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a b s t r a c t

Although the importance of chirality in organophosphorus compounds (OPs) is well recognized in rela-
tion to their biological effects, as with most chiral pesticides, OPs are generally marketed, used and
released to the environment as racemates (i.e., equimolar mixtures of enantiomers). In addition, research
on enantioselective environmental fate and effects of chiral OPs is still limited, particularly in the
evaluation of enantioselectivity in their environmental degradation. A large number of OPs are chiral
compounds, and yet enantioselectivity in their environmental fate and effects is rarely addressed. This
paper highlights the current state of knowledge on the environmental occurrence and behavior of chiral
OP pesticides. Developments in enantioselective analytical techniques, specifically gas chromatography
(GC), high-performance liquid chromatography (HPLC) and capillary electrophoresis (CE), as applied in
the evaluation of enantiomer-specific fate and effects of chiral OPs, are also discussed.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Scientists have long recognized the significance of chirality in
he biological activity of a chemical agent. Until recently, the over-
helming emphasis has been on chiral drugs [1–3]. However, a

ignificant proportion of current-use pesticides have active ingre-

ients with chiral structures. A vast majority of which continues to
e manufactured, used and hence released into the environment
s mixtures of stereoisomers [4–8]. Studies into the stereoselective
ehavior of chiral pesticides only started in the early 1990s with
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most research efforts focused on understanding the environmen-
tal fate and effects of legacy chiral pesticides [6,7,9,10]. Results from
such studies have shown that enantiomers of the same chiral com-
pound can degrade at significantly different rates [6,11–19] and
have very different toxicological characteristics in the environment
[6,18,20–25].

Organophosphorus (with carbamate) pesticides are among the
most important chemicals used for protection against agricultural
and household pests [26]. Despite their selective phase-out, which
began in the early 2000 in the U.S., organophosphorus insecticides
remain among the most widely used pesticides [26–28]. It is esti-
mated that OPs are worth nearly 40% of the global market and that

they are expected to maintain dominance for some time into the
future [29].

Chiral OPs can have a stereogenic center on the pentavalent
phosphorus, a carbon, or a sulfur substituent [6,27,30] (Fig. 1).

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:jgan@ucr.edu
dx.doi.org/10.1016/j.jchromb.2009.11.022
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Fig. 1. Examples of chiral organophosphorus pesticides (* denotes chiral center; number of stereoisomer in each compound is indicated in parenthesis).
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Table 1
Enantioselective gas chromatography (GC) analysis of chiral organophosphorus pesticides in literature.

Organphosphorus compound CSP column Detection Comment References

Chloretoxyphos Chirasil-Dex FID Partial separation of enantiomers [32]
HDCPa Chirasil-Val NPD Satisfactory separation of enantiomers but low sensitivity [50]
Isofenphos Chirasil-Dex FID Partial separation of enantiomers [32]
Naled Chirasil-Dex FID Partial separation of enantiomers [32]
Methamidophosb Chirasil-Dex FID Partial separation of enantiomers [32]
Rueleneb Chirasil-Dex FID/ECD ICP-MS Complete separation of enantiomers; improved sensitivity with ICP-MS [32,49]
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Trichlorfonb Chirasil-Dex FID/ECD Co

a O-hexyl O-2,5-dichlorophenylphosphoramidate.
b Enantiomer separation attempted with Chirasil-Val, but none resolved under th

lthough the importance of chirality in OP compounds is well
ecognized in relation to their chemistry, biochemistry, biology
nd toxicology, as with most chiral pesticides, OPs are generally
arketed and used as racemates (i.e., equimolar mixture of enan-

iomers) [5,6,27,31,32]. Enantioselectivity in degradation has been
eported for several chiral OPs [3,17,30,39]. However, despite the
ignificant increase in interest on chiral OP compounds in recent
ears, particularly in relation to their enantioselective toxicity to
quatic organisms, research on enantioselective environmental
ate and effects of chiral OPs is in general still rather inadequate
18,23,33–39].

In order to address the need for enantiomer-specific toxicolog-
cal information for chiral pesticides, several factors have to be
onsidered, foremost of which is the availability of suitable analyti-
al techniques and appropriate assay methods [40]. The separation
nd quantification of enantiomers is probably the biggest challenge
n conducting toxicity assessment and analysis of chiral chemicals
41]. Enantiomer separation can only be achieved in chiral envi-
onments, mostly on chiral chromatographic columns containing
hiral derivatives [10]. Moreover, the difficulty in chiral analysis
s further complicated by the lack of enantiopure standards that
re not easy to synthesize and purify. In addition, for compounds
ith labile chiral centers, enantiomers may undergo stereochemi-

al inversion, which further complicates their analysis [42–45].
The past 30 years saw significant advances in chiral separation

nd synthesis techniques allowing for the chromatographic res-
lution and isolation of enantiomers, which in turn allowed for
nantiomer-specific evaluation of an increasing number of chiral

esticides [2,6,7,10,40,46]. This paper highlights the current state of
nowledge on the environmental occurrence and behavior of chiral
Ps (Fig. 1). Developments in enantioselective analytical tech-
iques, specifically gas chromatography (GC), high-performance

iquid chromatography (HPLC) and capillary electrophoresis (CE)

able 2
nantioselective high-performance liquid chromatography (HPLC) analysis of chiral orga

Organophosphorus pesticide Number of stereoisomers

Acephate 2
Crufomate (Ruelene) 2
Fenamiphos 2
Fonofos (Dyfonate) 2
Isocarbophos 2
Isofenphos 2
Leptophos 2
Methamidophos 2
Phenthoate 2
Profenofos 2
Prothiophos 2
Trichloronate 2
Crotoxyphos 2
Dialifos 2
Malathion 2
Chloramidophos 4
Fosthiazate 4
Fensulfothion 2
e separation of enantiomers [32]

d conditions.

as applied in the evaluation of enantiomer-specific fate and effects
of chiral OPs are also discussed.

2. Analysis of chiral OPs

Significant developments in enantiomeric separation tech-
niques in recent decades helped facilitate the routine separation
of enantiomers of environmentally important chiral pesticides for
use in environmental assessment [6,7]. Of these, HPLC and GC, in
conjunction with a suitable chiral-selective column are the most
commonly used instrumentation in the analysis of chiral pesticides
[10]. Chiral HPLC is ideal for preparative work and for laboratory
experiments, while GC is more practical for analysis of environ-
mental samples. In addition, both instruments can be coupled with
mass spectrometry detectors for more sensitive quantitation and
confirmatory detection of analytes. Capillary electrophoresis (CE)
has also been explored and has shown a great potential for enan-
tiomer resolution due to its high separation efficiency, versatility
and low consumption of chiral selectors [9,10,17,47,48].

Separations of enantiomers of a number of chiral OPs by GC
[32,49,50], HPLC [23,30,33,34,36–39,51–53] and CE [9,17,48,54,55]
have been reported. These studies are summarized in Tables 1–3,
and are discussed below.

2.1. Enantioselective GC analysis

Gas chromatography is primarily used in the analysis of volatile
and thermally stable compounds. Chiral GC has the advantage of

high efficiency, sensitivity and reproducibility. In addition, auxil-
liary systems, such as mass spectrometer (MS) and electron capture
detector (ECD) can be coupled with chiral GC for the analysis
of enantiomers in complicated matrices including environmental,
biological and agricultural samples [18,19,56].

nophosphorus pesticides in literature.

CSP column References

Chiralcel® OD [51]
Chiralpak® AD; Chiralcel® OD [30]
Chiralpak® AD; Chiralpak® AS [30,39]
Chiralcel® OJ [23,30]
Chiralcel® OD [37]
Chiralcel® OD [30]
(R,R)-Whelk-O1; (S,S)-Whelk-O1 [38]
Chiralcel® OD [30,34,51]
Chiralcel® OD [52,53]
Chiralcel® OJ [23,30]
Chiralcel® OJ [30]
Chiralcel® OD; Chiralcel® OJ [30,34]
Chiralcel® OJ [23,30]
Chiralcel® OJ [30]
Chiralcel® OJ [30]
Chiralpak® AD [36]
Chiralpak® AD [35]
Chiralpak® AD [30]
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Table 3
Enantioselective capillary electrophoresis (CE) analysis of chiral organophosphorus pesticides in literature.

Organphosphorus compound Chiral selector Buffer composition Comment References

Ruelene (Crufomate) HP-�-CD (60 mM) 20% methanol, 100 mM SDS in
20 mM borate buffer (pH 9)

Adequate separation of
enantiomers

[54]

CM-�-CD (15 mM) + HP-�-CD (40 mM) 70 mM SDS in 20 mM borate
buffer (pH 8.6)

Complete separation of
enantiomers

[9]

HP-�-CD (40 mM) 20% acetonitrile, 100 mM SDS
in 20 mM borate buffer (pH 8.5)

Complete separation of
enantiomers

[17]

Malathion HP-�-CD (60 mM) 100 mM SDS in 20 mM borate
buffer (pH 9)

Adequate separation of
enantiomers

[54]

CM-�-CD (50 mM) + HP-�-CD (50 mM) 10% methanol, 10 mM SDS in
20 mM borate buffer (pH 8.6)

Complete separation of
enantiomers

[9]

CM-�-CD (20 mM) 25 mM Tris buffer (pH 7) Complete separation of
enantiomers

[48]

Isomalathion CM-�-CD (20 mM) 25 mM Tris Buffer (pH 7) Separation of 3 of 4
enantiomers

[48]

Fensulfothion CM-�-CD (12.5 mM) + HP-�-CD (45 mM) 70 mM SDS in 20 mM borate
buffer (pH 8.6)

Complete separation of
enantiomers

[9]

Phenthoate CM-�-CD (20 mM) 25 mM Tris buffer (pH 7) Complete separation of
enantiomers

[48]

Phenamiphos CM-�-CD (20 mM) 25 mM Tris buffer (pH 7) Adequate separation of
enantiomers

[48]

Fonofos �-CD (25 mM) 15% acetonitrile, 100 mM SDS
in 20 mM borate buffer (pH 8.5)

Complete separation of
enantiomers

[17]

Dialifos HP-�-CD (60 mM) 10% methanol, 100 mM SDS in
20 mM borate buffer (pH 9)

Complete separation of
enantiomers

[54]

Naled CM-�-CD (10 mM) 25 mM borate buffer (pH 9) Very reactive in aqueous
solution

[48]

Pyraclofos SC (100 mM) 50 mM SDS in
methanol/acetonitrile (4:1, v/v)

Complete separation of
enantiomers

[55]

Prothiofos SC (75 mM) and �-CD (20 mM) Methanol/water/acetonitrile
(5:4:1, v/v/v)

Possible adsorption on inner
wall of capillary

[55]

Meth
(5:4:1
Meth
(5:4:1
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Sulprofos SC (50 mM) and �-CD (10 mM)

Profenofos SC (50 mM) and �-CD (10 mM)

Methods for the enantioselective GC separation of a
umber of OPs were recently optimized using commer-
ially available chiral columns including CP-Chirasil-Dex CB
heptakis(2,3,6-tri-O-methyl)-�-cyclodextrin) and Chirasil-Val
l-valine-tert-butylamide) [32,49,50] (Table 1). Fidalgo-Used et al.
32] investigated the separation by GC with flame ionisation detec-
ion (FID) of the enantiomers of 13 OP pesticides, including seven
ompounds with a C chiral center (i.e., trichlorfon, malathion,
alaoxon, naled, chlorethoxyphos, dialifos and phenoate), and

ix compounds with a P chiral center (i.e., methamidophos,
sofenphos, ruelene, fenamiphos, leptophos and pyraclophos).
o resolution was achieved on Chirasil-Val column. In contrast,
aseline separation for the enantiomers of ruelene and trichlorfon,
nd partial separation for enantiomers of naled, chlorethoxyphos,
ethamidophos and isophenphos were achieved using Chirasil-
ex column (Table 1). In the case of the OPs with a C chiral center,

he authors attributed the successful enantiomeric resolution of
richlorfon, naled and chloretoxyphos to the presence of chlo-
ine or bromine substituents at the carbon atom bound to the
symmetric carbon in their structures as having some effect on
he subtle stereoselective interactions with the �-cyclodextrin
olumn [32]. Similarly, in the chiral OPs with a P chiral center, the
resence of a chlorine atom in the phenyl ring together with an
mide group attached to the phosphorus chiral center was thought
o contribute to the adequate resolution for the enantiomers of
uelene [32]. Thus, the formation of an inclusion complex with a
-cyclodextrin chiral stationary phase (CSP) does not appear to
e sufficient for achieving adequate separation of enantiomers of

hiral OPs [32,50].

A solid-phase microextraction (SPME)-enantioselective GC pro-
edure has also been developed and evaluated using two different
etection systems: a classical electron capture detection (ECD) and
P-specific detection with inductively coupled plasma mass spec-
anol/water/acetonitrile
, v/v/v)

Possible adsorption on inner
wall of capillary

[55]

anol/water/acetonitrile
, v/v/v)

Possible adsorption on inner
wall of capillary

[55]

trometry (ICP-MS), resulting in enhanced separation and detection
of enantiomers of ruelene in various spiked samples [50].

Studies on the enantiomeric separation of chiral OPs through
GC are in general very limited despite the perceived advantage of
high efficiency and sensitivity [32]. To date the GC resolution of
chiral pesticides, especially OP compounds, is contingent with the
selection of a suitable enantioselective stationary phase [10,32].
The mechanisms of enantiomeric resolution may involve a combi-
nation of multiple (and complex) associations between the analyte
and CSP [32]. For compounds with high polarity or low vapor pres-
sure, or heat-labile compounds, including many OPs, the need for
derivatization can further complicate enantiomeric analysis by GC
[9,47].

2.2. Enantioselective HPLC analysis

Compared to the other methods, significantly more studies have
been devoted to developing and applying HPLC methods for the
separation and analysis of stereoisomers of chiral pesticides. The
advantage of using enantioselective HPLC methods is that individ-
ual enantiomers could be recovered following the separation, and
subsequently used in toxicological experiments that require sepa-
rated stereoisomers. In addition, due to the strongly polar nature
and low volatility of most OPs, enantiomeric resolution of chiral
OPs is often best achieved by enantioselective HPLC [57–59].

Chiral OPs have so far been successfully resolved
using HPLC equipped with polysaccharide CSP columns
[23,30,33,34,36–39,51–53] (Table 2). The mechanisms of chi-

ral recognition on HPLC CSP columns are extensively reviewed in
Huhnerfuss and Shah [10] and Ali et al. [59].

Ellington et al. [30] described the enantiomeric separation of
12 OPs, including eight compounds with a P chiral center, i.e.,
isofenphos, methamidophos, profenofos, crufomate (ruelene), pro-
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Table 4
Enantioselective insecticidal toxicity of some chiral organophosphorus pesticides.

Organophosphorus pesticide Active enantiomera Comment References

Acephate R- [5]
EPN R- Similar selectivity for oxon [5,31]
Cyanofenphos R- Similar selectivity for oxon; interspecies difference in magnitude of selectivity [5]
Fonofos (Dyfonate) R- Opposite selectivity for oxon; active enantiomer: S- [64,65]
Profenofos R- Opposite selectivity of acetylcholinesterase inhibition in vitro; active enantiomer: S- [5,67]
Isofenphos (+)- Similar selectivity for oxon [5,31]
Methamidophos R- [5]
Salithion S- Similar selectivity for oxon [5,31]
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Malathion R-(+)- Similar selectivity for
Phenthoate (+) Reported interspecies

a Based on LD50 values on target insects unless indicated otherwise; if informatio

hiophos, fonofos, fenamiphos and trichloronate, three compounds
ith a C chiral center, i.e., crotoxyphos, dialifos and malathion, and

ne compound with a S chiral center, i.e., fensulfothion, on com-
ercially available polysaccharide enantioselective HPLC columns

sing alkane–alcohol mobile phases. Reversed-phase enantios-
lective HPLC on a Pirkle-type stationary phase has also been
valuated for the separation of a series of 14 O-ethyl, O-phenyl,
nd N-isopropyl phosphoroamidothioate enantiomers containing
phosphorus atom as the chiral center [57].

However, due to the inherent limited resolving power of the
onventional HPLC techniques, optimization of the enantiomer
esolution generally involves complex procedures or numerous
xperiments leading to the consumption of large amounts of sol-
ents and samples [9,47]. Nevertheless, at present enantioselective
PLC is still the preferred method for determination of ionic, polar,
r heat-labile chiral pesticides, particularly chiral OPs [7,9,47].

Enantiomeric HPLC separation has been successfully applied in
he recovery of individual enantiomers of various chiral OPs for the
urpose of subsequent toxicological evaluation [18,23,33–39,60].

n addition, enantioselective HPLC analysis has also been used in
he environmental degradation study of chiral OPs [52,53].

.3. Enantioselective CE analysis

As with enantioselective GC and HPLC, enantiomeric separa-
ion by CE requires a chiral-selective agent (e.g., cyclodextrins),
ommonly as additive to the background electrolyte [47,48]. Next
o enantioselective HPLC, chiral OPs are generally separated by
E techniques (Table 3) [7]. For instance, the enantiomers of
alathion, ruelene and dialifos were adequately separated by

ydroxypropyl-�-cyclodextrin (HP-�-CD), �-cyclodextrin (�-CD)
nd/or �-cyclodextrin (�-CD) through CE in micellar electrokinetic
hromatography (MEKC) mode [54]. The enantiomeric resolution
f malathion and ruelene was improved through dual-cyclodextrin
lectrokinetic capillary chromatography (dual-CECC) and micellar
lectrokinetic capillary chromatography (MECC), respectively [9].
ual-CECC uses combined native and charged cyclodextrins, while

n MECC a mixture of surfactants and cyclodextrin (with or without
he addition of an organic modifier) is employed [9]. Other chiral
Ps that have been resolved by enantioselective CE include fono-

os [17], fensulfothion [9], phenthoate [48], pyraclofos, prothiofos,
ulprofos and profenofos [55].

Ali et al. [47] provides an extensive review on the application
f CE to enantioselective determination of chiral environmental
ollutants, from electrophoresis conditions to chiral recognition
echanisms, including parameters that can be varied to optimize
nantiomer resolution.
At present, enantioselective CE is not yet applicable for routine

esolution of chiral pesticides. Reproducibility of results is a major
roblem in CE analysis [47]. Other limitations in the application of
E in the analysis of chiral pesticides include the consumption of the
results based on diethyl derivatives of malathion and malaoxon [3,68]
ence in selectivity [31,52]

vailable, active enantiomer is identified based on its absolute configuration.

chiral selector as it is used in the background electrolyte. Another
major disadvantage is that unlike HPLC, it cannot be coupled with
chiroptical detectors (e.g., polarimeter and circular dichroism) due
to the presence of the chiral selector in the background electrolyte
[47].

Overall, enantioselective HPLC is still the best choice for the chi-
ral resolution of chiral OPs, mainly due to its versatility, ease of
operation, selectivity, efficiency and reproducibility [59].

3. Importance of chirality in OP insecticide toxicity

As potent acetylcholinesterase (AChE) inhibitors, OPs are
expected to have the same mode of action in target and non-target
organisms [26,31,61]. They are highly toxic to invertebrates and
mammals but are generally less persistent in the environment than
the organochlorine pesticides that preceded them [26]. Currently,
OPs pose a risk to non-target organisms and ecological systems
mainly through their acute toxicities. Although mostly marketed
and used as racemic mixtures, chirality can be found in a significant
number of OPs having a center of asymmetry on P, C, or S [5–7,34].
In addition, certain OPs such as those possessing thioether struc-
tures (e.g., fenthion) may undergo asymmetric induction resulting
in the formation of a chiral metabolite [62]. For an extensive dis-
cussion on the stereochemistry of OP agrochemicals, the reader is
referred to Sasaki [5].

3.1. Enantioselective insecticidal activity

The significance of stereochemistry in the mode of action of chi-
ral OPs is evident in the stereospecificity of their insecticidal activity
[5,31]. Table 4 summarizes the enantioselective insecticidal activity
of a number of chiral OP compounds.

Organophosphorus compounds like fonofos and malathion
which contains a P S moiety requires metabolic activation by
oxidative desulfuration to the P O (oxon) form for enzyme inhi-
bition to take place [63,64] (Fig. 1). R-(−)-Fonofos was reported to
have higher biological activity in vivo than the (S)-(+)-fonofos to
housefly, mosquito fly and mice [5]. In contrast, direct interaction
of fonofos–oxon enantiomers with AChE indicated the S-oxon as
2.6–12.2 times more toxic than the corresponding R-oxon to the
same species [65]. The opposite selectivities between fonofos and
its oxon form were explained through the in vitro metabolic activa-
tion study of fonofos in rat liver microsomes where R-fonofos was
observed to predominantly convert to the S-oxon [65].

Similarly, Leader and Casida [66] observed that the (+)-
profenofos was 2–48 times more potent than the (−)-profenofos as

an in vitro inhibitor of bovine erythrocyte and housefly head AChE,
even though the (−)-enantiomer was 4–23 times more toxic than
the (+)-enantiomer to adult housefly and mice in vivo. This is due
to the preferential sulfoxidation of (−)-profenofos in vivo, result-
ing in a metabolite that is up to 34 times more inhibitory to AChE
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Table 5
Enantioselective activity of some chiral organophosphorus pesticides to non-target organisms.

Organophosphorus pesticide Selectivity Optical activity detectiona Test species Comment References

Methamidophos (+) > (−) CD Daphnia magna Acute toxicity; in vitro inhibition of
electric eel and bovine erythrocyte
acetylcholinesterase inhibition
indicate opposite selectivity: (−) > (+)

[33]

Fonofos (Dyfonate) (−) > (+) LPD Daphnia magna and
Ceriodaphnia dubia

Acute toxicity and in vivo
acetylcholinesterase inhibition

[18,23]

Profenofos (−) > (+) LPD Daphnia magna and
Ceriodaphnia dubia

Acute toxicity and in vivo
acetylcholinesterase inhibition

[18,23]

(−) > (+) LPD Oryzias latipes In vivo acetylcholinesterase inhibition;
in vitro inhibition of electric eel and
human recombinant
acetylcholinesterase indicate opposite
selectivity: (+) > (−)

[23]

R-(−) > S-(+) Mouse Acute toxicity; in vitro inhibition
acetylcholinesterase indicate opposite
selectivity: S-(+) > R-(−)

[31,67]

Crotoxyphos (+) > (−) LPD Daphnia magna In vivo acetylcholinesterase inhibition [23]
(+) > (−) LPD Oryzias latipes In vivo acetylcholinesterase inhibition;

in vitro inhibition of electric eel and
human recombinant
acetylcholinesterase indicate opposite
selectivity: (−) > (+)

[23]

Trichloronate (−) > (+) LPD Daphnia magna and
Ceriodaphnia dubia

Acute toxicity [34]

Fenamiphos (+) > (−) LPD Daphnia magna Acute toxicity [39]
Leptophos (+) > (−) LPD Daphnia magna Acute toxicity [38]
Isocarbophos (+) > (−) LPD Daphnia magna Acute toxicity [37]
Malathion (R) > (S) In vitro inhibition of human and bovine

erythrocyte acetylcholinesterase of
oxon

[63]

Fosthiazate pk1 > pk2 > pk4 > pk3 CD and LPD Daphnia magna Acute toxicity; in vitro inhibition of
electric eel acetylcholinesterase not
stereoselective; has 4 stereoisomers
due to presence of P and C chiral
centers; stereoisomers identified based
on elution order on Chiralpak® AD
column

[35]

Chloramidophos pk3 > pk2 > pk1 > pk4 CD Daphnia magna Acute toxicity; has 4 stereoisomers due
to presence of P and C chiral centers;

[36]
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a CD: circular dichroism detector; LPD: laser polarimeter detector.

67]. The same study also showed the preferential detoxification of
+)-profenofos.

In the case of malathion and malaoxon, chirality is due to
n asymmetric carbon center in the thiosuccinyl substituent [5]
Fig. 1). The enantiomers of malathion are also selective in their
ffects, with the R-(+)-enantiomer being more acutely toxic than
he S-(+)-enantiomer to a variety of anthropods and also to rats
31,68]. In another chiral OP with an asymmetric carbon atom,
henthoate, interspecies difference in its enantioselective toxicity
as been reported [31,52]. In most target insects, as well as in mice,
+)-phenthoate is more acutely toxic. On the other hand, the (−)
nantiomer is more effective against houseflies [31].

.2. Enantioselective non-target toxicity

In the previous section we noted that for most chiral OPs, only
ne of the two enantiomers is often responsible for most or all of
he racemate’s insecticidal activity (Table 4). The other enantiomer,
lthough inert to the target pest, may end up as an undesirable
hemical load to the environment and could be toxic to non-target
rganisms [6,18]. While OPs are expected to have the same mode of

ction in both target and non-target organisms [26,31,61], the mag-
itude of stereoselectivity in enzyme inhibition may vary and the
referred configuration could reverse between animal species or
etween in vitro and in vivo determinations for the chiral members
f its class [5,31,63,66].
stereoisomers identified based on
elution order on Chiralpak® AD column

A number of studies have appeared over the past decade
to address the enantioselective toxicity of chiral OPs to aquatic
organisms [18,23,33–39]. The most recent findings on the enantios-
elective toxicity of chiral OPs to non-target species are summarized
in Table 5.

Similar to the observations for the enantioselectivity of fonofos
and profenofos in insecticidal activity, opposite selectivities have
been observed for methamidophos, crotoxyphos and profenofos
between the in vivo acute toxicity and AChE inhibition and the in
vitro assays for non-target aquatic species [18,23,33] (Table 5). Like
profenofos, methamidophos also contains a sulfur substituent to
the chiral P in its structure, and may be subject to similar bioacti-
vation processes as previously described here for profenofos [5,67]
(Fig. 1).

The (−) enantiomers of fosthiazate were previously shown to
have 20-fold higher nematicidal activity than the (+) enantiomers
[5]. Fosthiazate contains both a phosphorus chiral center and a
carbon chiral center (Fig. 1), but absolute configuration has not
been determined [5,35]. Lin et al. [35] resolved the enantiomer
pairs of fosthiazate on a Chiralpak® AD column, and distinguished
them through both circular dichroism detector and optical rota-

tion detector. The respective enantiomer pairs are (−) and (+) for
the first (pk1) and third (pk3) eluting peaks, and (−) and (+) for
the second (pk2) and fourth (pk4) eluting peaks, if optical rotation
is used to identify the fosthiazate stereoisomers. The opposite is
observed with circular dichroism. Thus the authors elected to label
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he stereoisomers based on their elution order on the Chiralpak
olumn (Table 5) [35].

It is important to re-emphasize the highly column-specific
CSP-dependent) resolution of many chiral compounds on HPLC
18,69–71]. Researchers must therefore exercise caution, particu-
arly when comparing their toxicity results with that from previous
tudies that used different chromatographic conditions and optical
ctivity detection methods. At most, these studies may be used to
upport the occurrence of enantioselectivity in a given effect, but
ot to ascertain the enantiomer-specific effect. The absolute config-
ration is a more definitive and consistent identification method.
owever, in the absence of authentic enantiopure standards the
ptical detection method and column used for resolving the enan-
iomers should be qualified.

Inhibitory activity of enantiomers and racemic mixtures of
he insecticide fenamiphos to horse serum butyrylcholinesterase
BChE), and its toxicity to Daphnia pulex has also been reported.
oth enantiomers and the racemate showed significant differences

n horse serum BChE inhibition, with the (+)-fenamiphos as more
nhibitory than the (−)-fenamiphos and the racemate [39]. In gen-
ral, however, AChE has been shown to be more stereoselective
ersus BChE towards the toxic enantiomers of various chiral OP
gents [72].

.3. Biotransformation and environmental degradation

Likely due to their relatively short environmental persistence,
here has been little interest in the possible enantioselective trans-
ormations of chiral OPs in the environment [26]. Nevertheless,
nantioselective degradation of a few chiral OPs has been reported
5,30,35,39].

Partially purified enzyme from E. coli was reported to quickly
egrade crotoxyphos enantiomers at different rates [30]. Rue-

ene was also found to degrade selectively in a variety of soils
3]. However, fonofos exhibited non-selective enantiomer losses
n a laboratory study with aerobic soil slurries [17]. Similarly, no
ignificant difference in the dissipation of (+)-fenamiphos, (−)-
enamiphos, and racemate was observed in selected soils and
atural waters [39].

In contrast, the asymmetric induction (bioconversion of an achi-
al compound to a chiral compound) has been observed in the
etabolic sulfoxidation of microorganisms of the OP insecticide

horate [5]. The use of purified FAD-containing monooxygenase
FMO) and cytochrome P-450 (CYP) isozymes isolated from mouse
iver further showed the stereospecificity of oxidation of phorate
o the sulfoxide metabolite, with FMO preferentially catalyzing the
ormation of the (−)-phorate sulfoxide, and the CYP isozymes pref-
rentially catalyzing the formation of the (+) sulfoxide metabolite
5].

Fenthion is another achiral OP compound that undergoes
symmetric sulfoxidation [62,73]. Similar to phorate, fenthion is
redominantly converted into (+)-fenthion sulfoxide when incu-
ated with human tissue microsomes [74]. Gadepalli et al. [62]
eveloped an efficient synthesis method of both enantiomers of
enthion sulfoxide, as well as the enantiomers of fenoxon sul-
oxide, which allowed for the evaluation of the contribution of
MO-catalyzed sulfoxidation of fenthion in AChE inhibition. Results
f in vitro assays suggested minimal contribution of sulfur stereo-
hemistry to electric eel and human recombinant AChE inhibition
f fenthion sulfoxide isomers [62]. In contrast, fenoxon sulfoxide
as stereoselective, with the (R)-(+)-fenoxon sulfoxide primarily
esponsible for AChE inhibition [62].
Overall, stereospecific metabolism may influence the

ose–response relationship of chiral OPs. For example, in studies
nvolving the oxidative bioactivation of profenofos, in vitro experi-

ents indicated that (+)-profenofos was the more potent inhibitor [
. B 878 (2010) 1277–1284 1283

of AChE. However, the (−) enantiomer was found to be more
toxic to mice in vivo. Incubation with liver microsomes followed
by quantification of AChE inhibition indicated that the individual
enantiomers reacted in an opposite manner. The (−)-profenofos
underwent preferential metabolic activation and the metabolite
formed was 34 times more inhibitory to AChE. In contrast, the
(+)-profenofos was preferentially detoxified and its capacity to
inhibit AChE was reduced 2-fold [67]. Such shifts in enantioselec-
tivity in AChE inhibition following metabolism were attributed to
either differences in rates of oxidation, or the intrinsic potency of
metabolite enantiomers.

Finally, the occurrence of non-enzymatic isomerization may
also influence the activity and contribute to the unintended effects
of chiral pesticides in the environment. For instance, isoma-
lathion is produced by thermal or photochemical isomerization
of the widely used OP insecticide, malathion. This molecular
rearrangement greatly enhances the inhibitory potency of the
parent insecticide toward AChE, owing to an increase in the elec-
trophilicity of phosphorus [75]. In addition, a consequence of the
isomerization of malathion is the creation of a new asymmetric cen-
ter at phosphorus in addition to the existing chiral carbon center in
the diethyl thiosuccinyl substituent resulting in four stereoisomers
[75,76]. Differences in post-inhibitory kinetics have been observed
for AChE inactivated by the stereoisomers of isomalathion [76].

4. Summary and conclusion

Organophosphorus insecticides continue to be an important
chemical protection option against agricultural and household
pests in the world. The successful enantiomeric resolution of a
good number of chiral OPs has made possible the evaluation of
enantioselectivity in their activity to both target and non-target
species. In comparison, enantioselectivity in their environmental
degradation has not been well studied. This is probably due to
their relatively low environmental persistence or the lack of reliable
techniques for the analysis of chiral OPs in environmental samples.
Chiral GC methods have the advantage of high efficiency, sensi-
tivity and reproducibility. However, due to the polar nature and
low vapor pressure of most OP pesticides, the need for derivatiza-
tion complicates enantiomeric analysis of OPs using GC. As such,
enantiomeric resolution of chiral OPs is currently best achieved by
using the less sensitive enantioselective HPLC approach. To this end,
efforts are on the way to improve both techniques through coupling
with more sensitive detectors, including, mass spectrometry detec-
tors for more sensitive quantitation and confirmatory detection of
analytes. In addition, CE methods have also been explored and are
considered to have a promising potential in enantiomer resolution
of chiral OPs.

In conclusion, evidence of enantioselectivity in the environmen-
tal fate and effects of chiral OPs points to the need for considering
enantiomers individually when assessing the environmental risks
of chiral OPs. This is contingent with the availability of suitable and
reliable analytical techniques.
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