oxidase (CHO). The released hydrogen peroxide was detected by an 
electrochemical detector with a platinum electrode: 

ACHE 

Acetylcholine +H20 + Choline +CH3COO- (1) 

CHO 

Choline +202+H20 Betaine +2HZO2 

W4M mV 

H202 + 02+2H+ +2e- (3) 

Formerly, CHO present in the solution was used for the determination of choline. Okabe 
er ~ 1 . ~ ’  measured the hydrogen peroxide concentration photometrically after an oxidative 
reaction with 4-aminoantipyrine and phenol. Mizutani and Tsuda” measured the decrease 
of the oxygen concentration in the system with an oxygen electrode containing CHO solution 
[see reaction (2)]. 

Schmid and Kindervatet” 23 published a method for the detection of antiACHE sub- 
stances using a magnet reactor as exchangeable immobilized enzyme reactor in combination 
with the Ellman method or choline oxidase [reactions (1)--(3)] in a flow injection analysis 
(FIA) system. They stressed the advantages and reliability of biological FIA tests involving 
ACHE inhibition over other enzymatic or expensive physical methods such as gas chroma- 
tography or H,PLC. They measured the peak heights observed after the injection of ACH. 
This was done before and after application of the sample. They did not show kinetics of 
ACHE and CHO and did not check the CHO activity during measurement. Kumaran and 
Tran -Mi~h~~  determined organophosphorous and carbamate insecticides by FIA with im- 
mobilized ACHE. The detector was a simple pH electrode with a wall-jet entry. 

The principle of the detection of ACHE inhibitors by HPLC is based on an on-line 
bioreactor with immobilized ACHE and CHO and the mobile phase with ACH.”. The 
possible incompatibility of the mobile phase with the enzymes, however, may limit the 
choice of chromatographic techniques. 

This paper describes a very sensitive, selective and relatively less time consuming method 
for the detection of anti-ACHE compounds in a flow system that simulates in vivo inhibition. 
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ANTICHOLINESTERASE AGENTS IN WATER 165 

Red blood cell membranes with their ACHE are adsorbed on glass fibres in a short microbore 
column reactor. A second reactor contains the second enzyme CHO. The mobile phase 
contains substrates-ACH and CH. The hydrogen peroxide produced (reflecting the activity 
of ACHE) is continuously monitored by an electrochemical detector. As examples, the 
detection of paraoxon (Par) and physostigmine (Phy) in drinking water in a H A  system is 
shown. 

EXPERIMENTAL 

ACH iodide, CH chloride, Phy, Par, Malathion (Mal) and Parathionmethyl (ParMe) were 
from Sigma (Deisenhofen, FRG). HLo-7 dimethanesulphonate (1 -[ “4- 
(aminocarbonyl)pyridinio]methoxy]methyl]-2,4-bis[ (hydroxyimino)methyl] pyridiniumdi 
-methanesuphonatef6 was obtained from Prof. I. Hagedorn (Freiburg, Germany). All other 
cdemicals were of analytical grade. 

The experiments were performed at ambient temperature, using a Gynkotek (Munich, 
Germany) Model 600/200 HPLC pump equipped with a six-port injection valve and a Model 
EP 30 electrochemical detector (ECD) with a platinum electrode (Biometra, Gottingen, 
Germany) (Figure 1). The oxidation potential was set at +0.45 V vs an Ag/AgCl electrode. 

The kinetic studies were performed with a Shimadzu Model LC-9A ternary gradient 
pump (Duisburg, Germany) with programmed step gradients. The mobile phase was sodium 
phosphate buffer (0.1 M, pH 7.4), (reservoir A) and 1 mM CH or ACH dissolved in the same 
buffer (reservoir B). CHO or ACHE activity was measured at twelve gradient steps from 0 
to 100% each lasting 5 min. The mobile phases with ACH were cooled in an ice bath during 
the measurement. 

SAMPLE SAMPLE SAMPLE 

.................. .... 

....................................... 
THERMOSTAT 

Figure 1 Scheme of the apparatus. Configuration (a): both ACHE 1 and CHO in the flow line, ACHE 2 off line. 
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166 J. SALAMOUN AND J. REMIEN 

SAMPLE SAMPLE SAMPLE 

THERMOSTAT 

U 
Figure 1 Scheme of the apparatus. Configuration (b): only CHO on-line, i.e. ACHE 1 (or ACHE 2) is in a stopped 
flow state = inject position for the sample or regeneration agent onto e.g. ACHE 1. Abbreviations: V, six-port 
injection valve for a direct sample injection, V-1 and V-2 six-port injection valves 1 and 2; ECD, electrochemical 
detector; REC, recorder. 

Human red blood cell membranes were prepared as described in ref. 25. 2 ml of blood 
were mixed with 20 ml of sodium phosphate buffer (0.005 M, pH 8.5) and centrifuged at 
16,OOO g for 20 min. The upper layer was discarded and the remaining membranes were 
mixed with 20 ml of the buffer and centrifuged again. The procedure was repeated five times 
until colourless membranes were obtained. The prepared membranes were concentrated by 
centrifugation in 200 pl of buffer. 50 p1 of the mixture were added to 20 mg of a glass 
microfibre filter GF/B (Whatman, Maidstone, England) packed by hand in a 30 x2.1 mm 
i.d. stainless-steel column reactor (Biometra). The bioreactor was washed with 20 ml of the 
mobile phase consisting of a sodium phosphate buffer (0.1 M, pH 7.4) with ACH (0.1 mM), 
CH (0.02 mM) and EDTA (0.1 mM). For optimum detection the mobile phase was prepared 
at least 5 h before analysis to achieve constant concentration of dissolved oxygen. The flow 
rate was 0.8 d m i n .  The second bioreactor containing immobilized CHO from a species of 
Alcaligenes (Biometra) was then connected. CHO reactor and ECD cell were inserted in a 
column thermostat STH 585 (Gynkotek) set at 10°C. 

The organophosphates (Par, Mal and ParMe) were dissolved in ethanol (1  mg/ml) and 
then diluted with drinking water from the water supply of Munich. 50 pl of sodium citrate 
buffer (2 M, pH 7.4) were added to 4.95 ml of the above solution. The carbamate Phy was 
dissolved in water (0.1 mg/ml) and then diluted in the same way as the solutions of the 
organophosphates. 

The samples (800~1) were injected into ACHE reactor 1 in the load position (Figure I, 
configuration b) of the six-port injection valve V-1 (i.e. stopped flow in ACHE reactor 1); 
they remained in the reactor for up to 10 min. Then, ACHE reactor 1 was flushed with 
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ANTICHOLINESTERASE AGENTS IN WATER 167 

distilled water and switched to inject position (Figure 1, configuration a). Samples with 
higher inhibitor concentrations were injected via another six-port injection valve V (20 p1 
loop) inserted between pump and injection valve V- 1. 

In order to detect the inhibition of the second enzyme, CHO, the ACHE inhibitors were 
injected directly via the injection valve V into the CHO reactor. 

The inhibited ACHE reactor 1 was regenerated in the stopped-flow mode (configuration 
b in Figure 1) with 1 mM HLO-7 for 15 min. The ACHE reactor was then washed with 2 ml 
of the mobile phase before being switched in line with the CHO reactor. Reactor 2 was used 
while reactor 1 was being regenerated in order to increase sample throughput. 

The graphs of the kinetic studies of ACHE and CHO were constructed by the use of 
EnzFitter program version 1.03 (Elsevier-Biosoft). The activity of ACHE was calculated 
from: 

Activity = c(CH)*FM/1000 (4) 

where c(CH) is the concentration of the produced CH [pM] and FM is the flow rate of the 
mobile phase in ml/min. One unit hydrolyses 1 .O pmol of ACH to CH per minute. 

The inhibition (%) of ACHE activity was calculated by using the relationship: 

% Inhibition = 100*(Io-Ii)& ( 5 )  

where I, is the baseline current corresponding to ACHE response in equilibrium before 
inhibitor injection and I, is the current after inhibition. 

The regeneration (%) was calculated from: % Regeneration = 100*(Ir-I,)/(Io-I,) (6) 

where I, is the baseline current after reactivation. 
The rate of ACH hydrolysis (v) and also the amount of CH produced in reactor 1 are 

dependent on the residence time of the substrate in the reactor, on the total enzyme 
concentration (B), i.e.,on the volume of immobilized ACHE (membranes) in the reactor, 
and also on the substrate concentration [S]. Michaelis and Menten formulated a simple rate 
equation: 

where K, = Michaelis constant; vmax = reaction rate at [S] much greater than K,,,; k3 = rate 
constant for the final product formation. The amount of product (CH) formed during the 
passage through the ACHE reactor is time dependent and is given by the integrated form of 
the Michaelis-Menten equation: 

where t is the residence time in the reactor and [So] and [S] are the concentrations of substrate 
(ACH) at the entrance and exit of the reactor, respectively. 
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168 J. SALAMOUN AND J. REMIEN 

RESULTS AND DISCUSSION 

Behaviour of the enzyme reactors 

Hydrogen peroxide formation was a linear function of the CH concentration at I 100 ph4 
CH (Figure 2). This means that the ACHE load in reactor 1 must be kept such that the CH 
concentration does not exceed 100 pM. The Michaelis-Menten dependence and its 
Lineweaver-Burk double reciprocal plot were more convenient for the calculation of our 
results than the integrated form of equation (8) which showed significant divergence. The 
K, value for CHO was 509 pM (relative standard deviation, 0.25%. 11 measurements). The 
Lineweaver-Burk plots are approximately linear in the studied range. With a residence time 
of 6 sec as chosen in our experimental device, 30 CH were produced from 100 pM ACH 
(Figure 3). Figure 4 shows that linearity of hydrogen peroxide formation was also formal 

Fipre  2 Dependence of the rate of CH oxidation by CHO. A, Michaelis-Menten dependence; B, Lineweaver- 
Burk plot. For conditions, see Experimental. 
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125 

100 

25 

0 
0 400 800 1200 

Figure 3 Dependence of the production of CH in the ACHE reactor on ACH concentration in the mobile phase. 

with ACH when its concentration was 5 100 pM. The K, value for ACHE was dependent 
on the origin of the cells and in the case shown was 194 pM (relative standard deviation, 
1 .O%, 6 measurements). 

The calibration of the second reactor allows to determine the concentration of the 
produced CH (Figure 3) and also the activity of the ACHE in the first reactor containing red 
blood cell membranes. It was only ca. 0.08 units, calculated from equation (4) for 
c(CH)=100pM as a maximum and F d . 8  d m i n .  However, this apparently low activity 
actually produced relatively high concentrations of CH in the reaction time of 6 sec thanks 
to the low void volume (80 pl) of the bioreactor. An ACH concentration of over 1 mM causes 
substrate inhibition and decrease of the CH production. 

The activity of the immobilized ACHE did not change during 6 month storage at -30°C 
or during 2 months at ambient temperature. The activity of CHO in our system decreased 
very slowly and was higher than 90% of the original activity with storage at 10°C during 
analysis and at 4°C at night in a cool room in an original solution (containing 50% 1M 
phosphate buffer and 50% glycerine supplied by Biometra) after 3 month use. 
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FLgure 4 Dependence of the rate of ACH hydrolysis by human red blood cell ACHE. A, Michaelis-Menten 
dependence; B, Lineweaver-Burk plot. For conditions, see Experimental. 

Switching of ACHE reactor 

Not only ACHE but also CHO can be inhibited by some solutes. For example, the reactivator 
HLO-7 irreversibly inhibited CHO and therefore contact was prevented by switching of the 
reactors. The other compounds used did not inhibit CHO in the concentration range (nM) 
studied and did not respond to the ECD at the low potential of 4 . 4 5  V. The switching 
technique also enabled stopped flow injection of the inhibitors directly onto the ACHE 
reactor and long time reaction with ACHE. 

The activity of CHO was monitored and checked during the stopped flow injection of 
inhibitors with ACHE out of flow line. Long time drifts sometimes occurred in the part of 
the system containing CHO. The decrease of the CHO reactor temperature to 10°C 
minimised the drifting to less than 0.33%/10 min. 

The mobile phase contains three compounds which are important for the enzyme 
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ANTICHOLINESTERASE AGENTS IN WATER 171 

reactions: ACH and CH as substrates for ACHE and CHO, respectively, and oxygen as a 
reagent for oxidation on CHO.'The stable concentration of both these compounds is of great 
importance. ACH spontaneously hydrolyses in aqueous solution at physiological pH. 

The ACH stability was checked in the enzyme system configuration containing only the 
CHO reactor on line and only ACH in the mobile phase or during repeated kinetic studies 
of ACHE. The current increase (about 1 nA/h) was detected with CHO and compared with 
the total current (usually more than 100 nA at 100 pM ACH) obtained with both enzyme 
reactors. However, the repeated kinetic studies revealed a gradual increase of the K,,, value 
for ACHE (2 .58h) .  Cooling the pobile phase with ice resulted in constant K, values and 
in better baseline stability. 

The oxidative enzymatic reaction on CHO is dependent on the oxygen concentration in 
the mobile phase. Degassing of the mobile phase caused a long time drift as oxygen from 
the air continuously dissolved in the liquid phase and the baseline signal increased. 
Equilibration of the mobile phase with air before analysis prevented this problem. 

Some cations can be precipitated from the mobile phase in contact with phosphate buffer. 
As a result, prolonged stabilisation of the baseline is required when measuring the ACHE 
activity. Citrates do not have this disadvantage. Therefore, the citrate buffer was preferred 
to adjust the pH value of drinking water samples, despite, its lower buffering capacity at pH 
7.4. 

0-  

561 

Applications 

36 nM Phy 

,b 

1 I I 
0 25 50  

min 

Figure 5 Stopped-flow injection for the measurement of ACHE inhibition by the injection of drinking water 
containing 36 nM physostigrnine (my). Abbreviations: 4 system configuration as in Figure la; b. configuration as 
in Figure Ib. For conditions, see Experimental. 
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a - 

Blank 
b 

a 
7 -  

(b 
1 

10 min 

Figure 6 Stopped-flow injection of drinking water (blank) and the same drinking water spiked with Par (4 IN). 
For conditions, see Experimental. Abbreviations as in Figure 5. 

Figures 5 and 6 demonstrate the reversibility of carbamylated ACHE and relative 
‘irreversibility’ of paraoxon-inhibited ACHE. The calibration.curve for Par inhibition in the 
ACHE reactor at 10 min reaction time was linear up to 100 nM Par (Figure 7). The inhibition 
rate decreased with time. We chose 10 min as maximum reaction time; however, longer 
inhibition time brings in higher sensitivity (Figure 8). 

Malathion and parathion methyl were also determined. Their graphs are similar to those 
of Par. The limits of detection (3 times background) for 10 min incubation of Par and Phy 
in drinking water were 1 nM and, for Mal and ParMe, 2 pM and 8 pM, respectively, or 50 
pmol of Par after a direct injection of 20 pl. The relative standard deviation for five direct 
injections was 2.6% for 20p1 of 10 pM Par, 2.5% for 50 nM Par and 5 min incubation or 
3.2% for 20 nM Par and 10 min incubation. Up to 20 samples per hour can be analysed by 
the direct injection technique or 4 samples per hour with the 10 min stopped flow incubation 
technique. 

Regeneration of ACHE 

The rate of ACHE bioreactor regeneration can be recorded too. The regeneration profile of 
ACHE after Phy injection is not steep (1 %/min), but the enzyme is regenerated after a certain 
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100 
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25 

01 
0 400 800 1200 

Par [nM] 
Figure 7 Calibration curve of Paraoxon (Par) in drinking water. For conditions, see Experimental. 

time. In the case of Par, HLO-7 was used fyr regeneration. Its efficiency depended on the 
time interval between inhibition and start of regeneration. More than 90% of the inhibited 
ACHE could be regenerated by HLii-7 within 2 h. The regeneration of the carbamylated 
enzyme will reduce the sample frequency. Switching the inhibited ACHE reactor off line 
and the second reactor in flow line can increase the sample throughput. In the meantime, the 
inhibited reactor can be regenerated or exchanged. 

CONCLUSIONS 

The method described has the advantage over the existing methods for the monitoring of 
anti-ACHE substances that no long reaction times are needed. The preparation of a new 
ACHE reactor is very simple and rapid. Moreover, the immobilized human red blood cell 
ACHE can be used repeatedly. The regeneration step may bring additional information about 
the aging of the human ACHE-inhibitor compound, i.e. transformation to a form that can 
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I 

0 
I 

100 min 

Fipre 8 Time dependence of ACHE inhibition with 44 nM Paraoxon (Par) present in the mobile phase. For other 
conditions, see Experimental. Abbreviations as in Figure 5. 

not be reactivated. The rate of the aging is different for different  specie^^^-^^; therefore human 
ACHE has to be used. The low volume of the microbore reactor enables the analyses of 
small samples and minimises the consumption of ACHE. ACH can be used as a natural 
substrate to detect ACHE activity. The switching technique with stopped-flow injection 
allows one to prolong the reaction time in the ACHE reactor. It also enables monitoring of 
the CHO activity and injection of substances that may inhibit CHO. An ACHE reactor can 
be exchanged during the measurement when its function has become lost. The method can 
be easily automated. The principle of the method was also used for the study of ACHES of 
different originm (e.g. brain, ganglion, etc.) and has turned out to be suitable for kinetic 
studies with ACHE. 

Acknowledgements 

This study was supported by BMVg grant In San 10888-V-4890. The authors are grateful 
to Dr. Klimmek (Munich) for helpful discussions. 

References 

1.  A. 0. Karczmar, Anticholinesterase Agents, International Encyclopedia of Pharmacology and Thcmpeu- 
rfcs, Sec.13, Vol. 1 (Pergamon Press, Oxford, 1970), pp. 367-389 

2. C. Fest and K. J.  Schmidt, The Chemishy of Organophosphorous Pesticides (Springer-Valag, Berlin, 
Germany, 1982) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
7
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



ANTICHOLINESTERASE AGENTS IN WATER 175 

3. V. E. V. St Omer and G. E. Rottinghaus in Clinical and Experimental Toxicology of Organophosphates and 
Carbamares (B. Ballantyne and T. C. Mam eds. Butterworth-Heinem, Oxford 1992). pp. 15-27 

4. H. 0. Miche1.J. Lab. Clin. Med., 34,1564-1568 (1949). 
5 .  G. L. Ellman. D. Courtney and V. Andres, Biochem Phannacol., 7,88-95 (1961). 
6. R. Tor and A. Freeman, Anal. Chem. 58,1042-1046 (1986). 
7. C. Tran-Minh. P. C. Pandey and S .  K u m ,  Biosensors and Bioelectronics, 5,461471 (1990). 
8 .  P. Skladal and M. Mascini, Biosensors and Bloelecronic, 7,335-343 (1992). 
9. D. Kiffer and P. M i n d ,  Biochem. Pharmacol., 35,2527-2533 (1986). 
10. P. E. Potter, J. L. Meek and N. H. Neff, J. Neumchem, 41,188-194 (1983). 
11. C. Eva, M. Hadjiconstantinou, N. H. Neff and J. L. Meek, Anal. Biochem., 143,320-324 (1984). 
12. H. Stadler and T. Nesselhut, Neurochem h r . ,  9,127-129 (1986). 
13. A. W. Teelken, H. F., Schuring, W. B. Trieling and G. Damsma, J .  Chromarogr., 529,408416 (1990). 
14. E. Haen, H. Hagenmaier and J. Remien, J.  Chromarogr., 537,514-519 (1991). 
15. N. M. Barnes, B. Costall, A. F. Fell and R. J. Naylor, J. Phann. Phamizol. 39,727-73 1 (1987). 
16. G. A. Marco-Varga. Elecrroanalysis. 4, (1992) 403427 
17. G. Damsma D. Lammelts van Bueren. B. H. C. Westerink and A. S .  Horn. Chromarographia, 24,827-831 

(1987). 
18. P. C. Gunarstna and G. S .  Wilson, Anal. Chem., 62,402407 (1990). 
19. J. Salamoun. P. T. Nguyen and J. Remien. J. Chromurogr. 5%, 4349 (1992). 
20. H. Okabe, K. Sagesaka, N. Nakajima and A. Noma, Clin. Chim Acra, 80,87-94 (1977). 
21. F. Mizutani and K. Tsuda, Anal. Chim. Acra, 139,359-362 (1982). 
22. k. Kindervater and R. D. Schmid, in Flow Injection Analysis (FIA) Based on Enzymes anddntibodies. GBF 

Monographs, Vol I4 (R. D. Schmid ed.. VCH Weinheim, Germany, 1991). pp.247-25 1. 
23. R. Kindervater, W. KUnnecke, and R. D. Schmid, Anal. Chim. Acta, 234,113-1 17 (1990). 
24. S. Kumaran and C. Tran-Minh. Anal. Biochem., u)o, 187-200 (1992). 
25. J. Salamoun and J. Remien, J .  Phan Biomed Anal., 10,931-936 (1992). 
26. P. Eyer, I. Hagedorn, R. Klimmek and P. Lippstrwr,Arch. Toxicol., 66,603-621 (1992). 
27. Z. Gmbic and A. Tomazic, Arch. Toxicol., 63.68-71 (1989). 
28. B. G. Talbot, D. R. Anderson, L. W. Harris, L. W. Yarbrough, and W. J. Lnnox. Drug. Chem Toxicol.. 11, 

289-305 (1988). 
29. L. W. Harris, B. G. Talbot. D. R. Anderson, W. J. Lennox and M. D. Green, Lye Sci., 40,577-583 (1987). 
30. J. Salamoun and J. Remien, unpublished results (1993) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
5
7
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1


