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Abstract

Three complementary capillary electrophoresis (CE) methods were developed for the separation and quantification of ephedrine an
pseudoephedrine sterecisomers. Either single or dual cyclodextrin-based chiral selector systems provided enantioselective separation of t
compounds of interest. The three methods were applied to the analysis of a suite of five standard reference materials (SRMs) containin
ephedra. Use of a high-sensitivity UV detection cell enhanced quantification of the analytes of interest over the wide range of concen-
trations encountered in the SRMs. Results fe)-ephedrine ranged from 0.31 to 76.43 mg/g, and for (+)-pseudoephedrine ranged from
0.049 to 9.23mg/g in the materials studied. Results from the three methods agreed well with each other and with the results from othe
methods of analysis. The addition of known amounts of specific enantiomers was used to confirm the enantiomeric identity of the an-
alytes. The results obtained by the three CE methods were utilized for value assignment of the ephedrine alkaloid content of these five
SRMs.

Published by Elsevier B.V.
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1. Introduction inthe plant. Ephedrine and pseudoephedrine are generally the
most abundant alkaloids found Ephedra sinicaand they
Ma huang is a traditional Chinese medicine derived from typically constitute more than 80% of the alkaloid content of
Ephedrae herba that is used as a stimulant, diaphoreticthe dried plant materig#,5].

and anti-asthmatifl]. The stimulant effects of ma huang, The medicinal properties of these alkaloids have been
also known as ephedra, are linked to the presence ofrecognized for many years, and synthetic forms of several
six alkaloids: ¢)-ephedrine, (+)-pseudoephedrine;){N- of these compounds have been incorporated into a variety
methylephedrine, (+N-methylpseudoephedrine-)-nore- of medications. Ephedrine is a bronchodilator used to treat

phedrine, and (+)-norpseudoephedri@e3]. Structures of  the symptoms of colds and asthrf]. Pseudoephedrine
these compounds are showrHig. 1 Each of these sixcom-  is a milder stimulant than ephedrine and is widely used
pounds also has an enantiomer that does not occur naturallyas a nasal decongestaift]. Phenylpropanolamine (also
known as £)-norephedrine) was previously found in over-
- the-counter decongestants and appetite suppressants, but
* Contribution of the Nationa! Institute of Standards and Technology. Not it has been removed from these products in the United

subject to copyright. States because of its potential link to hemorrhagic strokes
* Corresponding author. Tel.: +1 301 975 4457; fax: +1 301 977 0685. [8]
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1 On leave from the National Metrology Institute of Japan, AIST, Tsukuba,  DI€tary supplements containing ephedra, either alone or
Japan. in combination with other ingredients, have been marketed
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Fig. 1. Structures of ephedrine alkaloids.

extensively in USA in recent years for weight reduc- in the alkaloid content of ephedra-containing products have
tion, increasing energy, and enhancing athletic perfor- been previously reported, in part because of differences in
mance. A 6-month study of an herbal ephedra/caffeine product formulatior{13,14] Techniques that have been uti-
combination for weight loss indicated that this combina- lized to measure ephedra alkaloid contentin dried plant, plant
tion could be beneficial for overweight individuals who extracts, and dietary supplements include gas chromatogra-
are otherwise healthy9]. However, the use of products phy (GC)[15,16] liquid chromatography (LC[17,18], and
containing ephedra has also been associated with adverseapillary electrophoresis (CE)9,20] Some of these meth-
health effects in certain individuals. The adverse events ods have specifically focused on the identification of the
range from mild hypertension and palpitations to stroke ephedrine stereocisomef®,21]. In this work, we developed
and even deatlil0,11] The number and severity of ad- three complementary CE methods for the determination of
verse effects prompted the U.S. Food and Drug Admin- ephedrine and pseudoephedrine enantiomers in dietary sup-
istration (FDA) to warn consumers to stop using dietary plements and related materials. We believe this is the first
supplements that contain ephedra, and a ban on sales ofvork to utilize CE in conjunction with a high-sensitivity
these supplements in the USA was recently implemented UV absorbance detection cell to quantify these alkaloids in
[12]. a wide range of ephedra-containing materials. Results were

Concerns about the safety of ephedra-containing prod-found to be comparable to data from other measurement tech-
ucts have led to the development of a variety of analytical niques, and only minimal sample preparation was required
methods to assess the alkaloid content. Methods to quantifyfor CE analysis. The CE methods were applied success-
these alkaloids are important for verifying label claims for fully to the value assignment of the ephedrine alkaloid con-
product content, including claims for “ephedra-free” prod- tent of five standard reference materials (SRMs) containing
ucts, and for quality control purposes. Significant variations ephedra.
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2. Experimental' Table 1 - , ,
Listing of ephedra-containing materials studied
2.1. Reagents Identifier Description of material
SRM 3240 Ephedra siniceStapf aerial parts
Sodium phosphate monobaspsphenylethylamine hy- ggm g;i; Epﬂegfas!”!cgapz native eXt_fa:Ct ot
drochloride (internal standard), andt).ephedrine hy- phedra sinicastapt commercla’ extrac
. . . ; SRM 3243 Ephedra-containing solid oral dosage form
drochloride were obtained from Sigma (St. Louis, MO, grpm 3244 Ephedra-containing protein powder

USA). Heptakis(2,6-dP-methyl){3-cyclodextrin (DM{-
CD), hydroxypropylg-cyclodextrin (HPB-CD, molar sub-
stitution=0.8), sulfated B-cyclodextrin (Sg-CD), and . ) ,
(1R 2R)-(—)-pseudoephedrine were obtained from Aldrich Wilmington, DE, USA). Separations were performed in un-
(Milwaukee, WI, USA). According to the vendor informa- modlfled fused §|I|ca capillaries (80.5 cri75um mternal
tion, the sulfated cyclodextrin has a typical substitution of diameter, effective length 72.0cm) from Polymicro Tech-
7—11 mol/molB-CD. (1R,29-(—)-Ephedrine hydrochloride nolog|es_ (P_hoenlx, AZ, USA)_. The cartridge temperature
(EP) and (829-(+)-pseudoephedrine hydrochloride (PE) was maintained at 258, and |_nJect|ons were performed by
were obtained from ChromaDex (Santa Ana, CA, USA). (+)- Pressure (2.5kPa, 5s). Applied voltages were in the range

Ephedrine hydrochloride was from Fluka (Buchs, Switzer- Of 15-30kV. Detection was performed at 210nm. At the
land). beginning of each day, the capillary was conditioned with

0.03 mol/L POy (10 min), water (2 min), and run buffer
(15 min). Between injections, the capillary was purged with
0.03mol/L KsPOy (1 min), water (1 min), and run buffer
(2 min). The applied pressure for rinsing the capillary was
90 kPa.

2.2. Preparation of run buffers

Run buffers were prepared by dissolving 75 mg NBBy
and 1000 mg of the appropriate chiral selectorin 19 mL water
and adjusting the pH to 2.5 with 0.1 mol/L HCI. The mixture
was transferred to a 25 mL volumetric flask and diluted to 2-5- Samples
volume with water. Run buffers were filtered through @rg

nylon filters prior to use. Samples used in this work were SRMs in development at
NIST. The five materials are listed ifable 1 SRM 3240
2.3. Calibration solutions consists of dried plant material. SRM 3241 and SRM 3242

are extracts from the same plant material as used for SRM

Four calibration solutions were independently prepared 3240. SRM 3243 is an ephedra-containing oral dosage form.
by weighing approximately 8 mg of()-EP and 2 mg of (+)- SRM 3244 is an e_zphedra—contaw_ung protein drmk_ mix pow-
PE into a vial and adding 2 mL of internal standard solution der- These materials were all solids and had previously been
(2mg/mL). An aliquot (10QL) of this solution was trans- homoggmzed. The five materla}ls d|ffered in the Ievgls of the
ferred to a 10 mL volumetric flask. Methanol (9Q0) was eph'e'drlne alkaloids as well as in their overall chemical com-
added to the flask, and the solution was diluted to volume POSItion.
with water. A single internal standard solution was used for
the preparation of all calibration solutions and samples. The 2.6. Sample preparation
calibrant solutions were prepared at concentrations that ap-
proximated the levels of the analytes in the samples as closely Samples were extracted with methanol by sonication ex-
as possible. By preparing calibration solutions that closely traction. Sample sizes were 0.1g for SRM 3242, 0.25g for
bracket the analyte concentrations, the effect of possible non-SRM 3241, 0.5g for SRM 3240 and SRM 3243, and 2.5g

linear detector response can be minimized. for SRM 3244. All samples except for the protein powder
were extracted by weighing an appropriate amount of ma-
2 4. Instrumentation terial into a vial, adding 2 mL of internal standard solution

(2mg/mL) and 18 mL methanol, and sonicating the mixture

E|ectrophoretic experiments were performed on an for 30 min. The extracts were filtered through ﬁ/m nylon
HF)3D Capi”ary electrophoresis System (Hew|ett F)ackard7 filterS, and 1 mL of the extract was transferred to a 10 mL
W”mington, DE, USA) with a photodiode array detector and volumetric flask. The solution was diluted to volume with

a high-sensitivity UV detection cell (Agilent Technologies, Water. A slightly different procedure was used for the protein
powder samples because the level of ephedra alkaloids was

T . . . . ~significantly lower in these samples than in the other mate-

' C_:erta_m commer(_:lal equipment, |nstrum§nts, or materials are |der_1t|f|ec_i rials. Protein powder samples were Weighed into vials, and

in this article to specify adequately the experimental procedure. Such identi- . .

fication does not imply recommendation or endorsement by NIST, nor does 2mL of internal standard solution (02 mg/mL) WQS added.

it necessarily imply that the materials or equipment identified are necessarily Meéthanol (18 mL) was added to the vial, and the mixture was

the best available for the purpose. sonicated for 30 min. The extract was filtered, and 1 mL of
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the filtered extract was transferred to a 2 mL glass vial. The 3.1. Chiral selectors
volume was reduced to 1QQ. under a stream of nitrogen. A
1 mL portion of a 10% volume fraction of methanol in water Initial work focused on identifying electrophoretic
was added to the extract. All extracts were filtered through parameters for the separation of the four sterecisomers
0.2um nylon filters prior to CE analysis. of ephedrine and pseudoephedrine because these two
compounds are the major alkaloids found in ephedra. The
ephedrine alkaloids are basic compounds;(pf ephedrine
3. Results and discussion is 9.6) in aqueous solution. Low pH conditions were selected
for analysis of the ephedra-containing materials to ensure full
Ephedra sinicacontains only ¢)-ephedrine and (+)-  protonation of the analytes and to minimize the contribution
pseudoephedrine, and these are the isomers that wouldf the electroosmotic flow to the observed resoluti@a].
be expected in dietary supplements that contain plant ex-A number of neutral and ionic derivatives @fcyclodextrin
tracts. Detection of (+)-ephedrinet)-ephedrine, or )- were evaluated as potential chiral selectors. Selection of the
pseudoephedrine in a product containing ephedra would sug-cyclodextrins used in this work was based upon previous
gest that the content had been altered through the addition ofexperience with various functionalized cyclodextrii23]
synthetic alkaloids. Hence, the enantiomeric composition of as well as literature reports describing the enantioselective
these compounds is important in verifying the natural (plant) separation of ephedrine and related compougil24—26]
origin of the alkaloids. Separations were optimized by altering the chiral selector
A limited number of studies have sought to separate and concentration, the concentration of the background elec-
guantify the ephedrine and pseudoephedrine enantiomerdrolyte, and the applied voltage. The resulting three sets of
in ephedra-containing materials. A GC method utilizing a optimum electrophoretic parameters are showiiable 2
cyclodextrin-based chiral stationary phase has been reportedSeparation of the four stereoisomers plus the internal stan-
but this approach required extensive sample preparation anddard, B-phenylethylamine, using each of the three additive
the analysis time was nearly 60 mjg]. Flurer et al. de- systems is shown iRig. 2 B-Phenylethylamine was selected
scribed a CE method utilizing a derivatized cyclodextrin as as the internal standard because it is structurally similar
the chiral additive that was used for the separation, identifi- to the analytes, has a comparabl€;pralue, and did not
cation, and quantification of the stereoisomers of ephedrineinterfere with any of the components found in the samples.
and related compounds in nutritional supplements containing  Each of the three methods offered slightly different enan-
ephedrd21]. However, they reported that the use of a single tioselectivity, as can be seenfig. 2 DM--CD yielded bet-
CE method was not sufficient for conclusive verification of ter enantioresolution of ephedrine than BRED, but (—)-PE
the enantiomeric identify of the analytes. They noted that the was not resolved from~)-EP. However, it is unlikely that
combination of two methods, each using a different chiral (—)-PE would be found in samples becausg-PE is not
selector, provided more conclusive evidence. Because eactiound in ephedra plants or in any common pharmaceuticals.
chiral additive or combination of additives provides differ- Both DM-3-CD and HPB-CD provided good separations of
ent selectivity, the likelihood of undetected peak overlap is pseudoephedrine enantiomers.
reduced and additional confidence in the enantiomeric iden- The combination of the negatively charged3$:D and
tity of the analytes is gained. The ease of changing chiral the neutral DMB-CD offered the best separation of the four
additives in CE makes such an approach simple to perform.stereoisomers, and the analytes were well resolved from the
We sought to expand upon this previous work by examining internal standard. The reversed polarity mode, with detection
additional chiral selector systems and applying the result- at the anode, was necessary when this selector combination
ing methodology to rigorous determinations of the alkaloid was used. The ratio of the two chiral selectors was optimized
content of a variety of ephedra-containing materials. Thesethrough a series of electrophoretic experiments varying the
measurements were used as part of the value assignment prazoncentrations of the two selectors. Separation of the four
cess for the ephedrine alkaloids in the five ephedra-relatedstereoisomers could also be achieved with just tie b,

SRMs. but resolution between the internal standard andRE de-

Table 2

Summary of electrophoretic parameters used
Method A Method B Method C

Chiral selector 2.8% Sulfategicyclodextrin + 1.2% 4% Heptakis(2,6-dD-methyl)$3- 4% Hydroxypropylg-
heptakis(2,6-di@-methyl)$3-cyclodextrin cyclodextrin cyclodextrin

Background electrolyte 25 mmol/L NaROy 25 mmol/L NakPOy 25 mmol/L NakhPOy

pH 25 25 25

\oltage (kV) -15 +30 +25

Temperature®C) 25 25 25
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Fig. 3. Separation of ephedrine and pseudoephedrine enantiomers with a
conventional UV detection cell (A) and with the high-sensitivity cell (B).
The concentration of each enantiomer was 1@8nL. The run buffer was

4% hydroxypropylg-cyclodextrin in 25 mmol/L NakPOy, adjusted to pH

Fig. 2. Separation of racemic mixtures of ephedrine and pseudoephedrine2.5.

with each of the three chiral selector systems. Details of methods (A), (B),

and (C) are provided ifiable 1and in Sectiorg.

[ e s e e e s e e | LA B e s e e e e ]

10 15 20 25 min

dramatically improved our ability to quantify components

of the supplements. The path length of the high-sensitivity
teriorated to unacceptable levels. The use of 48:GP cy- cell is 1.2mm, and the internal volume is 12nL. This cell
clodextrin did prove valuable for confirming the enantiomeric fits into the standard capillary cartridge for the CE instru-
identity of the analytes, and this aspect will be described in ment. A comparison of standard solutions with a normal de-
detail later. tection cell and with the high-sensitivity cell is shown in

Replicate injections of calibration solutions were per- Fig. 3. Use of the cell improved signal-to-noise ratios by

formed to gauge the variability in migration times for the a factor of five, and peak areas increased more than tenfold.
three methods. No noticeable advantage in performance wasTherefore this cell was incorporated into measurements of the
observed among the three methods, and migration time pre-supplements.
cision was typically in the range of 1-3% (RSD) for all Six samples of each of the five ephedra-containing mate-
three methods. Higher current85pA) was observed forthe  rials inTable 1were analyzed with each of the three methods,
method utilizing the mixture of $-CD and DM$-CD when and the results are shownTable 3 Duplicate injections of
compared to the neutral derivatives alon@db-55uA). This each calibrant and single injections of each sample extract

was not surprising given the charged nature of tH&-Gb
chiral selector.

3.2. Application to ephedra-containing dietary
supplements

were performedFigs. 4 and Sllustrate the results obtained

for the analysis of SRM 3243 and SRM 3244, respectively,
with each of the three methods. As shown in the figures, the
analytes ofinterest were well resolved from other sample con-
stituents. The broad range of ephedrine and pseudoephedrine

concentrations that could be determined with these methods
CEis an attractive approach for the analysis of dietary sup- is particularly noteworthy. Ephedrine concentrations ranged
plements containing ephedra because simple sample prepafrom a high of 76.43 mg/g (based on an average of the
ration methods can be used and its high efficiency makes itthree methods) for SRM 3242, to a low of 0.31mg/g in
suitable for complex samples. Methanol sonication had pre- SRM 3244. Pseudoephedrine concentrations ranged from
viously been evaluated in our laboratory for the extraction 9.23 mg/gin SRM 3242 to 0.049 mg/g in SRM 3244. Method
of ephedrine alkaloids from dietary supplemef&g], and precision was also quite good, even at lower levels of the
this approach was selected for preparation of samples for CEalkaloids. Table 3 also illustrates the level of agreement
analysis. Initial attempts to quantify the alkaloid stereoiso- observed among the three methods. Hence, although a
mers revealed a lack of sensitivity that was particularly prob- single CE method could be used to quantify the analytes,
lematic for materials such as the protein powder that had additional confidence in the results can be gained through
lower levels of the alkaloids. A high-sensitivity detection cell the combination of methods used in this work. The process
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Table 3 (A)
Summary of results (mg/g) for the analysis of ephedra-containing SRMs by
each of the three CE methdds
Sample Method A Method B Method C .
SRM 3240
(-)-EP 1163 (7.7) 1236 (7.2) 1176 (7.2)
(+)-PE 371 (10.8) 365 (9.1) 369 (8.8) SR S N S S SRS LR SR |
0 5 10 15 20 25 30 35 min
SRM 3241
(-)-EP 2832 (5.2) 2815 (7.2) 2865 (3.9) ®) ()-EP
(+)-PE 1121 (2.4) 1080 (6.7) 1128 (2.9)
SRM 3242 iy (+hPE
(-)-EP 7831 (1.8) 7584 (0.8) 7513 (1.0) \
(+)-PE 963 (5.0) 904 (1.0) 903 (1.0) e
SRM 3243 /'
(-)-EP 1068 (2.3) 1091 (1.4) 1090 (0.8) N ——
(+)-PE 2.73(4.8) 2.67 (3.8) 2.72 (3.4) 0 5 10 15 20 25 min
SRM 3244
(-)-EP Q30 (5.1) 031 (3.2) 031 (4.3)
(+)-PE Q048 (3.5) 0049 (1.7% 0.048 (5.0)

2 Results shown represent an average of six measurements unless other-

wise indicated. Coefficients of variation (CV) are indicated in parentheses

after each value. The values shown are not reported on a dry-mass basis.

The percentage moisture was 4.52% for SRM 3240, 4.3% for SRM 3241, ————F———++1 T+

4.255% for SRM 3242, 4.63% for SRM 3243, and 3.57% for SRM 3244. 0 5 10 15 20 25 min
b Value is an average of four determinations.

Fig. 5. Analysis of SRM 3244 by each of the three CE methods.

of changing run buffers is readily automated with current CE
instrumentation.
Table 4shows a comparison between the CE results ob-
tained in this work and the certified values for ephedrine Table 4
and pseudoephedrine in the five SRMs. The certified val- comparison of values obtained by CE to certified values for ephedra-
ues were based upon a combination of different analytical containing materials (mg/g)

Sample CE Certified value$
(A) i {=)-EP SRM 3240
EP 1239 (0.93) 11.31 0.76
(+)-PE PE 383 (0.35) 3.53t 0.26
AL SRM 3241
EP 2943 (1.56) 28.86+ 1.17
\/l PE 1151 (0.52) 10.74+ 1.11
rr T T T T T T T 1 SRM 3242
0 5 10 15 20 26 30 35 min EP 7924 (1.74) 78,14 2.3
PE 957 (0.41) 9.27+ 0.94
(B) IS (-)-EP
SRM 3243
EP 1127 (0.21) 11.21+ 0.42
(+)-PE PE 282(0.11) 2.81+ 0.11
l k SRM 3244
L__,,,V e L. EP Q032 (0.01) 0.243t+ 0.038
T T T \ T T T 1 PE Q0499 (0.0019) 0.036+ 0.009
0 5 10 15 20 25 30 min 2
Results shown representan average of the data from all three CE methods.
(C) 5 ()-EP Concentrations are expressed on a dry-mass basis and have been corrected
for the purity of the calibrants. Standard deviatioNs=(18) are shown in
parentheses.
(+)-PE b Each certified concentration value, expressed as a mass fraction on a
dry-mass basis, is an equally weighted mean of the results from six to nine
{L | ,J A analytical methods carried out at NIST and at collaborating laboratories. The
| ; : e ; : ; ; uncertainty in the certified value is expressed as an expanded unceftfinty (
0 5 10 15 20 25 30 min about the meand following the ISO Guide to the Expression of Uncertainty

Fig. 4. Analysis of SRM 3243 by each of the three CE methods.

in Measuremeni28].

¢ N=16.
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Fig. 6. Analysis of SRM 3244 before (A) and after (B) spiking withji2p
each of (+)-EP and«)-PE per gram of sample. The chiral selector was 4%
S{3-CD in 25 mmol/L phosphate buffer, pH 2.5.

methods, including liquid chromatography with ultraviolet
absorbance detection (LC/UV), liquid chromatography with
mass spectrometric detection (LC/MS), liquid chromatog-
raphy/tandem mass spectrometry (LC/MS/MS), high-field
asymmetric waveform ion mobility spectrometry (FAIMS),

K.W. Phinney et al. / J. Chromatogr. A 1077 (2005) 90-97

4. Conclusions

The detection of ephedrine alkaloids in dietary supple-
ments is necessary to verify product label claims, includ-
ing claims for “ephedra-free” products. Identification of the
specific stereoisomers present in the product can also prove
valuable for detecting product adulteration. We have demon-
strated that CE is a viable approach to the determination of the
predominant ephedrine alkaloid stereoisomers in a variety of
ephedra-containing samples. A high-sensitivity UV detection
cell dramatically improved sensitivity for these analytes. The
use of complementary CE methods provides additional con-
fidence in peak identity, and we anticipate that this approach
can be applied to other analytical challenges.
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