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Abstract Effects of selected ionic liquids on the effi-
ciency of CPO oxidation of methyl-parathion were studied.

In general, the activity of CPO decreases with the increased

concentration of ionic liquid. For ionic liquids with the
same cation, those with PF6

- exhibit strongest inhibition

toward CPO, while those with either BF4
- or metSO4

-

show relatively lesser inhibition. It was further demon-
strated that even for buffer solutions containing up to 30%

concentration of ionic liquids such as EAN, BMIMmetSO4,

and EtPyTFA, CPO still can retain high activity (70–100%
compared to that in citrate buffer) for oxidation of methyl-

parathion. Photothermal enhancement factors of 3.5 times

and corresponding improvements of sensitivity in the
determination of organophosphates by the FIA-TLS method

are predicted in 30% ionic liquids.
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Introduction

Ionic liquids (ILs) as green solvents have found many
interesting applications in various fields including

biocatalysis and chemical analysis (Tran et al. 2005; Zhang
and Malhotra 2005; Zhao et al. 2002; Yang and Pan 2005;

Park and Kazlauskas 2003; Rantwijk et al. 2003). Despite

their low volatility and little impact on the atmosphere,
their effects on water quality and aquatic life should be

considered. From this point of view the effects of ionic

liquids on the activity and function of various enzymatic
systems is of particular interest. Such information is also

relevant for bioanalytical methods relying on enzymes in

media containing ionic liquids, which affect the activity of
the enzyme and/or other parameters contributing to higher

sensitivity or selectivity of an analytical technique. As an

example of such an analytical technique the bioanalytical
assay for determination of organophosphate pesticides

based on inhibition of acetylcholinesterase (AChE) which

is determined in a flow injection system (FIA) by thermal
lens spectrometry (TLS) (Franko and Tran 1996; Pogačnik

and Franko 2001) could be given. However, thio-forms of

organophosphate (OP) pesticides (e.g. methyl-parathion)
exhibit low in vitro inhibition potency towards AChE. To

achieve satisfactory limit of detection in the determination
of thio-organophosphates, such compounds need to be

oxidized to their oxo-forms (e.g. methyl-paraoxon). This

can be accomplished by using chloroperoxidase (CPO) an
enzyme from Caldariomyces fumago, in citrate buffer

(Hernandez et al. 1998).

On the other hand, the sensitivity of TLS technique
greatly depends on the physical properties (temperature

coefficient of refractive index qn/qT and thermal conduc-

tivity k) of the medium in which the measurements are
carried out. This is because the thermal lens signal S, which
is given by Eq. 1:
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where A is sample’s absorbance, P the excitation laser

power and k the probe laser wavelength, is directly pro-
portional to qn/qT and inversely proportional to k. Both
values depend on the chosen solvent.

Unfortunately, water, which is one of the most suitable
and often used solvent, especially for bioanalytical enzy-

matic reactions, has relatively low qn/qT and high k values
in comparison to organic solvents, which are known to

provide high sensitivity for TLS measurements. But,

organic solvents are questionable from environmental
standpoint and are not suitable for enzymatic reactions as

they greatly reduce the activity of enzymes. Enhancements

in the sensitivity of TLS measurements of 20 to almost 40
times compared to water can be achieved in ILs (Tran et al.

2005). Equally interesting are the results on the activity of

CPO for oxidation of 1,2-dihydronaphthalene with ionic
liquids (dimethyl- or butyl, methyl-immidazoliummethyl-

sulphate) as co-solvents (Sanfilippo et al. 2004). The

enzyme tolerated up to 30% of IL and the oxidation
activity was retained for 24 h in contrast to only 3 h in

organic solvents.

The information presented prompted us to initiate this
work which aims to investigate the effects of various ionic

liquids on the efficiency of CPO oxidation of organo-

phosphorus compounds to determine the most suitable IL
and experimental conditions (IL concentration) needed to

achieve not only efficient oxidation of thio OP compounds,

but also highest possible sensitivity of the FIA-TLS AChE
assay. Furthermore, it is expected that the investigations

will also provide valuable fundamental information on the

effects of various ILs as well as their cations or anions on
the activity of CPO.

Experimental

Pesticide stock solutions were prepared by diluting 5–8 mg
of Pestanal pesticide standards (minimum purity 96.3%) in

5 mL of absolute ethanol. Standard pesticide stock solu-

tions were held in refrigerator until used. The solution was
diluted ten times in absolute ethanol and prepared daily.

Reaction mixture was prepared by adding appropriate

amount of IL dissolved in 0.1 M citrate buffer (pH = 2.9).
KCl and hydrogen peroxide were added to yield 20 and

2.5 mM final concentration, respectively, in a final volume

of 21 mL. When IL was a solid, an adequate mass of IL
was added to yield 2.3, 10.45 and 30.2% final concentra-

tion. Part of the reaction mixture (1/3 volume) was taken

and methyl-paraoxon was added (positive control). Methyl-
parathion was added to the rest of reaction mixture to

yield the same molar concentration as methyl-paraoxon

(2.13 mg L-1). The concentration of solvent in final
reaction mixture was held under 1 volume %. From this

mixture, a negative control was taken (1/3 volume). For

oxidation reactions the CPO enzyme, 100 times diluted
in 0.1 M citrate buffer (26.776 U mL-1), was added to

obtain the final enzyme concentration of 2 U mL-1. All

the samples were shaken from time to time for 5 min,
the oxidation reaction was then stopped by correcting the

sample’s pH to about 5 with the addition of 5 M NaOH.

Next, the samples were extracted in two replicates into
1 mL ethylacetate using Strata C-18E cartridges and

analyzed by gas chromatography coupled with electron
capture detector GC–ECD (HP 6890) or by gas chroma-

tography–mass spectrometry (Varian Saturn 2100T). A

non polar HP5 column (5% phenyl methyl siloxane;
30 m 9 0.25 mm; film thickness 0.25 lm) was used for

GC–ECD and CP-Sil 8 CB column (5% phenyl–95%

methylpolysiloxane, 30 m 9 0.25 mm; film thickness
0.25 lm) was used with GC–MS system.

Oxidation yield was obtained by dividing the concen-

tration of methyl-paraoxon determined after oxidation with
concentration of methyl-paraoxon determined in positive

controls.

Ionic liquids tested were: N-ethylpyridinium tetrafluoro-
borate (EtPyBF4, solid), N-ethylpyridinium trifluoroacetate

(EtPyTFA, liquid), N-ethylpyridinium hexafluorophosphate

(EtPyPF6, solid), N-butylpyridinium bromide (N-BPyBr,
solid), 1-butyl-3-methylimidazolium hexafluorophosphate

(BMIMPF6, liquid), 1-butyl-3-methylimidazolium bromide

(BMIMBr, solid), 1-butyl-3-methylimidazolium methyl-
sulfate (BMIMmetSO4, liquid), Ethylammonium nitrate

(EAN, liquid) and N-butyl-3-methylpyridinium tetrafluoro-

borate (BMPyBF4, liquid).

Results and discussion

The reaction of chloroperoxidase oxidation of OP pesticide

methyl-parathion in the presence of various ionic liquids as
co-solvents, which was studied in this work, is schemati-

cally shown on Fig. 1.

Oxidation efficiencies were expressed as oxidation
yields based on determined concentrations of methyl-

paraoxon (product) relative to the yields in citrate buffer,

while the percentage of remaining methyl-parathion
(reactant) was calculated from the determined concentra-

tion of methyl-parathion in reaction mixture and its known

initial concentration. The results are graphically presented
in Fig. 2.

When the oxidation of methyl-parathion by CPO was

carried out in the presence of ionic liquids, it was revealed
that the effects of ionic liquids are very much different

(Fig. 2). Oxidation efficiency was actually 100% in the

presence of ionic liquids such as BPyBr, EtPyBF4,
BMPyBF4, BMIMBr, or BMIMmetSO4 at 2 and 10% level,
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and for EtPyTFA even at 30% level, and comparable to

oxidation in buffer. Some ionic liquids, however, signifi-
cantly affected the capacity of CPO to oxidize methyl-

parathion. The oxidation efficiency was reduced to only

10–60% of the efficiency in citrate buffer already at 2%
concentration of ionic liquid (EAN, BMIMPF6, EtPyTFA)

or for some ionic liquids (BMIMBr) at 10 or 30% con-

centration (BMIMmetSO4, BPyBr). In some cases the
oxidation of methyl-parathion was completely inhibited

(EtPyPF6 2%, BMIMBr 30%).
In general, when concentration of IL is increased, the

oxidation reaction yield decreases. The exemption was

EAN, which demonstrated an increase in the efficiency of
CPO oxidation with increased concentration of IL. The

oxidation yield in 30% EAN, however, reached only 70%

of the oxidation yield in citrate buffer and since no
remaining methyl-parathion was detected in the reaction

mixture, no improvements in oxidation efficiency are

expected at higher concentrations of this ionic liquid.

From the results reported for ionic liquids based on

(EtPy)+ (2% concentration) it can be concluded that the
effect of anions increases in the series BF4

-\TFA-\
PF6

-. Similarly the results for (BMIM)+ (10 and 30%

concentration) demonstrate that the effect on the activity of
CPO is stronger in case of Br- than in the case of metSO4

-

as counter anions. It is also interesting to observe that both

ionic liquids containing hexafluorophosphate anion (Et-
PyPF6 and BMIMPF6) gave oxidation yields lower than

10% even at 2 and 0.9% concentrations, respectively. This
is in agreement with the observations by Sanfilippo et al.

(2004), who reported a probable inhibition of CPO by

BMIMPF6 but did not give any further results.
For practical application in TLS measurements con-

centration of ionic liquid should be as high as possible, but

at the same time with the lowest possible inhibition of CPO
activity. From this point of view the EtPyTFA, EAN and

BMIMmetSO4 were found to be most suitable for such

purpose.

Fig. 1 Chloroperoxidase
catalyzed oxidation of methyl-
parathion

Fig. 2 Oxidation yield (methyl-
paraoxon formed) and methyl-
parathion remained in CPO
enzyme oxidation reaction in
the presence of various tested
ILs (denoted with asterisks are
ILs partially soluble in water).
Error bars indicate the
experimental error for two
replicate extractions
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The enhancement in sensitivity of TLS measurements

due to addition of investigated ionic liquids can be readily
estimated by assuming linear dependence of the increase in

the absolute value of qn/qT and decrease in k with the

concentration of ionic liquid. Since no qn/qT and k values
are available for the investigated ionic liquids, the mean

values for ionic liquids studied earlier (Tran et al. 2005)

will be used for calculation, i.e. qn/qT= 6 9 10-4 K-1,
and k = 1.4 mW cm-1 K-1 and compared to values of

qn/qT = 8.8 9 10-5 K-1, and k = 6.04 mW cm-1 K-1

for water. In a 30% solution of an ionic liquid the contri-

bution to the enhancement of sensitivity due to increase of

qn/qT would be 2.7-fold and the contribution from the
decrease in thermal conductivity 1.3-fold, thereby resulting

in about 3.5-fold enhancement in the sensitivity. Simmilar

enhancements in sensitivity can be expected for ionic liq-
uids such as EtPyTFA, while for ionic liquids such as EAN

the reduction of the CPO oxidation efficiency has to be

taken into account for determination of methyl-parathion.

Conclusions

Results obtained in this work on the activity of chlorop-

eroxidase in the presence of ionic liquids are not only of
fundamental importance but also can be fully exploited for

sensitive and selective determination of organophosphorus

pesticides. The inhibitory effects of ionic liquids were
found to depend on their chemical structure as well as on

their concentration. With the exception of EAN the activity

of CPO decreases with the increased concentration of ionic
liquid. Ionic liquids containing PF6

- as counter anion

exhibit strongest inhibition toward CPO, while those con-

taining BF4
- or metSO4

- seem to affect the activity
of CPO the least. It was furthermore demonstrated that

even when concentration of ionic liquids such as EAN,

BMIMmetSO4, and EtPyTFA is as high as 30%, CPO still
can retain relatively high activity (70–100% compared to

citrate buffer) for oxidation of methyl-parathion. Photo-

thermal enhancement factors of 3.5 times are predicted
for such concentrations of ionic liquids, depending on

thermooptical properties of a particular liquid. Other

investigations including effects of ionic liquids on ther-
mooptical properties of aqueous solutions of surfactants,

which have been demonstrated to provide additional

enhancements in sensitivity (Tran et al. 2005) and their
effects on the activity of enzymes are subject of our current

study.
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