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Amphetamine-type stimulants (ATS), having one or more asymmetric carbons, are important targets in forensic
science field. For chiral analysis, capillary electrophoresis (CE) has advantages over other chromatographic meth-
ods, especially, in fastness, resolution, cost performance and simplicity. This review summarizes chiral separation
techniques of ATS using CE with UV detection or CE/mass spectrometry mainly by the present authors’ research
group.
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a method for the simultaneous chiral analysis of ATS
is needed.

This review describes chiral capillary electro-
phoresis (CE) separation methods for common real
forensic samples (seized drugs and urine samples)
for ATS analysis (Fig. 1).

CHIRAL SEPARATION BY
CAPILLARY ELECTROPHORESIS

CE is a fast, effective, powerful, cost-effective,
and high-resolution separation method. Chiral sepa-
ration can be easily accomplished by adding a chiral
selector, usually cyclodextrin (CD) or one of its de-
rivatives, to the background electrolyte. The chiral
separation mechanism in CE was described in our
previous review.5)

The most widely used detection method of CE
is UV absorption (UV detector or diode-array de-
tector). Analytes are detected in the capillary, so it
is possible to detect them without a decrease in the
resolution. However, the sensitivity and selectivity
of UV detection is not sufficient in some cases, es-
pecially in biological samples, because of small
amounts of analytes and interference of matrix.

Recently, CE/mass spectrometry (CE/MS) has
been used in various fields, because of the high-se-
lectivity and sensitivity of the MS detector. The ana-

INTRODUCTION

Amphetamine-type stimulants (ATS) are abused
by about 34 million people in the world.1) In Japan,
methamphetamine (MA), which is one of the ATS,
accounts for the greater part of illicit drugs.2) ATS
have one or more asymmetric carbons, and thus may
occur in the form of different enantiomers. For some
drugs, different enantiomers are controlled by dif-
ferent laws, so identification of which enantiomers
are present is important in the forensic field. In the
case of MA, most seized MA was the d-isomer,3)

but mixtures of d- and l- isomers have also been
observed.4) It is well known that each enantiomer of
ATS has different pharmacological activities: d-MA
is 5–10 times more potent than l-MA with respect to
its effect on the central nervous system, so the chiral
analysis of ATS is important in the toxicological as
well as forensic science field. In addition, the seized
MA sometimes includes dimethylamphetamine
(DMA), ephedrine (EP) or its analogues, as impuri-
ties or additives. Furthermore, the use of 3,4-
methylenedioxymethamphetamine (MDMA) and its
analogues has been recently increasing. Therefore,
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lytical conditions of CE/MS were different from
those of CE with UV detection (CE/UV): the elec-
trolyte of CE/MS consisted of volatile acid and/or
volatile salt, and a sheath liquid was required for
electrospray ionization. In chiral analysis, CD, which
is nonvolatile, was prevented from flowing into the
ion source of the MS. The techniques are also de-
scribed in the following chapter.

ANALYSIS OF AMPHETAMINE-TYPE
STIMULANTS

Drug Samples
A number of chiral analysis methods for ATS

using CE/UV have been reported.6,7) However, few
reports have focused on DMA, even though the

analysis of DMA is required in Japanese drug abuse
situations.

The authors’ group developed a CE method for
the simultaneous chiral analysis of 9 ATS (18 enan-
tiomers), MA, amphetamine (AP), DMA, EP,
norephedrine (NE), methylephedrine (ME), MDMA,
3,4-methylenedioxyamphetamine (MDA) and 3,4-
methylenedioxy-N-ethylamphetamine (MDEA).8)

The electrolyte was Tris buffer (pH 2.5) containing
β-CD and heptakis(2,6-di-O-methyl)-β-CD (DM-β-
CD). This method successfully separated all 18 enan-
tiomers simultaneously (Fig. 2). The detection lim-
its of all enantiomers were 0.1 µg/ml (referring to
concentration of the injected sample).

A CE/MS method for 7 ATS (MA, AP, DMA,
EP, NE, ME and pseudoEP) was developed by Iio et
al.9) The electrolyte was 1 M formic acid containing

Fig. 1. Chemical Structures and Abbreviations of ATS Described in this Review
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heptakis(2,6-diacethyl-6-sulfato)-β-CD (DAS-β-
CD). DAS-β-CD is anionic so it has negative mo-
bility and does not flow into the MS detector. In
addition, the fact that the direction of mobility of
DAS-β-CD is opposite to that of ATS means that
DAS-β-CD can give a higher chiral resolution than
do neutral CDs (Fig. 3).10) The detection limits of
the enantiomers were 0.01–0.02 µg/ml using se-
lected-ion monitoring (SIM).

Iwata et al.11) reported a CE/MS/MS method for
9 ATS (MA, AP, EP, pseudoEP, NE, pseudoNE,
MDMA, MDA and MDEA) using anionic CD, sul-
fated (XIII)-γ-CD. This method was used to analyze

seized d-MA samples, and successfully identified the
impurities (l-EP and d-pseudoEP).

Urine Samples (with Extraction)
In CE analysis, when an ion-rich sample, such

as urine extract, is used, the migration times of the
peaks frequently shift. For example, when urine con-
taining only d-enantiomers is analyzed and a shift
arises, all enantiomers might be misidentified as l-
enantiomers, because the migration times of d- and
l-enantiomers of each compound are close. There-
fore, to carry out a reliable chiral analysis of actual
urine samples, it is essential to correct for shifts in

Fig. 2. Electropherograms of 18 Enantiomers by CE/UV
Enantiomers are 5 µg/ml each except for l-MA (4 µg/ml). Redrawn from [8].

Fig. 3. Chiral Separation Model in CE/MS using Neutral CD (Left) and Anionic CD (Right)
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the migration time.
The authors reported a CE/UV method that cor-

rects the peak shift and that is applicable to urine
analysis.12) The CE/UV conditions were similar to
those described in the previous report.8) The migra-
tion times of shifted peaks were corrected by using
two internal standards, 2-phenylethylamine (PEA)
and 1-amino-4-phenylbutane (APB). PEA appeared
just before the first target peak, and APB appeared
just after the last target peak. The amount of analyte
was also quantified by the internal standard method.
Urine was pretreated by liquid-liquid extraction. In
this report we also describe the simultaneous
chiral separation of the metabolites of ATS,
p-hydroxymethamphetamine (pOHMA), p-
hydroxyamphetamine and p-hydroxynorephedrine.
This method was applied to the analysis of urine
samples of MA addicts and patients under selegiline
pharmacotherapy.

A chiral CE/MS method using two neutral CDs,
β-CD and DM-β-CD, was reported by Iio et al.13)

Because neutral CDs have no electro-mobility, sup-
pression of electro-osmotic flow (EOF) by adjust-
ing the pH value of the electrolyte to less than 3
could prevent the CDs from flowing into the ion
source of the MS. Therefore, the authors examined
volatile electrolyte compositions with pH values
under 3 and found that the optimum CE/MS elec-
trolyte was 1 M formic acid (pH 1.7) containing

3 mM β-CD and 10 mM DM-β-CD. This electrolyte
gave the best separation of all enantiomers of MA,
AP, pOHMA and DMA. Even after overnight op-
eration of CE/MS using this electrolyte, little of the
electrospray efficiency was lost. The detection lim-
its were 0.03 µg/ml for the enantiomers of MA and
AP and 0.05 µg/ml for the enantiomers of pOHMA
using selected ion monitoring. In the analysis of
healthy adult urine samples spiked with MA, AP and
pOHMA, the detection yields utilizing solid phase
extraction were 95–105%. This method was appli-
cable to the analysis of urine samples of MA addicts
and DMA addicts.

Urine Samples (with Direct Injection)
In CE, analytes are usually separated in an open

tubular capillary without a stationary phase. There-
fore, a sample easily pretreated can be analyzed. The
above CE/UV method12) is simple as a system, but
requires that the analytes be extracted from the urine
sample. Therefore the procedure is not necessarily
rapid compared with other methods such as GC or
HPLC. To establish a simple and rapid analysis
method for urine samples, the authors developed a
CE/UV method with direct injection of urine.14) In
this method, to separate urine matrix peaks and to
make it possible to run continuous analyses, two
different electrolytes were used, one for filling the
capillary and the other for filling the inlet and outlet

Fig. 4. Electropherograms of MA Addicts’ Urine Samples by CE/UV with Direct Injection
Values in parentheses indicate concentrations (µg/ml) of ATS in urine. Redrawn from [14].
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metabolite of benzphetamine to distinguish MA use
from selegiline or benzphetamine use. A urine
sample was mixed with a four-fold volume of inter-
nal standards solution, filtered with 0.45 µm filter
and then injected into the CE system. In the analy-
ses of healthy persons’ urine samples spiked with
MA, AP and pOHMA, the detection limits in urine
were 0.5, 0.5, and 0.3 µg/ml, respectively. The de-
tection yields of each compound from urine were
95–105%. The proposed method was successfully
applied to the chiral analysis of urine samples from
MA addicts (Fig. 4).

A CE/MS method with direct injection of urine
was reported by Iio et al.15) The target compounds
were MA, AP, DMA, EP, NE, ME, pOHMA, d-
pseudoEP, desmethylselegiline and d-DMA-N-ox-
ide (major metabolite of d-DMA), and the internal
standard was l-1-phenylethylamine (l-1-PEA). The
electrolyte was 1 M formic acid/1 M formic ammo-
nium (10/0.2, v/v) (pH 2.0) containing 1.5 mM DAS-
β-CD. The target compounds were completely sepa-
rated within 30 min. A urine sample was mixed with
the same volume of internal standard solution, fil-
tered with 0.45 µm filter and then injected into the
CE/MS system. The detection limits using SIM were
0.02 µg/ml urine. The detection yields of each enan-
tiomer of MA, AP and pOHMA from urine were in
the range of 97.7–108.8%. The proposed method was
successfully used for the chiral analysis of urine
samples from MA addicts (Fig. 5).

CONCLUDING REMARKS

Many ATS enantiomers can be chiral analyzed
simultaneously with CE. The separation can be eas-
ily accomplished by adding a chiral selector to the
background electrolyte. Various CDs, which have
different chiral separation properties, are available
for use as chiral selectors. This makes CE an effec-
tive tool for chiral analysis. Recently, the abuse of
new drugs, including ATS, has been increasing.
Therefore, continuous development is needed for
simultaneous chiral analysis of ATS including the
new compounds. We expect that CE will keep play-
ing an important role in the future.

REFERENCES

1) United Nations Office on Drug and Crime (2005)
World Drug Report 2005, United Nations Publica-

Fig. 5. Mass (Scan) Pherograms of (A) a Control Urine Sample
Spiked with Racemic MA, AP, DMA, pOHMA, and DM-
SG, d-DMA-N-Oxide (Each 0.5 µg/ml, which
Corresponds to 1 µg/ml Urine), (B) a Typical Urine
Sample from an Addict who Used a Mixture of d-MA
and d-DMA, (C) a Typical Urine Sample from a Patient
under Selegiline Pharmacotherapy

Redrawn from [15].

bottles, and a polyvinyl alcohol-coated capillary was
used. The target analytes were MA, AP, DMA,
pOHMA. Because selegiline and benzphetamine
are metabolized to MA, we also analyzed
desmethylselegiline, a major metabolite of selegiline
and p-hydroxydesmethyl benzphetamine, a major



654 Vol. 52 (2006)

tions, New York.
2) National Police Agency of Japan (2005) White Pa-

per on Police 2005, Police Association, Tokyo, Ja-
pan.

3) Katagi, M., Nishioka, H., Nakajima, K., Tsuchihashi,
H., Fujima, H., Wada, H., Nakamura, K. and Makino,
K. (1996) Direct high-performance liquid chromato-
graphic and high performance liquid chromato-
graphic-thermospray-mass spectrometric determina-
tion of enantiomers of methamphetamine and
its main metabolites amphetamine and p-
hydroxymethamphetamine in human urine. J.
Chromatogr., B: Anal. Technol. Biomed. Life Sci.,
676, 35–43.

4) Nagai, To., Matsushima, K., Nagai, Ta., Yanagisawa,
Y., Fujita, A., Kurosu, A. and Tokudome, S. (2000)
Interpretation and enantiomer analysis of metham-
phetamine abusers’ urine and illegally brewed meth-
amphetamine crystals. J. Anal. Toxicol., 24, 140–
145.

5) Kodama, S., Saito, Y., Chinaka, S., Yamamoto, A.
and Hayakawa, K. (2006) Chiral capillary electro-
phoresis of agrochemicals in real samples. J. Health
Sci., 52, 489–494.

6) Tagliaro, F., Manetto, G., Bellini, S., Scarcella, D.,
Smith, F. P. and Marigo, M. (1998) Simultaneous
chiral separation of 3,4-methylenedioxy-
methamphetamine, 3-4-methylenedioxyamphetamine,
3,4-methylenedioxyethylamphetamine, ephedrine,
amphetamine and methamphetamine by capillary
electrophoresis in uncoated and coated capillaries
with native beta-cyclodextrin as the chiral selector:
preliminary application to the analysis of urine and
hair. Electrophoresis, 19, 42–50.

7) Lurie, I. S., Hays, P. A. and Parker, K. (2004) Capil-
lary electrophoresis analysis of a wide variety of
seized drugs using the same capillary with dynamic
coatings. Electrophoresis, 25, 1580–1591.

8) Chinaka, S., Tanaka, S., Takayama, N., Komai, K.,
Ohshima, T. and Ueda, K. (2000) Simultaneous
Chiral Analysis of Methamphetamine and Related

Compounds by Capillary Electrophoresis. J.
Chromatogr., B: Anal. Technol. Biomed. Life Sci.,
749, 111–118.

9) Iio, R., Chinaka, S., Takayama, N. and Hayakawa,
K. (2005) Simultaneous chiral analysis of metham-
phetamine and related compounds by capillary elec-
trophoresis/mass spectrometry. Anal. Sci., 21, 15–
19.

10) Wren, S. A. C. and Rowe, R. C. (1992) Theoretical
aspects of chiral separation in capillary electrophore-
sis I. Initial evaluation of a model. J. Chromatogr.,
603, 235–241.

11) Iwata, Y. T., Kanamori, T., Ohmae, Y., Tsujikawa,
K., Inoue, H. and Kishi, T. (2003) Chiral analysis of
amphetamine-type stimulants using reversed-polar-
ity capillary electrophoresis/positive ion electrospray
ionization tandem mass spectrometry. Electrophore-
sis, 24, 1770–1776.

12) Chinaka, S., Iio, R., Tanaka, S., Takayama, N.,
Komai, K., Ohshima, T. and Ueda, K. (2003) Si-
multaneous chiral determination of methamphet-
amine and its metabolites in urine by capillary elec-
trophoresis using two internal standards. Jpn. J. Fo-
rensic Toxicol., 21, 29–37.

13) Iio, R., Chinaka, S., Tanaka, S., Takayama, N. and
Hayakawa, K. (2003) Simultaneous chiral determi-
nation of methamphetamine and its metabolites in
urine by capillary electrophoresis-mass spectrom-
etry. Analyst (London), 128, 646–650.

14) Chinaka, S., Iio, R., Tanaka, S., Takayama, N. and
Hayakawa, K. (2004) Development of chiral screen-
ing test method of methamphetamine and its me-
tabolites in urine by capillary electrophoresis. Jpn.
J. Sci. Technol. Identification, 9, 103–111 (in Japa-
nese).

15) Iio, R., Chinaka, S., Takayama, N. and Hayakawa,
K. (2005) Simultaneous chiral analysis of metham-
phetamine and its metabolites by capillary electro-
phoresis/mass spectrometry with direct injection of
urine. J. Health Sci., 51, 693–701.


