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Abstract: The determination and separation of enantio-
mers is an interesting and important topic of research in
various fields, e.g., biochemistry, food science, pharma-
ceutical industry, environment, etc. Although these com-
pounds possess identical physicochemical properties, a
pair of enantiomers often has different pharmacological,
toxicological, and metabolic activities. For this reason,
chiral discrimination by using chromatographic and electro-
migration techniques has become an urgent need in the
pharmaceutical field. This review intends to offer the
“state of the art” about the separation of chiral antifungal
drugs and several related precursors by both liquid and
gas chromatography, as well as electromigration methods.
This overview is organized into two sections. The first one
describes general considerations on chiral antifungal drugs.
The second part deals with the main analytical methods for
the enantiomeric discrimination of these drugs, including a
brief description of chiral selectors and stationary phases.
Moreover, many recent applications attesting the great
interest of analytical chemists in the field of enantiomeric
separation are presented.

Keywords: antifungal drugs, chiral separation, electro-
migration methods, nano-LC, HPLC, SFC

1 Introduction

Antifungal substances were discovered almost 80 years
ago by D. W. Woolley. Since 1958, chlormidazole was the
first specific drug that was commercialized in medical
practice for topical application [1].

Fungal infections have emerged in the past 40 years
and are becoming a major public health alarming dis-
ease. The increasing rate of invasive fungal infections
[2,3] is due to the increased incidence of the immune-
compromised patient population, including the rising
number of acquired immunodeficiency for the advent of
HIV, cancer patients with chemotherapy, organ trans-
plant recipients receiving immunosuppressive therapy,
on the one hand; the increasing number of invasive
devices (catheters, artificial joints, and valves), on the
other hand.

The azoles compounds are important synthetic medi-
cinal products so named for the presence of an imidazole
or triazole moiety in the molecule. They are well-known
due to their quite extensive potent activities towards
many pathogenic fungi. In addition, some of them exhibit
additional antibacterial and antiparasitic properties.

The almost accepted action mode of azole compounds
relies on the inhibition of Lanosterol 14α-demethylase
(CYP51A1), a key enzyme in the ergosterol biosynthesis.
The latter is a fundamental component of the plasma mem-
brane structure and its depletion causes a weakening of the
membrane. This is related both to the consequent change in
the activity of many membrane-bound enzymes associated
with nutrient transport and chitin synthesis and to the
accumulation of toxic 14α-methylated sterols in mem-
branes [4,5].

A great part of active substances, belonging to imi-
dazole and triazole derivatives, shows optical isomerism,
like more than half of drugs on the market [6].

The enantiomers of the same molecule have identical
physical and chemical properties in an achiral environ-
ment (e.g., air–water exchange, abiotic absorption, and
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transformation), but they enantioselectively interact with
biological systems, e.g., enzymes, proteins, receptors,
and other chiral molecules [7]. In this frame, the pharma-
cological activity may also be related to just one enantiomer,
being the other one inactive or even toxic. Consequently,
enantiomers may have different pharmacokinetic processes
as well as therapeutic effects.

Although antifungal drugs, such as imidazole and
triazole derivatives, are present as racemic mixtures in
medicinal products, a lot of applications demonstrated
different biological effects of each enantiomer. For instance,
a bacteriostatic test indicated that R-(−)-fenticonazole shows
the minimum inhibitory concentration (MIC) of the anti-
fungal effects [8] and (+)-(S)-fenticonazole exhibited a faster
absorption and elimination in female rats than did (−)-(R)-
fenticonazole [9]. Although the genaconazole is adminis-
tered as a racemate, only RR form is the active enantiomer
while SS-form is the inactive one. The concentration trend
for a time in human serum does not show appreciable dif-
ferences [10]. R enantiomer of azole compounds, such as
fluconazole, genaconazole, itraconazole, posaconazole,
ravuconazole, voriconazole, and sertaconazole, is two times
more active than the S-form, which is considered inactive
[11]; (−) enantiomer of ketokonazole is more potent against
some strains of fungi [12] since, as demonstrated after
administration of rac-ketoconazole to rats, the concentra-
tion of (+)-ketoconazole in plasma was two-fold higher
than that of (−)-ketoconazole [13].

In recent years, due to their excellent antifungal
activity and a relatively low environmental persistence,
triazole fungicides have also become an important cate-
gory of fungicides with wide applicability in agriculture.
In this respect, this molecules family, considered as pes-
ticides, was introduced for the treatment and protection
of plants, such as cereals, soybeans, fruits, and vegeta-
bles since the mid-1970s.

As above reported, it is known that most of the tria-
zole fungicides/pesticides used as a pharmaceutical drug
are chiral, like approximately 30% of anthropogenic
agrochemicals. Moreover, their optical isomers exhibit
different bioactivity, toxicity, and degradation in the
environment. For instance, the R-enantiomer of dinico-
nazole and uniconazole shows stronger fungicidal activi-
ties, whereas the S-enantiomer has higher plant growth
regulating activity [14]; the degradation of the difenocona-
zole stereoisomers also showed stereoselectivity in vegeta-
bles and soil [15].

Besides, when introduced in an environmentalmedium,
the enantiomers of pesticides show different effects on living

organisms and they can act as biological markers of envir-
onmental toxicity: for example, (2R,4S)-propiconazole
exhibited 2.43–23.47-fold higher fungicidal activity toward
Rhizoctonia solani, Fulvia fulva, Alternaria sonali, and
Botrytis cinerea than (2S,4S)-propiconazole [16]. A similar
trend was observed for (2R,4S)-difenoconazole, whose fun-
gicidal activity against Botrytis cinerea is about 24.2 times
higher than that of its (2S,4S)-stereoisomer [15].

Although a different effect of drug enantiomers in
pharmaceutical and agrochemical applications is demon-
strated, the racemic form is still currently available on
the markets of both medical products and plant treat-
ments. Furthermore, it is estimated that about 50–75%
of racemic pesticide emissions are unnecessary and cause
environmental pollution [17]. To reduce the risks of side
effects or unspecific toxicities derived from the adminis-
tration of the no-active enantiomer, the new trend of the
industrial sector is focused on the preparation of enantio-
merically pure compounds: in this way, the same effect
would be produced by half the dose of the racemic form.
In this frame, the development of analytical methodolo-
gies for the chiral separation and determination of single-
enantiomer forms and their impurities is highly required.
In doing this, pharmacokinetics and pharmacodynamics
studies (including absorption, distribution, metabolism,
and excretion) are needed, for both pharmaceutical and
environmental (agrochemical) applications. The determi-
nation of a racemic antifungals in biological fluids of
humans or animals treated with one dose of drug can
be useful to investigate the dose/effect relationship during
a therapeutic drug monitoring (TDM): this information can
guide the physician in optimizing the appropriate dose.

Through studies of the enantioselective behavior of
chiral pesticides in agri-food products or in the environ-
ment, the absorption, transformation, and degradation
processes in various plants, soil, water, and aquatic life
are generally also evaluated. Thus, a better knowledge
of individual degradation or toxicological data of each
enantiomer could reduce the amount of pesticide avoiding
unnecessary stereoisomer and be useful to evaluate the
environmental risk and food safety.

This article reports an overview of both recent HPLC
and CE (covering the literature since 2010) and an as
exhaustive as possible review of GC, SFC, and miniaturized
liquid chromatographic applications for chiral separations
of antimycotic drugs. The effect of chromatographic/electro-
phoretic experimental conditions on chiral recogni-
tion, theoretical considerations, and new approaches in
sample preparation will also be discussed.
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2 Chiral separation of antifungal
drugs: Optimization of
chromatographic and
electrophoretic methods, sample
preparation, and some selected
applications

This section describes several selected articles related to
the chiral separation of antifungal drugs such as imida-
zole and triazole derivatives. Several analytical methods,
combining sample preparation procedures with chroma-
tography instrumentation, can face any analytical chal-
lenge. Therefore, chromatographic and electromigration
analytical methods such as GC, HPLC, SFC, CE, CEC, and
CLC, the most used in pharmaceutical, biological, and envir-
onmental analysis, have been here considered. Analysis of
chiral antifungal compounds used as agricultural fungicides
reported from 2011 will be discussed [18], while those related
with pharmaceutical formulations and biological samples
from 2010 and 2016, respectively, will be considered [1,19].
Applications are grouped based on the methodology used,
also critically discussing the experimental condition used,
the CSP, and the chiral resolution mechanism involved in
the chiral recognition.

2.1 High-performance liquid
chromatography

Since HPLC is a quite rapid and nondestructive analysis,
able to work in a wide temperature range and with a
choice of different detectors, nowadays it is the most
widely used technique for chiral separations and achiral
analysis of triazole antifungal drugs [18,20].

Although a chiral separation by liquid phase analy-
tical techniques can be carried out by two different
experimental approaches, indirect or direct separation
methods, the last one is employed in most cases. This
strategy involves the bonding or adsorption of a chiral
selector (CS) to silica or monolithic support on forming a
chiral stationary phase (CSP) that is packed in separation
columns. Less frequently, a CS is added to the mobile
phase.

Even if in the past a wide variety of CSs have been
used to resolve many fungicides [18], recently, most of
the work has been carried out utilizing polysaccharide-
based CSPs exhibiting optimum recognition capability
towards fungicide compounds. In a couple of cases,
CSPs modified with a β-cyclodextrin derivative [21] or
human serum albumin and α1-acid glycoprotein column
[22] were applied.

Although different types of polysaccharide-based CSPs
have been studied, those containing cellulose or amylose
derivatives have offered high enantioselectivity toward
many compounds and therefore are the most used in
this field.

Even if their enantio-recognition capability is deter-
mined by the higher-order structure of the natural polymer,
when the cellulose- or amylose-based CSPs are modified by
introducing some groups (e.g., methylbenzoate, phenylcar-
bamate, tribenzoates), a higher enantioresolution can be
obtained. By the addition onto the polysaccharide skeleton
phenyl carbamate moiety of an electron-donating methyl
group and/or an electron-withdrawing chloro or fluoro
groups, the chiral resolving capability can be extended
toward a wide range of chiral molecules, demonstrating
the almost universal applicability of this polysaccharide-
based CSPs [23,24]. Table 1 shows the list of polysac-
charide-based CSPs used for the enantioseparation of
imidazole and triazole derivative compounds reported
in Tables 2–4.

Table 1: Classification of CSPs polysaccharides-based and commercial trade name

Chiral selector Abbreviation Commercial trade name

Amylose tris(3,5-dimethylphenylcarbamate) ADMPC Chiralpak® AD, AD-R, AD-RH, IA
Amylose tris(3-chlorophenylcarbamate) Chiralpack® ID
Amylose tris(3-chloro-4-methylphenylcarbamate) Chiralpack® IF
Amylose tris(3-chloro-5-methylphenylcarbamate) ACMPC Chiralpack IG®

Amylose tris(5-chloro-2-methylphenylcarbamate) Lux® Amylose-2, Sepapak® 3, LA2
Cellulose tris(3,5-dimethylphenylcarbamate) CDMPC Lux® Cellulose-1, Chiralcel® OD-R, OD-R, OD-RH, Chiralpack® IB
Cellulose tris(4-methylbenzoate) Lux® Cellulose-3, Chiralcel® OJ, OJ-H, OJ-RH
Cellulose tris(3,5-dichlorophenylcarbamate) CDCPC Sepapak® 5, SP5, Chiralpack® IC
Cellulose tris(3-chloro-4-methylphenylcarbamate) Lux® Cellulose-2, Sepapak® 5, LC2
Cellulose tris(4-chloro-3-methylphenylcarbamate) Lux® Cellulose-4, Sepapak® 4, LC4
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Table 2 reports selected applications performed by LC
related to the chiral separation of triazole antifungal
drugs published during the selected period (2010–2020).

In this period, the attention was paid mainly on poly-
saccharide-basedCSPswhere the CSwas coated or immobilized
on silica particles. As can be observed, CSs such as cellulose
tris(3,5-dimethylphenylcarbamate) [25–28,37–39,43,48,
51–55,57,58,60], cellulose tris(3,5-dichlorophenylcarbamate)
[25,26,29,30,35,38,42,44,49], cellulose tris(4-chloro-3-
methylphenylcarbamate) [28,30,31,41], cellulose tris(3-
chloro-4-methylphenylcarbamate) [27,28,30,49], cellulose
tris-(4-methylbenzoate) [27,28,36,37,47,56,58], amylose tris-
(3,5-dimethylphenylcarbamate) [25,26,28,45,46], amylose tris
(3-chlorophenylcarbamate) [24,32], amylose tris(5-chloro-2-
methylphenylcarbamate) [27,28,40], amylose tris(3-chloro-
5-methylphenylcarbamate) [32], and amylose tris(3-chloro-4-
methylphenylcarbamate) [33,38] have been applied to the
enantiomeric separation of antifungal compounds in environ-
mental, agri-food, and biological applications, but above all
to analytical standards. In this regard, many authors have
focused their effort on the field of a basic research approach.
Their experimental works highlighted the versatility of these
stationary phases and how their structure and especially the
substituents on the CS can influence the enantioresolution in
relationship to the LC-conditions.

A study dedicated to understanding the chiral recog-
nition mechanism of these chiral compounds was addressed
by Zhu et al. [25] also using the molecular docking software.
Here, four immobilized polysaccharide-based CSPs were
compared studying the effect of the CS type on the enantio-
selectivity of azole analytes in NP conditions. Theoretical
information about the binding energies and the conforma-
tions of CSP-solute complexes were obtained with this
approach. From this and HPLC experiments, the differences
in binding energies between the complexes formed by (R)-
and (S)-isomers were determined by multiple intermolecular
interactions.

From these studies, it was supposed that the chiral
recognition mechanism was based on the simultaneous
presence of Cl-atoms, O/S-atoms, imidazole groups, and
phenyl groups in their azole structure. These groups con-
tributed to hydrogen bonding, π–π, and hydrophobic
interactions with the polysaccharide backbone (the hexa-
tomic ring and its O-atom) and/or side chain (phenyl
group, NH, C]O, and Cl). Specifically, the simulation
results showed that: (i) phenyl groups of carbamate
side chains on CSP could have π–π interactions with
the phenyl group of analytes; (ii) the imidazole group
of the azole analyte was seldom the main chiral recogni-
tion site, but it was often found to indicate the polymer
cavity; (iii) the hydrogen bond between the O/S-atoms

was interacting with the chiral center and the NH group
of the carbamate moiety. Besides, the HPLC results revealed
that chlorinated phenylcarbamate of cellulose offered better
separation for most of the target antifungals. The theoretical
results, reported in ref. [23], highlighted additional aspects
about the chiral discrimination: (i) the hydrophobic inter-
actions with the hexatomic ring or the Cl-atom in the
polymer and Cl-atom present in the analyte; (ii) the inter-
actions between the electronegative atom (O, S, or F-atom)
of the enantiomer and the electronegative atom (O and
Cl-atom) in the CS.

This trend was confirmed by other researchers who
compared four CSPs-polysaccharide derivatives (silica-
immobilized [26] or silica-coated [27,28,30]) by using dif-
ferent chromatographic experimental conditions.

Under normal phase (NP) mode, the best chiral reso-
lution, for most azole compounds, was obtained with mobile
phases containing n-hexane/isopropanolmixtures. However,
other alcohols (ethanol or butan-2-ol) and an ammine addi-
tive (i.e., DEA) were also investigated. Under these condi-
tions, chlorinated cellulose phenyl carbamate provided, in
general, better enantiomeric separation compared to cellu-
lose tris(3,5-dimethylphenylcarbamate) and higher recogni-
tion capability than the other polysaccharide-based CSPs
[26]. On the contrary, a less marked difference was obtained
with two CSP-amylose-based, chlorinated, and non-chlori-
nated derivatives, which showed similar enantioseparation
ability in terms of the number of separated analytes.

Reversed-phase chiral chromatography was also stu-
died for the separation of various triazole fungicide enan-
tiomers. Using mixtures of 0.1% (v/v) aqueous formic
acid solution in methanol or acetonitrile at different pro-
portions as mobile phase, 21 fungicides were resolved in
their enantiomers [27]. As observed in NP-mode, also in
RP-mode, polysaccharide-based CSP showed a larger recog-
nition capability than the amylose-based CSP, especially
when electron-withdrawing groups were introduced on
the phenyl carbamate moieties.

This work also emphasized the suitable chromato-
graphic conditions for MS coupling by using the ESI inter-
face. Therefore, the proposed method may be useful for
identification and determination at low concentrations of
this class of compounds in biological, food, and environ-
mental samples.

Chiral versatility is flanked by robustness at slightly
harsh conditions. In this respect, antimycotic drugs were
also studied on polysaccharide-based chiral columns with
polar organicmobile phases with some additives such as FA
[28,30], DEA [28–30], TFA [30], and buffered solutions [29].

Chiral recognition ability in polar organic solvent
chromatography was faced in a systematic comparative
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study on cellulose-based CSPs containing three chlorine
[30].

This experimental work was focused on CSPs with
cellulose tris(3-chloro-4-methylphenylcarbamate), cellu-
lose tris(4-chloro-3-methylphenylcarbamate), and cellulose
tris(3,5-dichlorophenylcarbamate) as the CSs silica-coated,
studying the effect of different acidic additives, namely
TFA, AcA, or FA, in ACN-based mobile phases on the
chiral resolution.

In this work [30], the authors remarked on the impor-
tance of electron-donating and electron-withdrawing groups
introduced in the phenyl carbamate moieties in the chiral
recognition. Among the studied CSPs, the one containing
cellulose tris(3,5-dichlorophenylcarbamate) offered higher
enationresolution and higher retention factor when econa-
zole and miconazole were analyzed. On the contrary of TFA,
baseline enantiomers separation was obtained when the MP
contained an appropriate concentration of FA and AcA.

These CSP types were also studied by other authors
[27] eluting in RP mode, while amylose tris(3-chloro-5-
methylphenylcarbamate)-immobilized silica particles
were applied in NP condition for the chiral separation
of some antifungal drugs [32]. Recently, normal, polar
organic, and reversed-phase were compared for the chiral
resolution of miconazole, econazole, isoconazole, sulco-
nazole, butoconazole, fenticonazole, sertaconazole, and
ketoconazole with a CSP-silica-based containing immo-
bilized cellulose tris(3,5-dichlorophenylcarbamate) [29].

Although it is not a typical strategy in chiral separa-
tions, a gradient elution mode was used for chiral separa-
tion of different imidazole derivatives employing a CSP-
cellulose tris(4-methylbenzoate) (silica-coated) and NP
conditions [36]. In isocratic mode, the use of mixtures
n-hexane/alcohol (2-propanol, EtOH, MeOH) allowed a
satisfactory enantioseparation of the target compounds.
However, for long retention times (>60min), asymmetric
and broaden peaks were observed. The application of four
gradient elution programs, combining n-hexane/EtOH and
EtOH/MeOH or n-hexane and EtOH, reduced below 37min
the retention time of eight substances and below 65min the
retention time of fenticonazole enantiomers.

An interesting chromatographic approach for the
separation of twelve posaconazole-related stereoisomers
in a single run was proposed by Xu et al. [38]. The chiral−
chiral two-dimensional liquid chromatography (2D-LC)
system was developed based on multiple heart-cutting
2D-HPLC systems. A six-port and a plug-in ten-port
two-position switching valves were joined in a suitable
configuration where the CSP-cellulose tris(3,5-dimethyl-
phenylcarbamate) was used as a 1D separation column,
while cellulose tris(3,5-dichlorophenylcarbamate) and

amylose tris(3-chloro-4-methylphenylcarbamate) were
used in parallel for the 2D. Once the mobile phase com-
positions for each dimension and cutting time were
adjusted, the system resulted to be a powerful tool for
the separation of stereoisomers of chiral drugs con-
taining multiple asymmetric centers.

The reversal enantiomer elution order (EEO) could be
a useful solution to problems related to the separation
and quantification of a certain enantiomer which occurs
at trace levels in a mixture containing high concentra-
tions of its antipode. This is particularly necessary
for practical applications especially in pharmaceutical
and/or clinical analysis. This topic has been widely stu-
died by Chankevetadze’s group employing polysaccharide
silica-based CSP for other compounds [60–64]. EEO was
observed by employing different CS types [62,64], modi-
fying mobile phase [62,64], changing the column tempera-
ture [61–64], etc.

This approach was also investigated in analyzing
antimycotic enantiomers [28]. In this respect, a reversal
of EEO of terconazole on cellulose tris(3,5-dimethylphe-
nylcarbamate) and amylose tris(3,5-dimethylphenylcar-
bamate) by using MeOH as a mobile phase was observed.
The reason was ascribed to the different polysaccharide
backbone, organized as polymer D-glucopyranose unit
linked through α 1,4-linkages in the case of amylose,
while β-1,4-linkages in the case of cellulose. Reversal of
EEO of terconazole was observed comparing cellulose tris
(3,5-dimethylphenylcarbamate) and cellulose tris(4-methyl-
benzoate) in the same experimental conditions.

Identification and quantitation of impurities in a
pharmaceutical formulation is a current topic in the phar-
maceutical industry. Considering that many drugs are
administered as a single enantiomer, the presence of
the enantiomeric impurity in the preparation could affect
the drug efficacy and safety.

It is known that the eutomer is pharmacologically
more active than its antipode (distomer).

In this respect, voriconazole enantiomers were base-
line separated in less than 10min under RP conditions
using a CSP-cellulose tris(4-chloro-3-methylphenylcar-
bamate) [41].

The method was successfully applied to evaluate the
chiral stability of the commercial ophthalmic solution
containing the single enantiomer of voriconazole and to
determine both the other undesired voriconazole enan-
tiomer and some impurities. A similar approach was
applied for the purity control of posaconazole utilizing
NP elution and a different CSP column (cellulose tris(3,5-
dichlorophenylcarbamate)); the method was validated
obtaining LOD and LOQ of enantiomer values 0.06 and
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0.2 µg/mL, respectively. The method was applied to the
analysis of a pharmaceutical formulation; the impurity of
posaconazole enantiomer (distomer) was determined after
spiking the sample at 0.1% concentration level.

A chiral analytical method can be also applied to
pharmacodynamics and pharmacokinetics studies of two
enantiomeric forms. The chromatographic separation
system consisting of a two-chiral column (CSP-(R,S)-hydroxy-
propyl-modified β-CD and CSP-cellulose tris(3,5-
dimethylphenylcarbamate)) in series was applied to
develop a highly specific analytical method for chiral
separation, determination, and quantification of itraco-
nazole in human plasma samples [43]. After 6 h of oral
administration of a single 200-mg dose of itraconazole,
the analysis of plasma showed a 3.4-fold difference between
the concentrations of the epimer mixtures. The results,
reported in Figure 1, confirm how the pharmacodynamics
for two enantiomers could be different, therefore the chiral
analysis can be extremely useful in TDM studies.

Similar behavior was observed in a human urine
sample from a volunteer after oral administration of
rac-KTZ cis-enantiomers exhibiting different profiles of
cumulative urinary excretion for each enantiomer [45].
In this application, after optimization of chiral separation
on the CSP-amylose tris-(3,5-dimethylphenylcarbamate)
column in less than 10min, the authors focused their
study on the development of an SPE device. The extrac-
tion of the racemic mixture of ketoconazole from human
urine was achieved by using pipette tip-based cigarette
filters (obtained from a local market) for micro-solid-
phase extraction (PT-CFs-m-SPE) [45] and imprinted polymer
micro-solid-phase extraction (PT-MIP-m-SPE) [46]. Once the
various parameters, such as washing solvent, eluent type
and volume, pH, material quantity, sample volume, and
ionic strength, were systematically optimized, the extraction
efficiency was about 100% of the recovery.

Another interesting application field is the determination
of drugs in wastewaters. In fact, since the excreted pharma-
ceuticals and/or theirmetabolites can be found in these types
of waters, their analysis is of paramount importance.

An LC-MS/MS method for the determination of seven
chiral imidazole antifungal drugs in river water, as well as
in influent and effluent wastewaters collected at a waste-
water treatment plant, was proposed [47]. An easy, high
speed, and low-cost magnetic solid-phase extraction
(MSPE) was used. Graphene-modified with Fe3O4 nanopar-
ticles (G-Fe3O4) offered a recovery in the range of 70–92%
and LODs and LOQs values in the range of 0.11–0.32 and
0.28–0.67 ng/L, respectively.

Alongside pharmacological and veterinary applica-
tions, fungicides are applied in agriculture against

infections, promoting better agricultural production and
product quality. These agrochemicals are considered pes-
ticides that could be dangerous for health. Therefore, it is
necessary to monitor their presence in agri-food products
and in the environment. In addition, the chiral analytical
method can investigate the environmental stereochem-
istry of triazole fungicides in food matrices. The second
part of Table 2 reported some recent experimental works
where stereoselective degradation or dissipation process
study was discussed to comprehensively understand the
behavior of each enantiomer, in the environment, to
minimize any future risk for humans, animals, and the
whole biosphere. A great part of works is dealing with
chiral LC coupled with UV or MS detector for the deter-
mination and quantification of fungicide enantiomers

Figure 1: HPLC chromatograms: (a) drug-free plasma, (b) plasma
sample spiked with itraconazole at 2.5 µg/mL, (c) human plasma
sample collected 6 h after the administration of a 200mg dose of
itraconazole. Reprinted from ref. [43].

236  Giovanni D’Orazio et al.



extracted and purified by QuEChERS method from vege-
table, fruit, and environmental matrices [48–57], while hex-
aconazole, tebuconazole, and penconazole were extracted
from ground and surface water by using the rapid and
environmentally friendly dispersive liquid–liquid micro-
extraction [58].

The chiral methodology was also applied to investigate
the probable enantioselective degradation/dissipation of
pesticides in agri-food and environmental samples.
Generally, it was assumed that the degradation of the enan-
tiomers in plants follows approximately a pseudo-first-order
kinetics trend and half-life can be evaluated. Based on these
considerations, studies of the fembuconazole degradation
in strawberries have found less than 6 days half-life for each
enantiomer and constant enantiomeric fraction values with
no differences of the enantioselective degradation behavior
[54]. On the contrary, by studying the concentrations of four
cyproconazole stereoisomers in cucumber with a chiral
column CSP-cellulose tris(3,5-dimethylphenylcarbamate)
based in LC-MS system, a different bioactivity was observed.
The strongest fungicidal activity was observed for (2S,3S)-
(−)-cyproconazole, while its degradation was slower than
that of (2R,3S)-(+)-cyproconazole [55]. Similar behavior was
found for the stereoselective degradation of difenoconazole
in vegetables. (2S,4S)-Stereoisomer exhibited the highest-
toxic and the lowest-bioactive, contrary to what was observed
for (2R,4S)-difenoconazole. Moreover, experiments under
aerobic or anaerobic conditions showed that (2R,4R)- and
(2R,4S)-difenoconazole were preferentially degraded in the
soil. These implications suggest that the use of pure (2R,4S)-
difenoconazole instead of the commercial stereoisomer mix
might likely be a better approach for higher bioactivity
reducing environmental pollution [15].

Some investigations were addressed to study fungi-
cides as pesticides released in lakes, rivers, coastal sea-
water, etc. In this respect, the enantioselective toxicity,
elimination, and bioaccumulation of cyproconazole in
aquatic organisms such as Algae Chlorella pyrenoidosa
[59] and tadpole (Rana nigromaculata) were studied [60].
The results revealed an enantioselective ecotoxicity, diges-
tion, and uptake of chiral pesticide cyproconazole on eco-
logical indicators. This fact suggests that more attention to
environmental analysis at the chiral level investigation
should be paid.

2.2 Supercritical fluid chromatography

Supercritical fluid chromatography (SFC) is a useful ana-
lytical technique for resolving and purifying racemic

mixtures on CSPs. SFC is presented as a sustainable chro-
matographic technique because of the use of nontoxic
mobile phases, and it has many advantages compared
to the traditional liquid chromatography. Unlike the most
widely used organic solvents, carbon dioxide (CO2) is a
nonreactive, environmentally friendly, and cheap solvent
characterized by low viscosity and high diffusivity; more-
over, it is considered safe by FDA and EFSA. As a result,
high flow rates can be used, without losing resolution nor
efficiency, for improving the separation of chiral enantio-
mers, shortening the analysis time (providing a 3 to 5-fold
reduction), and reducing waste products.

Generally, since super/subcritical CO2 has a low
polarity, most analytes cannot elute. For this reason,
the mobile phase is combined with carbon dioxide and
alcohol-type modifiers, such as methanol, ethanol, and
isopropanol, and in some cases ACN. Occasionally, to
obtain better peak shapes, triethylamine (TEA), TFA,
and other additives may also be added.

An overview of SFC applications for chiral separa-
tions of pharmaceutical compounds including antimy-
cotic drugs was previously published [65].

As it is shown in Table 3, the chiral separation of
imidazole derivatives was achieved by SFC employing
LC column packed with polysaccharide-based CSPs.

To our best knowledge, the first enantiomeric separa-
tion of a fungicide was reported by Thienpont et al. [66].
An LC column, packed with CSP-amylose(6-(R-phenyl
ethyl carbamate)-2,3-(3,5-dimethylphenylcarbamate))-
based, was used for the enantioseparation of ketocona-
zole and itraconazole. By changing some experimental
parameters, such as pressure and polar modifier content,
the mobile phase was adjusted as a mixture of CO2,
methanol–ethanol, and octanoic acid. These conditions
were suitable to achieve the baseline chiral separation of
itraconazole.

The potential of CSP-amylose tris-(3,5-dimethylphenyl-
carbamate) based in SFC was confirmed for the enantio-
separation of a large list of triazole compounds [67–70].

In general, this class of compounds was eluted when
the CO2-mobile phase was mixed with organic alcohol or
acetonitrile. However, the latter (at high concentration)
caused strong retention and, therefore, longer time ana-
lysis (60min) and poor resolution. As reported, only the
enantiomers of miconazole and econazole were baseline-
resolved in less than 20min, while those of bifonazole in
less than 40min [69].

Better chiral separations were achieved when
super/subcritical CO2 was mixed with an alcohol-
type organic modifier: methanol for diniconazole and
four stereoisomers of cyproconazole, 2-propanol for
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tetraconazole and four stereoisomers of propiconazole,
and ethanol for hexaconazole [67]. Occasionally, small
additive contents, such as 0.1% (v/v) TEA and TFA in
the mobile phase, had a positive effect on retention and
peak shape. In these conditions, a high resolution of
ketoconazole was obtained in 7min [72].

When the column temperature was increased, the
fluid viscosity and density decreased, but no obvious
effect on the retention factor was observed [69]. In the
case of the chiral azoles studied, the temperature effect
was different depending on the type of organic modifier.
When a high percentage of organic modifier was needed
for the sulconazole separation (15–30%), the retention
factor decreased with a temperature increase. On the con-
trary, the retention factor of both hexaconazole and eco-
nazole was increased when 5% ethanol or isopropanol
[69] and 15% isopropanol, respectively, were present in
the mobile phase [68].

Some experimental works discussed the effect of
temperature on selectivity concerning the van’t Hoff
equation. The study of the temperature effect revealed
different results considering each analyte and the organic
modifier used. In this respect, the selectivity of bifonazole
was increased rising the temperature when methanol was
used, while decreased with ethanol or propan-2-ol [70].
A slight increase of the selectivity with the temperature
was observed in the case of sulconazole with propan-2-ol,
but the opposite effect occurred for miconazole [68].

Considering the thermodynamic viewpoint, the entropic
and enthalpic terms were estimated from van’t Hoff plot.
The isoenantioselective temperature Tiso (where the enthalpic
and entropic contributions are balanced and peak coelution
occurs)was calculated. Different temperatureswere observed
for each studied antifungal imidazoles at different organic
modifiers in the mobile phase [68]. In addition, this experi-
mental work showed that the chiral separation can be
enthalpy-driven or entropy-driven in relationship to isoenan-
tioselective temperature value. In this regard, Bernal et al.
also investigated the temperature effect on the chiral separa-
tion of ketoconazole [71]. When methanol was added to the
mobile phase, the increase of temperature from 35 to 60°C
led to a reduction of chiral separation until enantiomeric
coelution at 40°C (isoelution temperature). A reversal of
elution order and an increase of Rs were observed above
the isoelution temperature, where the separation is theore-
tically entropy-driven [72].

Ketoconazole and triticolazole enantiomers were sepa-
rated by using CSP-cellulose tris(3,5-dimethyl phenyl carba-
mate)-based column [72,73]. In particular, the enantio-
separation of ketoconazole was also investigated in a study
comparing cellulose and amylose CSP polysaccharide-

based derivatized with 3,5-dimethylphenylcarbamate [72].
The effect of four different organic modifiers (methanol,
ACN, 2-propanol, and ethanol) on chromatographic para-
meters was studied. It was concluded that the polysac-
charide structure can influence the choice of the mobile
phase. When amylose-based CSP was used, the decrease
of the modifier polarity resulted in a decrease of reten-
tion contrary to the results obtained with cellulose-
based CSP.

SFC, like LC, can be easily coupled to MS [74–76]. In
this regard, an interesting SFC-MS interface was reported
coupling a Q-TOF 2 hybrid mass spectrometer, equipped
with ESI interface, with the SFC system. This device was
modified with additional makeup liquid to provide an
easy MS coupling. By using this configuration, a mixture
containing four chiral antimycotic drugs (miconazole, eco-
nazole, sulconazole, and ketoconazole)was resolved in their
enantiomers in one run, as reported in Figure 2 [74].

Moreover, the low viscosity of the supercritical fluid
and the high flowrate provided a very short delay time
and no significant band broadening effect when long-dis-
tance between the outlet column and the detector was
used. Although a 100 µm ID × 10 m was used to join UV
and MS detector, no significant differences in peak shape
and peak width were observed in the UV and TIC chro-
matogram comparison.

When triazole fungicides are applied in agricultural
activities, they cannot be considered only as pharmaceu-
tical drugs but also as pesticides. Due to their high
hazards for human health and their potential role in
groundwater contamination, EU guidelines declare strict
limits for these compounds. For this reason, it is needed
to identify and quantify their presence in environmental
and agri-food matrices. A method for the simultaneous
detection and quantification of fenbuconazole and its
chiral metabolites in fruit, vegetable, and soil has been
reported [75]. In addition, four stereoisomers of pyrisox-
azole in cucumber, tomato, and soil have been analyzed
[76]. CSP-amylose tris-(3,5-dimethylphenylcarbamate)-
based assured baseline resolution in less than 3–5 min.
High selectivity was obtained by utilizing an MS coupling,
which also guaranteed high sensitivity and accurate quan-
tification thanks to the MS fragmentation method.

2.3 Miniaturized liquid chromatography and
electromigration techniques

Even though HPLC and more recently SFC are chromato-
graphic separation techniques widely used in chiral
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separation of antifungal drugs as imidazole and triazole
derivatives, alternative miniaturized analytical methodolo-
gies have gained importance. Their great potential consists
in high selectivity, low injected sample volumes, short ana-
lysis time, and low analysis costs [77]. In addition, because
of the low volumes of mobile phases applied with electro-
migration (CE and CEC) and chromatographic techniques
(nano-LC and CLC), these methodologies can be considered
eco-friendly systems.

In Tables 4 and 5 are listed selected experimental
works in chiral separation of antifungal drugs by using
nano-LC/CLC and CE/CEC, respectively. It is worth noting
that, as previously described for HPLC and SFC, the stu-
dies and research carried out have been focused on
developing new CSPs and their potential for enantiomers
analysis.

2.3.1 Nano/capillary liquid chromatography

As reported in Table 4, all articles performed nano/CLC
separation by using chiral monolithic columns. In this
respect, the potential of different CSs into 100–150 µm
ID monolithic columns manufactured by in situ polymer-
ization procedure was evaluated.

The recognition ability of β-CD was investigated on
the separation of the enantiomers of different classes
of pharmaceuticals and antifungal drugs. A novel
β-CD-basedCSP, 2,3,6-tris(phenyl carbamoyl)-β-CDmetha-
crylate-coethylene glycol dimethacrylate monolithic
capillary column was prepared via copolymerization in
a one-pot or post-modification procedure [78]. β-CD was
also immobilized as β-cyclodextrin phenyl carbamate-
based silica monolithic column achieving acceptable
resolution of miconazole [79].

Via copolymerization of a binary monomer mixture
consisting of glycidyl methacrylate (GMA) and ethylene
glycol dimethyl acrylate (EGDMA), a 150 μm ID-fused
capillary was used for novel affinity monolithic capillary
columns functionalized with Candida antarctica lipase B
(CALB) [80] or with amacrocyclic antibiotic, namely colistin
sulfate [81]. The prepared capillary columns were investi-
gated for the enantioselective nano-LC separation of some
antifungal drugs (sulconazole, siconazole, hexaconazole)
obtaining enantiomeric resolution factors in the range
of 1.2–1.6.

The same authors proposed a different chiral mono-
lithic column preparation based on CS encapsulation
into polymer-based monolithic backbones. CS amylose
2,3(3,5-dimethylphenylcarbamate)-6-ethylphenylcarba-
mate was entrapped into GMA-co-EGDMA reporting reso-
lutions lower than 1.7 in normal and reverse condi-
tions [82].

Organized in nanoscale dimension in intrinsic heli-
city, the single-walled carbon nanotubes (SWCNTs) exhibit
chiral recognition capacity. This interesting property was
investigated in novel CSP based on SWCNTs encapsulated
into different polymer-based monolithic backbones [82].
The highest enantioselectivity was achieved under reversed-
phase conditions for organic aqueous mobile phase
methanol-based emphasizing a low environmental impact
trend.

2.3.2 Capillary electromigration methods

In chiral analysis, CE is considered a powerful alternative
compared to HPLC and GC, due to its high chromato-
graphic efficiency and minimum consumption of solvents

Figure 2: SFC chiral separation of four antimycotic drugs mixture by
using LC-column packed with CSP- Amylose (3,5-dimethylphenyl-
carbamate)-based. (a) UV and (b) TIC chromatograms. (I–VIII) Mass
spectra of target compounds. Adapted from ref. [74].
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and reagents. Besides, this technique could be a valid
approach to study new and/or expensive CSs.

In CE, the CS is usually added to the background
electrolyte (BGE). As can be seen in Table 5, the enantio-
meric separation of antifungal drugs as imidazole and
triazole derivatives was achieved mainly by using CDs
[31,84–103]. Marina and coworkers reported the separa-
tion of the two enantiomers of econazole from environ-
mental matrices by using sulfated-β-CD as a CS with an
enantioresolution factor of 6.5 and 7.5 min of analysis
time. Stability and toxicity studies of racemates and
enantiomers under abiotic and biotic conditions on Spiro-
dela polyrhiza [84] and Daphnia magna [85] were evalu-
ated. These results constitute an interesting approach to
estimate the stability, undertaking drug biodegradation
and bioaccumulation studies in the aquatic ecosystem.
Econazole was also spiked in wastewater samples and
extracted by periodic mesoporous organosilica-1,4-bis
(trimethoxysilylethyl)benzene as sorbent material in the
SPE procedure, obtaining recovery values ranging between
58.5 and 72.4% [86]. Similar study was focused to soil pol-
lution and, subsequently, groundwater due to a propicola-
zole and its four enantiomers. Baseline enatioresolutionwas
achieved by using MEKC and employing 2-hydroxypropyl
γ-cyclodextrin. This study was addressed to biotransforma-
tion of propiconazole analyzing its rate of loss from the
spiked water phase of two different soil-water slurries, fol-
lowed under aerobic conditions over five months [87].

Different CD derivatives were applied with success for
chiral separations of triazole antifungal agents. Sulfobutyl
ether-β-CD (SBE-β-CD) was used for ketoconazole, itraco-
nazole, fluconazole, and sertaconazole [86], while hydroxy-
propyl-β-CD (HP-β-CD) was employed for iodiconazole [89]
and heptakis(2-O-methyl-3-oacetyl-6-O-sulfo)-β-CD
(HMAS-β-CD) in nonaqueous capillary electrophoresis
(NACE).

As in HPLC, SFC the enantiomer migration order
(EMO) is an interesting aspect also in CE chiral separa-
tions and it is useful for one enantiomer quantification at
trace levels in the sample with an excess of its antipode.
EMO was observed on econazole when β-CD or the sul-
fated heptakis(2-O-methyl-3,6-di-O-sulfo)-β-CD (HMDS-
β-CD) were used as the CSs [29]. In addition, this phe-
nomenon was also studied by Thormann et al. [92]. At
low pH, when the concentration of (2-hydroxypropyl)-
β-cyclodextrin (OHP-β-CD) was changed in the range
of 0.5–70mM, the migration order change of (+)-2R,4S
and (−)-2S,4R ketoconazole enantiomers was observed.
The authors also compared the results with the ones

obtained applying the dynamic computer simulation
data approach.

The usual approach to increase the chiral recognition
of CD, especially when uncharged enantiomers are ana-
lyzed, is the use of sodium dodecyl sulfate (SDS) with
running BGE. This approach is known as CD-micellar
electrokinetic chromatography mode (CD-MEKC). Here,
the migration of each enantiomer is determined by com-
petitive distributions into the aqueous buffer solution,
CD, and micelles. This multimodal electromigration mode
allowed the baseline enantioseparation of econazole and it
was successfully applied to a cream sample by using SPE-
HP-γ-CD-MEKC [93] and tioconazole, isoconazole, and fen-
ticonazole in human urine sample and commercial cream
formulation by SPE-HP-γ-CD/DM-β-CD-MEKC [94]. The pre-
sence of SDS below its CMC value with TM-β-CD in the BGE
greatly influenced the resolution and selectivity of chiral
enantiomers of ketoconazole, allowing a baseline separation
of all its four stereoisomers [95]. Furthermore, the presence
of SDS in the running BGE was helpful for three chiral
triazole fungicides but especially for online sample pre-
concentration technique, namely sweeping, improving
detection limit of 28–41-fold compared to the one attained
by HP-β-CD-MEKC [96]. When enantiomers still were not
completely separated with CDs or derivatized CDs, ionic
liquids were also used in addition [98–100]. In this
regard, DTAC in combination with HP-β-CD resulted effec-
tive for the separation of azole antifungal enantiomers
[98]. Figure 3 shows the comparative results, where the
interactions between DTAC and HP-β-CD could influence
the formation of inclusion complex by increasing the
enantio-recognition capability. In the same way, the
synergistic enantioseparation effect with CIL (chiral ionic
liquids) and CS was investigated by preparing a chiral
BGE which contained [TMLV]+ [Tf2N]−/HP-β-CD [99].

The potential of a mixture of [BMIm]+ [BLHvB]−/dex-
trin was also studied by observing the chiral resolution of
ketoconazole, while the chiral resolution of sulconazole
was improved more than 2–3 time [100].

Finally, linear oligo-polysaccharides providing a wide
range of enantioselectivity in CE represent a valid alternative
to CD, due to their water solubility and weak UV absorption.
Even if some enantiomeric separations have been achieved
with neutral polysaccharides such as dextrin, as previously
described, recently the attention has focused on the use of
anionic polysaccharides. Chondroitin sulfates, which are
negatively charged polysaccharides, were used as CS or in
combination with glycogen for chiral separation of sulcona-
zole [98–103].
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2.4 Miscellaneous

Table 6 reports the work done with other techniques,
CEC and GC, applied to the chiral separation of triazole
fungicides.

For exploring the potential of cellulose derivative CS,
a 100 µm ID-fused silica capillary was packed with CSP-
cellulose-based, where cellulose tris(3,5-dichlorophenyl-
carbamate) was coated onto silica particle material. By
using the polar organic mobile phase, the enantiomeric
separation of miconazole was studied by comparing CEC
and µ-LC results [104]. Figure 4 reports the enantiose-
paration of miconazole in both CEC and µ-LC modes.
Here the theoretical plate numbers in CEC were 1.6–1.8
times higher compared with those obtained by µ-LC.
These results showed the great potential of CEC, a hybrid
technique that combines the high efficiency due to the
flat electrosmotic flow profile of CE mode and the high
selectivity due to the stationary phase of the LC capillary
column.

Gas chromatography coupled to ion trap mass spec-
trometry was used for quantitative analysis of two
enantiomers of simeconazole [105] in food matrices
and propiconazole in soil–water slurry [87]. The enantio-
mers were resolved by using a chiral capillary column
coated with tert-butyldimethylsilyl-β-cyclodextrin in less

than 15 min. GC-MS system was combined with a clean-
up/enrichment procedure based on the modification of
QuEChERS. By introducing graphitized carbon black/pri-
mary secondary amine (GCB/PSA) in solid-phase extrac-
tion, LOD values lower than maximum residue levels
(MRLs) established in Japan were observed [105].

3 Concluding remarks and future
trends

This review article reports a collection of works devel-
oped from 2010 to present in the field of the enantiomeric
separation of antifungal drugs as imidazole and triazole
derivatives.

Many analytical methodologies have been developed
for the determination of a wide variety of fungicides.
HPLC, CE, SFC, and miniaturized LC were the most
applied methodologies. On the contrary, to our best
knowledge, only in one case GC and CEC were employed
for this topic.

From the selected works, it can be concluded that,
although several types of CSPs are available, most of the
applications in HPLC and SFC made use mainly of

Figure 3: Electropherograms of four azole antifungal enantiomers: (1)miconazole; (2) econazole; (3) ketoconazole; (4) itraconazole. (a) BGE
with HP-β-CD, (b) BGE with HP-β-CD/DTAC (CIL). Reprinted from ref. [98].
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polysaccharide types, while in CE, CD types were the
most used.

Data analysis revealed that the spectrometric detector is
the preferred choice in both HPLC and SFC. In addition, the
MS coupling was selected for trace level determination of
azole antifungal drugs in pharmaceutical, biological, and
agri-food applications.

The growing interest in this class of chiral molecules
does not seem to correspond to an adequate development
of analytical methodologies devoted to environmental
and human health protection. A considerable number
of works published since 2010 are focused to investigate
the potential of CSs in relationship to chromatographic
conditions, while a poor list of LC, SFC, and CE articles is
devoted to real sample applications and even none to
miniaturized LC.

The list also suggests that only slight effort has been
devoted to the development of methodologies that follow
the sustainability trend and the principles of green ana-
lytical chemistry [106].

Although SFC is gaining popularity in this topic for its
chromatographic performance and eco-friendly approach,
the effort for improving its sensitivity has not been so
marked as the one spent for alternative methodologies,
such as miniaturized separation techniques.

Even if electromigration techniques, such as CE and
CEC, can be considered the green trend of separation
science, the difficulty to achieve adequate sensitivity
and an easy coupling with MS limits their applicability
to real samples.

Finally, among the miniaturized techniques, nano-
LC/CLC plays a privileged role compared to electromigra-
tion techniques because they combine robustness and
applicability in routine analysis. These techniques are
useful in different analytical fields, thanks to some inter-
esting features derived from the downscaling effects,
such as better chromatographic performance and higher
sensitivity due to the reduced dilution effect and a very
stable and easy-MS-coupling. Nevertheless, the scarce
number of recent works in chiral separation of azole com-
pounds regarding these techniques is very unusual and
not justified.

We believe that LC micro-fluidic techniques are, nowa-
days, the highest expression of sustainable chemistry, and
an interesting solution for future chiral approaches. Due
to the low consumption of stationary phase and CS,
Nano-LC/CLC can be a miniaturized test bench for new
CSs, which can then be used for the development of
large-scale preparative analytical methodologies in the
pharmaceutical field.

Abbreviations

1-butOH butan-1-ol
AGP α1-acid glycoprotein
β-CD beta-cyclodextrin
BGE background electrolyte
[BMIm]+
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1-butyl-3-methylimidazolium(T-4)-
bis[(2S)-2-(hydroxy-O)-3-methyl-
butanoato-O]borate

BuMA butylmethacrylate
CALB Candida antarctica lipase B
CD-MEKC CD-micellar electrokinetic

chromatography
CIL chiral ionic liquids
CLC capillary liquid chromatography
CS chiral selector
CSC chondroitin sulfate C
CSD chondroitin sulfate D
CSE chondroitin sulfate E
CSP chiral stationary phase
DAD diode array detector
DEA diethylamine
DLLME dispersive liquid–liquid

microextraction
DMC dichloromethane
DM-β-CD heptakis(2,6-di-O-methyl)-β-

cyclodextrin
DTAC decyl trimethyl ammonium chloride

Figure 4: Enantioseparation of miconazole in CEC and CLC mode by
using 100 µm ID × 24 cm capillary column packed with CSP-cellulose
tris(3,5 dichloro phenyl carbamite)-based. Reprinted from ref. [104].
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EDMA ethylene glycol dimethacrylate
EGDMA ethylene glycol dimethacrylate
FA formic acid
GCB graphitized carbon black
Glu-β-CD glutamic acid-β-CD
GMA glycidyl methacrylate
EMO enantiomer migration order
Hac acetic acid
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HMAS-β-CD heptakis(2-O-methyl-3-oacetyl-6-O-

sulfo)-β-CD
HP-β-CD 2-hydroxypropyl-β-CD
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IPA 2-propanol
ITMS ion trap mass spectrometry
LC liquid chromatography
LPE liquid phase extraction
n-Hex n-hexane
n-prOH propan-1-ol
m-G-Fe3O4-SPE magnetic graphene modified by

Fe3O4 nanoparticles solid-phase SPE
MP mobile phase
MTBE methyl tert-butyl ether
MTMS methyltrimethoxysilane
NACE nonaqueous capillary

electrophoresis
NH4Ac ammonium acetate
OHP-β-CD hydroxypropyl-β-CD
PMO-TESB-1 periodic mesoporous organosilicas-

1,4-bis(trimethoxysilylethyl)benzene
1

PSA primary secondary amine
PT-CFs-µ-SPE pipette tip-based cigarette filters for

micro-SPE
PT-MIP-µ-SPE molecularly imprinted polymer

micro-solid-phase extraction
Q-Tof2 hybrid mass spectrometer
QuEChERS quick, easy, cheap, effective, rugged,

and safe
Rs enantioresolution
SBE-β-CD sulfobutyl ether‐β‐CD
SDS sodium dodecyl sulfate
SFC supercritical fluid chromatography
SPE solid-phase extraction
TEA trimethylamine

TMA-d-PAN tertramethylammonium-
d-pantothenate

TMβCD heptakis(2,3,6-tri-O-methyl)-β-
cyclodextrin

[TMLV]+ [Tf2N]− N,N,N-trimethyl-l-valinol-bis(tri-
fluoromethanesulfon)imide
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TFA trifluoroacetic acid
TMOS tetramethoxysilane
UAE ultrasound assisted extraction

Author contributions: Giovanni D’Orazio: writing – ori-
ginal draft; Chiara Fanali: writing – review and editing;
Chiara Dal Bosco: writing – review and editing: Alessandra
Gentili: writing– review and editing; Salvatore Fanali:
writing– original draft.

Conflict of interest: Authors state no conflict of interest.

References

[1] Ekiert RJ, Krzek J, Talik P. Chromatographic and electro-
phoretic techniques used in the analysis of triazole anti-
fungal agents-a review. Talanta. 2010;82(4):1090–100.
doi: 10.1016/j.talanta.2010.06.056.

[2] Tournu H, Serneels J, Van Dijck P. Fungal pathogens
research: novel and improved molecular approaches
for the discovery of antifungal drug targets. Curr Drug
Targets. 2005;6(8):909–22. doi: 10.2174/
138945005774912690.

[3] Singh N. Trends in the epidemiology of opportunistic fungal
infections: Predisposing factors and the impact of antimi-
crobial use practices. Clin Infect Dis. 2001;33:1692–96.
doi: 10.1086/323895.

[4] Georgopapadakou NH. Antifungals: mechanism of action and
resistance, established and novel drugs. Curr Opin Microbiol.
1998;1:547–57. doi: 10.1016/S1369-5274(98)80087-8.

[5] Francois IEJA, Cammue BPA, Borgers M, Ausma J,
Dispersyn GD, Thevissen K. Azoles: mode of antifungal action
and resistance development. effect of miconazole on endo-
genous reactive oxygen species production in Candida albi-
cans. Curr Med Chem. 2006;5(1):3–13. doi: 10.2174/
187152106774755554.

[6] Nguyen LA, He H, Pham-Huy C. Chiral drugs: an overview.
Int J Biomed Sci. 2006;2(2):85–100.

[7] Brocks DR. Drug disposition in three dimensions: an update
on stereoselectivity in pharmacokinetics. Biopharm Drug
Dispos. 2010;27(8):387–406. doi: 10.1002/bdd.517.

Chiral separation of antifungal drugs  247



[8] Quaglia MG, Donati E, Desideri N, Fanali S, Dauria FD,
Tecca M. Chiral discrimination by HPLC and CE and antifungal
activity of racemic fenticonazole and its enantiomers.
Chirality. 2002;14:449–54. doi: 10.1002/chir.10112.

[9] Feng Z, Zou Q, Tan X, Che W, Zhang Z. Determination of
fenticonazole enantiomers by LC-ESI-MS/MS and its appli-
cation to pharmacokinetic studies in female rats.
Arzneimittelforschung. 2011;61:587–93. doi: 10.1055/s-
0031-1300557.

[10] Lin C, Kim H, Radwanski E, Affrime M, Brannan M, Cayen MN.
Pharmacokinetics and metabolism of genaconazole, a potent
antifungal drug, in men. Antimicrob Agents Chemother.
1996;40(1):92–6. doi: 10.1128/AAC.40.1.92.

[11] Mangas-Sánchez J, Busto E, Gotor-Fernández V,
Malpartida F, Gotor V. Asymmetric chemoenzymatic synth-
esis of miconazole and econazole enantiomers. The impor-
tance of chirality in their biological evaluation. J Org Chem.
2011;76(7):2115–22. doi: 10.1021/jo102459w.

[12] Dilmaghanian S, Gerber JG, Filler SG, Sanchez A, Gal J.
Enantioselectivity of inhibition of cytochrome P450 3A4
(CYP3A4) by ketoconazole: testosterone and methadone as
substrates. Chirality. 2004;16:79–85. doi: 10.1002/
chir.10294.

[13] Hamdy DA, Brocks DR. A stereospecific high-performance
liquid chromatographic assay for the determination of keto-
conazole enantiomers in rat plasma. Biomed Chromatogr.
2008;22:542–7. doi: 10.1002/bmc.967.

[14] Furuta R, Doi T. Chiral separation of diniconazole, unicona-
zole and structurally related compounds by cyclodextrin‐
modified micellar electrokinetic chromatography.
Electrophoresis. 1994;15:1322–25. doi: 10.1002/
elps.11501501201.

[15] Dong FS, Li J, Chankvetadze B, Cheng YP, Xu J, Liu XG, et al.
Chiral triazole fungicide difenoconazole: absolute stereo-
chemistry, stereoselective bioactivity, aquatic toxicity, and
environmental behavior in vegetables and soil. Environ Sci
Technol. 2013;47:3386–94. doi: 10.1021/es304982m.

[16] Pan XL, Cheng YP, Dong FS, Liu N, Xu J, Liu XG, et al.
Stereoselective bioactivity, acute toxicity and dissipation in
typical paddy soils of the chiral fungicide propiconazole.
J Hazard Mater. 2018;359:194–202. doi: 10.1016/
j.jhazmat.2018.07.061.

[17] Armstrong DW, Reid GL, Hilton ML. Relevance of enantiomeric
separations in environmental science. Environ Pollut.
1993;79:51–8. doi: 10.1016/0269-7491(93).90177-P.

[18] Pérez-Fernández V, García MÁ, Marina ML. Chiral separation
of agricultural fungicides. J Chromatogr A.
2011;1218(38):6561–82. doi: 10.1016/j.chroma.2011.07.084.

[19] Bounouaa N, Sekkouma K, Belboukharia N, Cheritib A, Aboul-
Eneinc HY. Achiral and chiral separation and analysis of
antifungal drugs by HPLC and CE: a comparative study:
mini review. J Liq Chromatogr R T. 2016;39(11):513–19.
doi: 10.1080/10826076.2016.1174942.

[20] Guillaume YC, Robert JF, Guinchard C. Novel approach to the
study of the chiral discrimination. Mechanism in a series of
imidazole derivatives using HPLC. Ann Pharm Fr.
2001;59(6):392–401. doi: 10.1002/jssc.200800357.

[21] Sun J, Ma S, Liu B, Yu J, Guo X. A fully derivatized 4-chlor-
ophenylcarbamate-β-cyclodextrin bonded chiral stationary

phase for enhanced enantioseparation in HPLC. Talanta.
2019;204:817–25. doi: 10.1016/j.talanta.2019.06.071.

[22] Huang Q, Zhang K, Wang Z, Wang C, Peng X. Enantiomeric
determination of azole antifungals in wastewater and sludge
by liquid chromatography-tandem mass spectrometry. Anal
Bioanal Chem. 2012;403(6):1751–60. doi: 10.1007/s00216-
012-5976-9.

[23] Chankvetadze B, Yashima E, Okamoto Y.
Chloromethylphenylcarbamate derivatives of cellulose as
chiral stationary phases for high-performance liquid chro-
matography. J Chromatogr A. 1994;670:39–49. doi: 10.1016/
0021-9673(94)80278-5.

[24] Chankvetadze B, Yasima E, Okamoto Y. Dimethyl-, dichlor-
oand chloromethyl-phenylcarbamate derivatives of amylose
as chiral stationary phases for high performance liquid
chromatography. J Chromatogr A. 1995;694:101–9.
doi: 10.1016/0021-9673(94)00729-S.

[25] Zhu B, Zhao F, Yu J, Wang Z, Song Y, Li Q. Chiral separation
and a molecular modeling study of eight azole antifungals on
the cellulose tris(3,5-dichlorophenylcarbamate) chiral sta-
tionary phase. N J Chem. 2018;42(16):13421–29.
doi: 10.1039/c8nj01845.

[26] Zhu B, Deng M, Yao Y, Yu J, Li Q. Comparative studies of
immobilized chiral stationary phases based on polysac-
charide derivatives for enantiomeric separation of 15 azole
compounds. Electrophoresis. 2018;39(16):2107–16.
doi: 10.1002/elps.201800180.

[27] Zhang H, Qian MR, Wang XQ, Wang XY, Xu H, Wang Q, et al.
HPLC-MS/MS enantioseparation of triazole fungicides using
polysaccharide- based stationary phases. J Sep Sci.
2012;35:773–7. doi: 10.1002/jssc.201100889.

[28] Mskhiladze A, Karchkhadze M, Dadianidze A, Fanali S,
Farkas T, Chankvetadze B. Enantioseparation of chiral anti-
mycotic drugs by HPLC with polysaccharide-based chiral
columns and polar organic mobile phases with emphasis on
enantiomer elution order. Chromatographia.
2013;76(21–22):1449–58. doi: 10.1007/s10337-013-2396-8.

[29] Zhang J, Sun J, Liu Y, Yu J, Guo X. Immobilized cellulose-
based Chiralpak IC Chiral stationary phase for enantiose-
paration of eight imidazole antifungal drugs in normal-
phase, polar organic phase and reversed-phase conditions
using high-performance liquid chromatography.
Chromatographia. 2019;82(3):649–60. doi: 10.1007/s10337-
019-03688-y.

[30] Dossou KSS, Chiap P, Servais AC, Fillet M, Crommen J.
Evaluation of chlorine containing cellulose based chiral sta-
tionary phases for the LC enantioseparation of basic phar-
maceuticals using polar non-aqueous mobile phases. J Sep
Sci. 2011;34:617–22. doi: 10.1007/s10337-019-03688-y.

[31] Gogolashvili A, Tatunashvili E, Chankvetadze L, Sohajda T,
Szeman J, Salgado A, et al. Separation of enilconazole
enantiomers in capillary electrophoresis with cyclodextrin-
type chiral selectors and investigation of structure of
selector-selectand complexes by using nuclear magnetic
resonance spectroscopy. Electrophoresis. 2017;38:1851–9.
doi: 10.1002/elps.201700078.

[32] Ghanem A, Wang C. Enantioselective separation of racemates
using CHIRALPAK IG amylose-based chiral stationary phase
under normal standard, non-standard and reversed phase

248  Giovanni D’Orazio et al.



high performance liquid chromatography. J Chromatogr A.
2018;1532:89–97. doi: 10.1016/j.chroma.2017.11.049.

[33] Ibrahim D, Ghanem A. On the Enantioselective HPLC
Separation Ability of Sub-2 µm Columns: Chiralpak® IG-U
and ID-U. Molecules. 2019;24(7):1287. doi: 10.3390/
molecules24071287.

[34] Ahmed M, Gwairgi M, Ghanem A. Conventional Chiralpak ID
vs. capillary Chiralpak ID-3 amylose tris-(3-chlorophenyl-
carbamate)-based chiral stationary phase columns for the
enantioselective HPLC separation of pharmaceutical race-
mates. Chirality. 2014;26(11):677–82. doi: 10.1002/
chir.22390.

[35] Zhang T, Nguyen D, Franco P. Reversed-phase screening
strategies for liquid chromatography on polysaccharide-
derived chiral stationary phases. J Chromatogr A.
2010;1217(7):1048–55. doi: 10.1016/j.chroma.2009.11.040.

[36] Podolska M, Bialecka W, Kulik A, Kwiatkowska-Puchniarz B,
Mazurek A. HPLC method for separating enantiomers of
imidazole derivatives-antifungal compounds. Acta Pol
Pharm. 2017;74(3):777–84.

[37] Kurka O, Kučera L, Bednář P. Analytical and semipreparative
chiral separation of cis-itraconazole on cellulose stationary
phases by high-performance liquid chromatography. J Sep
Sci. 2016;39(14):2736–45. doi: 10.1002/jssc.201600240.

[38] Xu F, Xu Y, Liu G, Zhang M, Qiang S, Kang J. Separation of
twelve posaconazole related stereoisomers by multiple
heart-cutting chiral-chiral two-dimensional liquid chroma-
tography. J Chromatogr A. 2020;1618:460845. doi: 10.1016/
j.chroma.2019.460845.

[39] Qiu J, Dai S, Zheng C, Yang S, Chai T, Bie M. Enantiomeric
separation of triazole fungicides with 3 and 5 μm particle
chiral columns by reverse-phase high-performance liquid
chromatography. Chirality. 2011;23(6):479–86. doi:
10.1002/chir.20950.

[40] Yang WW, Qiu J, Chen TJ, Yang SM, Hou SC. Direct enantio-
separation of nitrogen-heterocyclic pesticides on amylose-
tris-(5-chloro-2-methylphenyl- carbamate) by reversed-
phase high-performance liquid chromatography. Chirality.
2012;24:1031–36. doi: 10.1002/chir.22092.

[41] Servais AC, Moldovan R, Farcas E, Crommen J, Roland I,
Fillet M. Development and validation of a liquid chromato-
graphic method for the stability study of a pharmaceutical
formulation containing voriconazole using cellulose tris(4-
chloro-3-methylphenylcarbamate) as chiral selector and
polar organic mobile phases. J Chromatogr A.
2014;1363:178–82. doi: 10.1016/j.chroma.2014.06.082.

[42] Nagaraju C, Ray UK, Vidavalur S. Development and validation
of chiral hplc method for the identification and quantification
of enantiomer in posaconazole drug substance. Chem Sci.
2018;7:506–14. doi: 10.7598/cst2018.1492.

[43] Pyrgaki C, Bannister SJ, Gera L, Gerber JG, Gal J.
Stereoselective determination of the epimer mixtures of
itraconazole in human blood plasma using HPLC and fluor-
escence detection. Chirality. 2011;23(7):495–503.
doi: 10.1002/chir.20932.

[44] Du Y, Luo L, Sun S, Jiang Z, Guo X. Enantioselective separa-
tion and determination of miconazole in rat plasma by chiral
LC-MS/MS: application in a stereoselective pharmacokinetic
study. Anal Bioanal Chem. 2017;409(27):6315–23. doi:
10.1007/s00216-017-0551-z.

[45] Teixeira RA, Silva RCS, Pereira AC, Borges KB. Self-assembly
pipette tip-based cigarette filters for micro-solid phase
extraction of ketoconazole cis enantiomers in urine samples
followed by high performance liquid chromatography/diode
array detection. Anal Methods. 2015;7:7270–9. doi: 10.1039/
c5ay00468c.

[46] da Silva RCS, Valdir M, Pereira AC, de Figueiredo EC,
Borges KB. Development of pipette tip-based on molecularly
imprinted polymer micro-solid phase extraction for selective
enantioselective determination of (−)-(2S,4R) and
(+)-(2R,4S) ketoconazole in human urine samples prior to
HPLC-DAD. Anal Methods. 2016;8:4075–85. doi: 10.1039/
c6ay00392c.

[47] Wang Z, Zhao P, Yu J, Jiang Z, Guo X. Experimental and
molecular docking study on graphene/Fe3O4 composites as
a sorbent for magnetic solid-phase extraction of seven imi-
dazole antifungals in environmental water samples prior to
LC-MS/MS for enantiomeric analysis. Microchem J.
2018;140:222–31. doi: 10.1016/j.microc.2018.04.027.

[48] Cheng Y, Dong F, Liu X, Xu J, Li J, Chen X, et al. Stereoselective
separation and determination of the triazole fungicide pro-
piconazole in water, soil and grape by normal phase HPLC.
Anal Methods. 2013;5:755–61. doi: 10.1039/c2ay26186c.

[49] Zhang Q, Gao BB, Tian MM, Shi YH, Hua XD.
Enantioseparation and determination of triticonazole enan-
tiomers in fruits, vegetables, and soil using efficient extrac-
tion and clean-up methods. J Chromatogr B.
2016;1009–1010:130–7. doi: 10.1016/j.jchromb.2015.12.018.

[50] Li L, Wang H, Shuang Y, Li L. The preparation of a new 3,5-
dichlorophenylcarbamated cellulose-bonded stationary
phase and its application for the enantioseparation
and determination of chiral fungicides by LC-MS/MS.
Talanta. 2019;202:494–506. doi: 10.1016/
j.talanta.2019.05.011.

[51] Li Y, Dong F, Liu X, Xu J, Li J, Kong Z, et al. Simultaneous
enantioselective determination of fenbuconazole and its
main metabolites in soil and water by chiral liquid chroma-
tography/tandem mass spectrometry. J Chromatogr A.
2011;1218(38):6667–74. doi: 10.1016/j.chroma.2011.07.059.

[52] He R, Fan J, Tan Q, Lai Y, Chen X, Wang T, et al.
Enantioselective determination of metconazole in multi
matrices by high-performance liquid chromatography.
Talanta. 2018;178:980–6. doi: 10.1016/
j.talanta.2017.09.045.

[53] Li YB, Dong FS, Liu XG, Xu J, Li J, Kong ZQ, et al. Simultaneous
enantioselective determination of triazole fungicides in soil
and water by chiral liquid chromatography/tandem mass
spectrometry. J Chromatogr A. 2012;1224:51–60. doi:
10.1016/j.chroma.2011.12.044.

[54] Zhang H, Wang X, Qian M, Wang X, Xu H, Xu M, et al. Residue
analysis and degradation studies of fenbuconazole and
myclobutanil in strawberry by chiral high-performance liquid
chromatography-tandem mass spectrometry. J Agric Food
Chem. 2011;59(22):12012–7. doi: 10.1021/jf202975x.

[55] He R, Mai B, Fan J, Jiang Y, Chen G, Guo D, et al. Identification,
quantification, and stereoselective degradation of triazole
fungicide cyproconazole in two matrixes through chiral liquid
chromatography-tandem mass spectrometry. J Agric Food
Chem. 2019;67(38):10782–90. doi: 10.1021/
acs.jafc.9b03632.

Chiral separation of antifungal drugs  249



[56] Li Y, Dong F, Liu X, Xu J, Li J, Kong Z, et al. Environmental
behavior of the chiral triazole fungicide fenbuconazole and
its chiral metabolites: enantioselective transformation and
degradation in soils. Environ Sci Technol.
2012;46(5):2675–83. doi: 10.1021/es203320x.

[57] Li J, Dong F, Cheng Y, Liu X, Xu J, Li Y, et al. Simultaneous
enantioselective determination of triazole fungicide difeno-
conazole and its main chiral metabolite in vegetables and
soil by normal-phase high-performance liquid chromato-
graphy. Anal Bioanal Chem. 2012;404:2017–31. doi:
10.1007/s00216-012-6240-z.

[58] Luo M, Liu D, Zhou Z, Wang P. A new chiral residue analysis
method for triazole fungicides in water using dispersive
liquid–liquid microextraction (DLLME). Chirality.
2013;25(9):567–74. doi: 10.1002/chir.22172.

[59] Zhang WJ, Cheng C, Chen L, Di SS, Liu CX, Diao JL, et al.
Enantioselective toxic effects of cyproconazole enantiomers
against Chlorella pyrenoidosa. Chemosphere.
2016;159:50–7. doi: 10.1016/j.chemosphere.2016.05.073.

[60] Zhang WJ, Cheng C, Chen L, Deng Y, Zhang LY, Li Y, et al.
Enantioselective toxic effects of cyproconazole enantiomers
against Rana nigromaculata. Environ Pollut.
2018;243:1825–32. doi: 10.1016/j.envpol.2018.09.060.

[61] Peluso P, Sechi B, Lai G, Dessì A, Dallocchio R, Cossu S, et al.
Comparative enantioseparation of chiral 4,4′-bipyridine
derivatives on coated and immobilized amylose-based chiral
stationary phases. J Chromatogr A. 2020;1625:461303. doi:
10.1016/j.chroma.2020.461303.

[62] Maisuradze M, Sheklashvili G, Chokheli A, Matarashvili I,
Gogatishvili T, Farkas T, et al. Chromatographic and ther-
modynamic comparison of amylose tris(3-chloro-5-methyl-
phenylcarbamate) coated or covalently immobilized on silica
in high-performance liquid chromatographic separation of
the enantiomers of select chiral weak acids. J Chromatogr A.
2019;1602:228–36. doi: 10.1016/j.chroma.2019.05.026.

[63] Chankvetadze L, Ghibradze N, Karchkhadze M, Peng L,
Farkas T, Chankvetadze B. Enantiomer elution order reversal
of fluorenylmethoxycarbonyl-isoleucine in high-performance
liquid chromatography by changing the mobile phase tem-
perature and composition. J Chromatogr A.
2011;1218:6554–60. doi: 10.1016/j.chroma.2011.06.068.

[64] Matarashvili I, Chankvetadze L, Fanali S, Farkas T,
Chankvetadze B. HPLC separation of enantiomers of chiral
arylpropionic acid derivatives using polysaccharide-based
chiral columns and normal-phase eluents with emphasis on
elution order. J Sep Sci. 2013;36:140–7. doi: 10.1002/
jssc.201200885.

[65] Mangelings D, Heyden YV. Chiral separations in sub- and
supercritical fluid chromatography. J Sep Sci.
2008;31(8):1252–73. doi: org/10.1002/jssc.200700564.

[66] Thienpont A, Gal J, Aeschlimann C, Félix G. Studies on
stereoselective separations of the ‘azole’ antifungal drugs
ketoconazole and itraconazole using HPLC and SFC on silica-
based polysaccharides. Analusis. 1999;27(8):713–8.
doi: 10.1051/analusis:1999270713.

[67] Toribio L, del Nozal MJ, Bernal JL, Jiménez JJ, Alonso C. Chiral
separation of some triazole pesticides by supercritical fluid
chromatography. J Chromatogr A. 2004;1046(1-2):249–53.
doi: 10.1016/j.chroma.2004.06.096.

[68] Toribio L, del Nozal MJ, Bernal JL, Alonso C, Jiménez JJ.
Enantiomeric separation of several antimycotic azole drugs
using supercritical fluid chromatography. J Chromatogr A.
2007;1144(2):255–61. doi: 10.1016/j.chroma.2007.01.047.

[69] Toribio L, Bernal JL, Martin MT, Bernal J, del Nozal MJ. Effects
of organic modifier and temperature on the enantiomeric
separation of several azole drugs using supercritical fluid
chromatography and the Chiralpak AD column. Biomed
Chromatogr. 2014;28:152–8. doi: 10.1002/bmc.3013.

[70] Toribio L, del Nozal MJ, Bernal JL, Alonso C, Jiménez JJ.
Enantiomeric resolution of bifonazole by supercritical fluid
chromatography. J Sep Sci. 2006;29(10):1373–8. doi:
10.1002/jssc.200600014.

[71] Bernal JL, del Nozal MJ, Toribio L, Montequi MI, Nieto EM.
Separation of ketoconazole enantiomers by chiral subcri-
tical-fluid chromatography. J Biochem Biophys Methods.
2000;43(1–3):241–50. doi: 10.1016/S0165-022X(00)
00060-9.

[72] Toribio L, Bernal JL, Del Nozal MJ, Jiménez JJ, Nieto EM.
Applications of the Chiralpak AD and Chiralcel OD chiral
columns in the enantiomeric separation of several dioxolane
compounds by supercritical fluid chromatography.
J Chromatogr A. 2001;921(2):305–13. doi: 10.1016/s0021-
9673(01)00844-5.

[73] He J, Fan J, Yan Y, Chen X, Wang T, Zhang Y, et al.
Triticonazole enantiomers: separation by supercritical fluid
chromatography and the effect of the chromatographic con-
ditions. J Sep Sci. 2016;39:4251–57. doi: 10.1002/
jssc.201600820.

[74] Garzotti M, Hamdan M. Supercritical fluid chromatography
coupled to electrospray mass spectrometry: a powerful tool
for the analysis of chiral mixtures. J Chromatogr B.
2002;770(1–2):53–61. doi: 10.1016/S1570-0232(01)00582-7.

[75] Tao Y, Zheng Z, Yu Y, Xu J, Liu X, Wu X, et al. Supercritical fluid
chromatography-tandem mass spectrometry-assisted meth-
odology for rapid enantiomeric analysis of fenbuconazole
and its chiral metabolites in fruits, vegetables, cereals, and
soil. Food Chem. 2018;241:32–9. doi: 10.1016/
j.foodchem.2017.08.038.

[76] Pan XL, Dong FS, Xu J, Liu XG, Chen ZL, Zheng YQ.
Stereoselective analysis of novel chiral fungicide pyrisoxa-
zole in cucumber, tomato and soil under different application
methods with supercritical fluid chromatography/tandem
mass spectrometry. J Hazard Mater. 2016;311:115–24. doi:
10.1016/j.jhazmat.2016.03.005.

[77] Asensio-Ramos M, Hernandez-Borges J, Rocco A, Fanali S.
Food analysis: a continuous challenge for miniaturized
separation techniques. J Sep Sci. 2009;32:3764–800.
doi: 10.1002/jssc.200900321.

[78] Ahmed M, Ghanem A. Chiral β-cyclodextrin functionalized
polymer monolith for the direct enantioselective reversed
phase nano liquid chromatographic separation of racemic
pharmaceuticals. J Chromatogr A. 2014;1345:115–27. doi:
10.1016/j.chroma.2014.04.023.

[79] Ghanem A, Ahmed M, Ishii H, Ikegami T. Immobilized β-
cyclodextrin-based silica vs polymer monoliths for chiral
nano liquid chromatographic separation of racemates.
Talanta. 2015;132:301–14. doi: 10.1016/
j.talanta.2014.09.006.

250  Giovanni D’Orazio et al.



[80] Ahmed M, Ghanem A. Enantioselective nano liquid chroma-
tographic separation of racemic pharmaceuticals: a facile
one-pot in situ preparation of lipase-based polymer mono-
liths in capillary format. Chirality. 2014;26(11):754–63.
doi: 10.1002/chir.22290.

[81] Fouad A, Shaykoon MSA, Ibrahim SM, El-Adl SM, Ghanem A.
Colistin sulfate chiral stationary phase for the enantioselec-
tive separation of pharmaceuticals using organic polymer
monolithic capillary chromatography. Molecules.
2019;24(5):833. doi: 10.3390/molecules24050833.

[82] Fouad A, Marzouk AA, Ibrahim SM, El-Adl SM, Ghanem A.
Functionalized polymer monoliths with carbamylated amy-
lose for the enantioselective reversed phase nano-liquid
chromatographic separation of a set of racemic pharmaceu-
ticals. J Chromatogr A. 2017;1515:91–9. doi: 10.1016/
j.chroma.2017.07.065.

[83] Ahmed M, Yajadda MM, Han ZJ, Su D, Wang G, Ostrikov KK,
et al. Single-walled carbon nanotube-based polymer mono-
liths for the enantioselective nano-liquid chromatographic
separation of racemic pharmaceuticals. J Chromatogr A.
2014;1360:100–9. doi: 10.1016/j.chroma.2014.07.052.

[84] Valimaña-Traverso J, Amariei G, Boltesa K, García MÁ,
Marina ML. Stability and toxicity studies for duloxetine and
econazole on spirodela polyrhiza using chiral capillary
electrophoresis. J Hazard Mater. 2019;374:203–10.
doi: 10.1016/j.jhazmat.2019.04.027.

[85] Valimaña-Traverso J, Amariei G, Boltes K, García MÁ,
Marina ML. Enantiomer stability and combined toxicity of
duloxetine and econazole on Daphnia magna using real
concentrations determined by capillary electrophoresis. Sci
Total Env. 2019;670:770–8. doi: 10.1016/
j.scitotenv.2019.03.208.

[86] Jesús Valimaña-Traverso J, Morante-Zarcero S, Pérez-
Quintanilla D, García MÁ, Sierra I, Marina LM. Periodic
mesoporous organosilica materials as sorbents for solid-
phase extraction of drugs prior to simultaneous enantiomeric
separation by capillary electrophoresis. J Chromatogr A.
2018;1566:135–45. doi: 10.1016/j.chroma.2018.06.043.

[87] Garrison AW, Avants JK, Miller RD. Loss of propiconazole and
its four stereoisomers from the water phase of two soil-water
slurries as measured by capillary electrophoresis. Int J
Environ Res Public Health. 2011;8:3453–67. doi: 10.3390/
ijerph8083453.

[88] Abdel-Megied AM, Hanafi RS, Aboul-Enein HY. A chiral
enantioseparation generic strategy for anti-Alzheimer and
antifungal drugs by short end injection capillary electro-
phoresis using an experimental design approach. Chirality.
2018;30(2):165–76. doi: 10.1002/chir.22777.

[89] Li W, Tan G, Zhao L, Chen X, Zhang X, Zhu Z, et al. Computer-
aided molecular modeling study of enantioseparation of
iodiconazole and structurally related triadimenol analogues
by capillary electrophoresis: chiral recognition mechanism
and mathematical model for predicting chiral separation.
Anal Chim Acta. 2012;718:138–47. doi: 0.1016/
j.aca.2012.01.007.

[90] Li W, Zhao L, Tan G, Sheng C, Zhang X, Zhu Z, et al.
Enantioseparation of the new antifungal drug iodiconazole
and structurally related triadimenol analogues by CE with
neutral cyclodextrin additives. Chromatographia.
2011;73:1009–14. doi: 10.1007/s10337-010-1897-y.

[91] Rousseau A, Gillotin F, Chiap P, Bodoki E, Crommen J. Generic
systems for the enantioseparation of basic drugs in NACE
using single-isomer anionic CDs. J Pharm Biomed Anal.
2011;54:154–9. doi: 10.1016/j.jpba.2010.08.004.

[92] Thormann W, Chankvetadze L, Gumustas M, Chankvetadze B.
Dynamic computer simulation of electrophoretic enantiomer
migration order and separation in presence of a neutral
cyclodextrin. Electrophoresis. 2014;35(19):2833–41. doi:
10.1002/elps.201400193.

[93] Hermawan D, Ibrahim WAW, Sanagi MM, Aboul-Enein HY.
Chiral separation of econazole using micellar electrokinetic
chromatography with hydroxypropyl-gamma-cyclodextrin.
Pharm Biomed Anal. 2010;53:1244–49. doi: 10.1016/
j.jpba.2010.07.030.

[94] Ibrahim WAW, Wahib SMA, Hermawan D, Sanagi MM, Aboul-
Enein HY. Separation of selected imidazole enantiomers
using dual cyclodextrin system in micellar electrokinetic
chromatography. Chirality. 2013;25:328–35. doi: 10.1002/
chir.22156.

[95] Wan Ibrahim WA, Arsad SR, Maarof H, Sanagi MM, Aboul-
Enein HY. Chiral separation of four stereoisomers of ketoco-
nazole drugs using capillary electrophoresis. Chirality.
2015;27(3):223–7. doi: 10.1002/chir.22416.

[96] Wan Ibrahim WA, Hermawan D, Sanagi MM, Aboul-Enein HY.
Stacking and sweeping in cyclodextrin-modified MEKC for
chiral separation of hexaconazole, penconazole and myclo-
butanil. Chromatographia. 2010;71:305–9. doi: 10.1365/
s10337-009-1427-y.

[97] Liu Y, Deng M, Yu J, Jiang Z, Guo X. Capillary electrophoretic
enantioseparation of basic drugs using a new single-isomer
cyclodextrin derivative and theoretical study of the chiral
recognition mechanism. J Sep Sci. 2016;39(9):1766–75.
doi: 10.1002/jssc.201501026.

[98] Zhao M, Cui Y, Yu J, Xu S, Guo X. Combined Use of
Hydroxypropyl-β-cyclodextrin and ionic liquids for the
simultaneous enantioseparation of fourazole antifungals by
CE and a study of the synergistic effect. J Sep Sci.
2014;37:151–7. doi: 10.1002/jssc.201300831.

[99] Yu J, Zuo L, Liu H, Zhang L, Guo X. Synthesis and application
of a chiral ionic liquid functionalized -cyclodextrin as a chiral
selector in capillary electrophoresis. J Chromatogr A.
2019;1601:340–9. doi: 10.1002/bmc.2900.

[100] Zhang Y, Du Y, Yu T, Feng Z, Chen J. Investigation of dextrin-
based synergistic system with chiral ionic liquids as addi-
tives for enantiomeric separation in capillary electrophor-
esis. J Pharm Biomed Anal. 2019;164:413–20. doi: 10.1016/
j.jpba.2018.10.002.

[101] Yang X, Du Y, Feng Z, Liu Z, Li J. Establishment and molecular
modeling study of maltodextrin-based synergistic enantio-
separation systems with two new hydroxy acid chiral ionic
liquids as additives in capillary electrophoresis.
J Chromatogr A. 2018;1559:170–7. doi: 10.1016/
j.chroma.2017.06.007.

[102] Zhang Q, Du Y, Chen J, Xu G, Yu T, Hua X, et al. Investigation
of chondroitin sulfate d and chondroitin sulfate e as
novel chiral selectors in capillary electrophoresis. Anal
Bioanal Chem. 2014;406:1557–66. doi: 10.1007/s00216-013-
7544-3.

[103] Chen J, Du Y, Zhu F, Chen B, Zhang Q, Du S, et al. Study of the
enantioseparation capability of chiral dual system based on

Chiral separation of antifungal drugs  251



chondroitin sulfate C in CE. Electrophoresis.
2015;36(4):607–14. doi: 10.1002/elps.201300057.

[104] Chankvetadze B, Kartozia I, Breitkreutz J, Okamoto Y,
Blaschke G. Effect of organic solvent, electrolyte salt and a
loading of cellulose tris (3,5-dichlorophenyl-carbamate) on
silica gel on enantioseparation characteristics in capillary
electrochromatography. Electrophoresis.
2001;22(15):3327–34. doi: 10.1002/1522-2683(200109)
22:15<3327:AID-ELPS3327>3.0.CO;2-J.

[105] Li J, Dong F, Xu J, Liu X, Li Y, Shan W, et al. Enantioselective
determination of triazole fungicide simeconazole in
vegetables, fruits, and cereals using modified QuEChERS
(quick, easy, cheap, effective, rugged and safe) coupled
to gas chromatography/tandem mass spectrometry. Anal
Chim Acta. 2011;702(1):127–35. doi: 10.1016/
j.aca.2011.06.034.

[106] Anastas PT, Warner JC. Green chemistry: theory and practice.
Oxford: Oxford University Press; 1998.

252  Giovanni D’Orazio et al.


	1 Introduction
	2 Chiral separation of antifungal drugs: Optimization of chromatographic and electrophoretic methods, sample preparation, and some selected applications
	2.1 High-performance liquid chromatography
	2.2 Supercritical fluid chromatography
	2.3 Miniaturized liquid chromatography and electromigration techniques
	2.3.1 Nano/capillary liquid chromatography
	2.3.2 Capillary electromigration methods

	2.4 Miscellaneous

	3 Concluding remarks and future trends
	Abbreviations
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU <FEFF0056006500720073006900740061002000410064006f00620065002000440069007300740069006c006c00650072002000530065007400740069006e0067007300200066006f0072002000410064006f006200650020004100630072006f006200610074002000760036>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


