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HPLC on a pentafluorophenylpropyl stationary phase

Federica Pellati ∗, Stefania Benvenuti
Department of Pharmaceutical Sciences, University of Modena and Reggio Emilia, Via G. Campi 183, 41100 Modena, Italy

Received 31 August 2007; received in revised form 15 October 2007; accepted 28 October 2007
Available online 6 November 2007

Abstract

In this study a pentafluorophenylpropyl (PFPP) stationary phase was applied to the fast and reliable qualitative and quantitative analysis of
ephedrine alkaloids in Ephedra plant material and derivatives. A Discovery HS F5 column (150 mm × 4.6 mm i.d., 5 �m) was used, with an
isocratic mobile phase composed of ammonium acetate (7 mM) in acetonitrile–water (90:10, v/v), at a flow rate of 1.0 ml/min. The column
temperature was set at 45 ◦C. UV detection was set at 215 and 225 nm. The total analysis time was 16 min. The validation parameters, such as
linearity, sensitivity, accuracy, precision and specificity, were found to be highly satisfactory. Sonication and microwave extractions were compared
in order to optimize the yield of the target analytes. Under the optimized extraction conditions (based on two cycles of sonication with methanol
at 40 ◦C for 15 min), different matrices containing Ephedra were successfully analyzed for their alkaloid content. The method was applied to the
analysis of standard reference materials (SRMs) containing Ephedra. Furthermore, the developed technique allowed the simultaneous determination
of ephedrine alkaloids and synephrine, the main phenethylamine alkaloid of Citrus aurantium, that has replaced Ephedra in dietary supplements
used in the treatment of obesity. The results indicated that this procedure is suitable for the phytochemical analysis of Ephedra plant material and
extracts, and can be applied to demonstrate the label claims for product content, including the absence of ephedrine alkaloids in Ephedra-free

products.
© 2007 Elsevier B.V. All rights reserved.
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. Introduction

Ephedra sinica Stapfs. (Ephedraceae family), also known
s Ma Huang, is one of the oldest medicinal herbs in tradi-
ional Chinese medicine (TCM). Other species of this genus
nclude E. equisetina, E. intermedia and E. vulgaris (syn.
. distachya) [1,2]. E. sinica preparations are obtained from

he aerial parts of the plant and have been used for the
reatment of asthma, bronchial spasms, as a stimulant and
iaphoretic [3]. The ephedrine alkaloids (Fig. 1) are con-
idered the active constituents of plants belonging to the
enus Ephedra. (−)-Ephedrine is the major isomer; the minor
lkaloids include (−)-norephedrine, (+)-norpseudoephedrine,

+)-pseudoephedrine and (−)-methylephedrine. The amount of
phedrine alkaloids varies from 0.02 to 3.40% in the aerial parts
f the plant [2]. The pharmacological studies have indicated
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hat ephedrine is a sympathomimetic agonist at both �- and �-
drenergic receptors, which determine an increase of cardiac rate
nd contractility, peripheral vasoconstriction, bronchodilatation
nd central nervous system (CNS) stimulation [2]. Ephedrine is
ot the only alkaloid used in commercial products, since decon-
estant preparations usually contain pseudoephedrine. In recent
ears, the number of dietary supplements containing Ephedra,
ither as powdered botanical or, more frequently, as a standard-
zed extract, had increased dramatically. Most of these products
ave been sold for the treatment of obesity or for increasing per-
ormance in body building. Often these dietary supplements also
ontained caffeine, either synthetic or from botanical extracts,
n addition to other ingredients [3]. Weight loss and enhanced
erformance in body building may be due to the CNS stimu-
ation and thermogenic properties of ephedrine [2]. However,
evere contraindications have been given for individuals with

ypertension or other cardiovascular diseases, glaucoma, dia-
etes and hyperthyroidism. Products containing E. sinica (or
nother botanical source of ephedrine) were among the most
opular dietary supplements on the market, until their sale was
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Fig. 1. Chemical structures of ephedrine alkaloids.

anned by the U.S. Food and Drug Administration (FDA) in
pril 2004. After the ban of Ephedra products, “Ephedra-free”
ietary supplements for weight loss were introduced. However,
phedra-free is not necessarily danger-free [4]. Citrus auran-

ium is an ingredient in many of these Ephedra-free dietary
upplements. The main active constituent of C. aurantium fruit
xtracts is (−)-synephrine [4], a phenethylamine alkaloid similar
n structure to ephedrine (Fig. 2). However, dietary supplements
ften contain C. aurantium in combination with concentrates of
ther herbs that are rich in caffeine and have the same potential
o induce arrhythmia, hypertension, heart attacks and strokes as
he combination of ephedrine and caffeine [4].

Adverse events attributed to consumption of products con-
aining ephedrine alkaloids led to the development of many
nalytical methods for their determination. Because of the
ealth and legal implications associated with products contain-
ng Ephedra, it is desirable to have a reliable analytical method
hat can quantify ephedrine alkaloids in plant material and
erivatives. A variety of chromatographic and electrophoretic
eparation techniques have been used for the determination

f ephedrine alkaloids in E. sinica and related species. Sev-
ral analytical methods involving GC [5,6] and HPLC with
V [2,3,7–13] or MS [12–15] detection have been reported.
PLC–MS/MS has also been recently applied to the analysis

Fig. 2. Structures of ephedrine and synephrine.
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f ephedrine alkaloids in biological fluids [16]. Furthermore,
E has been successfully employed for the analysis of these
nalytes [13,17–19]. HPLC is the preferred technique in phy-
ochemical analysis, owing to its sensitivity, precision and
pecificity. HPLC with UV detection is an apparatus gener-
lly present in analytical laboratories and it is one of the
nalytical technique applied most frequently in the analysis
f natural products; the same is not for HPLC coupled to
S or MS/MS. Furthermore, UV detection offers sufficient

electivity and sensitivity for determination of ephedrine alka-
oids in plant extracts [2,3,7–13]. Since ephedrine alkaloids
re hydrophilic amine compounds, they are characterized by
oor retention on traditional reversed-phase columns. Further-
ore, their basic nature often leads to excessively broad peaks

nd peak tailing on conventional chromatographic systems. In
ome methods, the mobile phase contains an ion-pair reagent
o increase the peak symmetry and resolution of the target
nalytes [8,10,11]. The main limitation of ion-pair reagents
s that their poor volatility and ion-suppressing effects make

ethods using them less amenable to MS analysis. Previous
ethods involving HPLC [2,3,7–15] require time-consuming

ample preparation procedures, based on SPE or multiple extrac-
ion steps, or lengthy analysis time. In this study, an HPLC

ethod with UV detection on a pentafluorophenylpropyl (PFPP)
tationary phase coupled with a simplified sample preparation
as optimized and validated for the rapid and reliable separa-

ion and quantitative determination of ephedrine alkaloids in E.
inica natural products and related species (E. vulgaris). For
ontrolling the retention, several influencing factors, such as the
obile phase counter ion concentration and column tempera-

ure, were investigated and the optimum separation conditions
ere determined. To demonstrate the practicality of the tech-
ique, the validated method was applied to determine the levels
f the active compounds in Ephedra plant material (E. vulgaris
nd E. sinica) and natural products. Furthermore, the developed
ethod allowed the simultaneous determination of ephedrine

lkaloids and synephrine. The NIST Ephedra standard reference
aterials (SRMs) were selected for evaluating the applicability

f this study. The Ephedra-containing SRMs represent a variety
f natural, extracted and processed sample matrices that are cer-
ified for the levels of ephedrine alkaloids [13,19,20]. Therefore,
hese products are particularly recommended in method valida-
ion and as control materials for analytical techniques used in
he determination of ephedrine alkaloids. For the extraction pro-
edure, sonication and microwave extractions were compared.
he effects of several variables (solvent, temperature and time)
n the extraction yield of the above-mentioned compounds were
nvestigated.

. Experimental

.1. Chemicals and solvents
Norephedrine, norpseudoephedrine, methylephedrine, ephe-
rine and pseudoephedrine were purchased from Cerilliant
Round Rock, TX, USA). The compounds were received as a
.0 mg/ml solution in methanol (as free base), except norpseu-
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case of Ephedra-containing protein powder, a centrifugation step
(at 4000 rpm for 3 min) was applied before the filtration of the
56 F. Pellati, S. Benvenuti / Journal of Pharmace

oephedrine that was available at 0.1 mg/ml concentration (as
ree base). Synephrine was purchased from Sigma (Milan,
taly).

Hydrochloric acid (37%), ammonium formate and ammo-
ium acetate were from Fluka (Milan, Italy). HPLC grade
ethanol and acetonitrile were from Sigma (Milan, Italy). Water
as purified using a Milli-Q Plus 185 system from Millipore

Milford, MA, USA).
The mobile phases used in this study were prepared by

issolving ammonium formate or acetate in a mixture of
cetonitrile–water (90:10, v/v) to obtain the desired molar con-
entration of ammonium counter ion. All mobile phases were
re-mixed. The pH values of the mobile phases were unadjusted
pH 6.9, prior to the addition of organic modifier).

.2. Plant material

E. vulgaris Rich. aerial parts were kindly donated by a local
erb company. The dried sample was protected from light and
umidity until required for chemical analysis. The plant mate-
ial was ground to obtain a homogeneous powder immediately
efore extraction with an IKA grinder (Staufen, Germany). SRM
245 Ephedra standard reference material was purchased from
he National Institute of Standards and Technology (Gaithers-
urg, MD, USA) and contains: E. sinica Stapf. aerial parts (SRM
240), E. sinica Stapfs. native extract (SRM 3241), E. sinica
tapfs. commercial extract (SRM 3242), Ephedra-containing
olid oral dosage form (SRM 3243) and Ephedra-containing
rotein powder (SRM 3244). As indicated in the certificate of
nalysis provided by the manufacturer, the native extract (SRM
241) and the commercial extract (SRM 3242) were obtained
y extraction with hot water under pressure of the E. sinica
owdered botanical raw material (SRM 3240). A portion of the
ater extract was filtered, concentrated and spray-dried to pro-
uce the native extract. A second portion of the water extract was
ltered, concentrated and then fortified with ephedrine to yield
ominally 8% total ephedrine alkaloids prior to spray drying to
roduce the commercial extract. SRM 3243 Ephedra-containing
olid oral dosage form was prepared from several different com-
ercially available products (both tablets and capsules) that
ere purchased in the marketplace, from multiple vendors to
btain material of different production lots. SRM 3244 Ephedra-
ontaining protein powder was prepared from several brands of
ommercially available products that were purchased in the mar-
etplace, from multiple vendors to obtain material of different
roduction lots; these materials were primarily milk-based prod-
cts, although some egg protein was present. Individual amino
cids, flavorings, botanicals (including E. sinica), vitamins and
lements were among the other ingredients in the products that
ere combined.

.3. Chromatographic apparatus
Chromatography was performed using an Agilent Tech-
ologies (Waldbronn, Germany) modular model 1100 system,
onsisting of a vacuum degasser, a quaternary pump, an
utosampler, a thermostatted column compartment and a photo-
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i
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iode array detector (PAD). The chromatograms were recorded
sing an Agilent ChemStation for LC and LC–MS systems (Rev.
.01.03) and a Pentium IV personal computer.

.4. HPLC method

For HPLC analysis, a Discovery HS F5 column
150 mm × 4.6 mm i.d., 5 �m) (Supelco, Bellefonte, PA,
SA) was used, coupled to a Discovery HS F5 guard column

20 mm × 4.0 mm i.d., 5 �m). The mobile phase was ammo-
ium acetate (7 mM) in acetonitrile–water (90:10, v/v), under
socratic conditions. The flow rate was 1.0 ml/min. The column
as thermostatted at 45 ◦C. The sample injection volume was
�l. The detector monitored the eluent at 215 nm (for ephedrine
lkaloids) and 225 nm (for synephrine). The total analysis time
as 16 min. Three injections were performed for each

ample.

.5. Identification of constituents and peak purity

Peaks were identified on the basis of their retention time (tR)
alues and UV spectra by comparison with those of the sin-
le compound in the standard solution. Peak identity was also
onfirmed by spiking the extracts with pure standards (standard
ddition method). Peak purity tests were performed using a pho-
odiode array detector coupled to the HPLC system, comparing
he UV spectra of each peak with those of authentic reference
amples.

.6. Extraction methods

.6.1. Sonication extraction
The sample preparation from Ephedra plant material (E. vul-

aris and E. sinica aerial parts) involved a sonication extraction
n an ultrasonic bath (Sonorex RK-100 H, Bandelin, Berlin,
ermany) of a weighed amount of ground sample (0.5 g) with
0 ml of solvent (methanol or a mixture of hydrochloric acid
37%)–methanol (0.8:99.2, v/v)) at different temperatures (room
emperature, 40 or 50 ◦C) for 15 min. The extract solution was
ltered in a vacuum into a 25-ml volumetric flask. The residue
as re-extracted in the same way. The filtrates of the two extrac-

ions were combined and the solvent was then added to the final
olume.

Regarding Ephedra natural products, a weighed amount of
ample (0.25 g of E. sinica native extract; 0.1 g of E. sinica
ommercial extract; 0.5 g of Ephedra-containing solid oral
osage form; 2.5 g of Ephedra-containing protein powder) was
xtracted twice by sonication with 10 ml of solvent as described
bove, and the final volume of the extract was 25 ml. In the
xtract solution.
All the extracts were filtered through a 0.45-�m PTFE filter

nto a HPLC vial and capped. The extraction procedure was
epeated twice for each sample.
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.6.2. Microwave extraction
Regarding microwave extraction, a weighed amount of

round sample (0.25 g of E. vulgaris aerial parts) was extracted
ith 5 ml of solvent (methanol or a mixture of hydrochloric

cid (37%)–methanol (0.8:99.2, v/v)) by using a monomode
icrowave apparatus with a closed vessel system (Discover

nstrument, CEM, Metthews, NC, USA) and subjected to dif-
erent temperatures for different times of irradiation (40 ◦C for
5 min or 60 ◦C for 4 min or 80 ◦C for 1 min). Continuous
icrowave treatment was used (50 W). During the extraction,
agnetic stirring was applied. After the extraction time had

lapsed, the vessels were allowed to cool at room temperature
efore opening. The extract solution was filtered in a vacuum
nto a 25-ml volumetric flask. The residue was re-extracted in
he same way. The filtrates of the two extractions were com-
ined and the solvent was then added to the final volume. All
he extracts were filtered through a 0.45-�m PTFE filter into a
PLC vial and capped. The extraction procedure was repeated

wice for each sample.

.7. Method validation

The method validation was carried out to show compliance
ith international requirements for analytical methods for the
uality control of pharmaceuticals. For validation of the analyt-
cal method, the ICH guidelines were followed [21].

Concerning linearity, each compound was purchased in
methanol stock standard solution at 1.0 mg/ml concentra-

ion (as free base), with the exception of norpseudoephedrine
0.1 mg/ml, as free base). Further calibration levels were pre-
ared by diluting each stock solution with methanol. For each
ompound, the external standard calibration curve was generated
sing six data points, covering the concentration ranges reported
n Table 1. Five-�l aliquots of each standard solution were used
or HPLC analysis. Injections were performed in triplicate for
ach standard solution. The calibration curve was obtained by
lotting the peak area of the compound at each level versus the
oncentration of the sample. To evaluate if the normal distribu-
ion is a good model for these compounds, the normal probability
lot of the residuals was calculated for each calibration and the

esiduals were graphically examined.

The LOD of the method was evaluated considering the ana-
yte concentration that would yield a signal-to-noise (S/N) value
f 3; the LOQ represents the analyte concentration that would

d
m
S

able 1
tatistical analysis for the calibration curves of ephedrine alkaloids and synephrinea

ompound Linearity range (�g/ml) S

orephedrine 1.00–100.00 1
orpseudoephedrine 1.00–100.00
ynephrine 1.00–100.00 1
ethylephedrine 1.00–100.00

phedrine 1.00–1000.00
seudoephedrine 1.00–1000.00

xperimental conditions as in Section 2.4.
a For each curve the equation is y = ax + b, where y is the peak area, x the concentrati

oefficient. Standard error (S.E.) values are given in parenthesis. The P value was <0
and Biomedical Analysis 48 (2008) 254–263 257

ield a S/N value of 10. The LOD and LOQ values were exper-
mentally verified by injections of standard solutions of the
ompounds at the LOD and LOQ concentrations.

The accuracy of the analytical procedure was evaluated using
he recovery test. This involved the addition of known quantities
f reference standard compounds to half the sample weight of E.
ulgaris plant material. In the case of norephedrine, an amount
f standard compound corresponding to the LOQ value was
piked. The fortified samples were then extracted and analyzed
y the proposed HPLC method. Regarding E. sinica samples,
he method accuracy was evaluated by comparing the results
f the proposed method with the certified values provided by
he manufacturer for E. sinica aerial parts. Value assignment of
lkaloid content was certified through the application of multi-
le analytical methods, which included measurements by NIST
nd collaborating laboratories.

The precision of the chromatographic system was tested by
erforming intra- and inter-day multiple injections of a stan-
ard solution containing ephedrine alkaloids and synephrine,
nd then checking the %R.S.D. of retention times and peak areas.
en injections were performed each day for three consecutive
ays.

The precision of the extraction procedure was validated by
epeating the extraction procedure on the same sample of E.
ulgaris. An aliquot of each extract was then injected and quan-
ified. This parameter was evaluated by repeating the extraction
n duplicate on three different days with newly prepared mobile
hase and samples.

Specificity was tested by using the HPLC method to analyze
he Ephedra-containing solid oral dosage form to demonstrate
he capacity of the technique to discriminate the target analytes
rom the other constituents of the formulation.

Stability was evaluated with E. vulgaris and E. sinica plant
xtracts that were stored in amber glass flasks at 4 ◦C and at
oom temperature (about 25 ◦C) and analyzed every 12 h.

. Results and discussion

.1. Method development and optimization
Ephedrine alkaloids, a group of natural compounds widely
istributed in Ephedra species, are a class of small and polar
olecules that are particularly difficult to analyze by RP-HPLC.
everal chromatographic methods published in the literature

lope (a) Intercept (b) r2

0.069 (±0.011) −0.299 (±0.514) 1.0000
9.104 (±0.004) 0.781 (±0.200) 1.0000
3.788 (±0.019) −0.373 (±0.914) 1.0000
8.856 (±0.008) −0.967 (±0.386) 1.0000
8.609 (±0.003) 4.680 (±1.170) 1.0000
8.664 (±0.003) 0.097 (±1.152) 1.0000

on of the analyte (�g/ml), a is the slope, b is the intercept and r2 the correlation
.0001 for all calibration curves.
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Fig. 3. Chromatogram of a standard mixture of ephedrine alkaloids and
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se the ion-pairing technique to increase retention and peak
ymmetry [8,10,11]. However, ion-pairing is not ideal, because
t reduces the robustness, reproducibility and the HPLC–MS
ompatibility of the method.

RP-HPLC phases that contain polar groups as part of their
tructure often succeed in retaining and resolving compounds
hat C18 phases do not, because they can interact with analytes
y mechanisms not available with the C18 alkyl chains. An ear-
ier study had demonstrated that the PFPP stationary phase of the
iscovery HS F5 column can overcome the problems of basic

ompound separation, such as peak tailing, low retention and
ow resolution [22]. However, the authors evaluated the chro-

atographic performance of this stationary phase on a set of
ure compounds for demonstration purposes only; no validation
nd application on complex matrices, such as natural products,
ere reported. In this study, the chromatographic performance
f the Discovery HS F5 column was investigated for the sep-
ration and quantitative determination of ephedrine alkaloids
n Ephedra natural products. Synephrine was also included in
he target analytes, since it is the major phenethylamine alka-
oid of C. aurantium, that is now used as an alternative of
phedra in dietary supplements indicated for weight loss [4].
he chromatographic conditions were optimized with the aim
f obtaining chromatograms with a good resolution of adjacent
eaks within a short analysis time. It is known that retention on
PFPP stationary phase depends mainly on the mobile phase

ounter ion concentration and column temperature [22]. There-
ore, mobile phase counter ion concentration and temperature
re powerful tools for optimization of analyte retention and
electivity.

Regarding the mobile phase composition, two solvents were
sed – acetonitrile and water (90:10, v/v) – containing 2–6 mM
mmonium formate or 4–8 mM ammonium acetate. A reduction
n analyte retention with the increase in mobile phase counter ion
oncentration (ammonium in this case) was observed for both
mmonium formate and acetate. With a mobile phase containing
mM ammonium formate or 8 mM ammonium acetate in 90%
cetonitrile, the retention times of the compounds were shorter,
esulting in a more rapid separation.

The effect of temperature on the analyte retention and selec-
ivity was tested by setting the column temperature at 20, 30
nd 45 ◦C. Greater retention with increasing temperature was

bserved. The effect of temperature was weak with ammo-
ium formate and it was particularly strong by using ammonium
cetate in the mobile phase. Furthermore, by using ammonium
cetate in the mobile phase, temperature was shown to be an

i
s
i
r

able 2
ystem-suitability report for the separation of ephedrine alkaloids and synephrine

ompound tR (min) Theoretical plate number (n)

orephedrine 8.82 12673
orpseudoephedrine 9.60 13044
ynephrine 10.51 11242
ethylephedrine 12.65 10952

phedrine 13.43 10625
seudoephedrine 14.48 10451

xperimental conditions as in Section 2.4.
ynephrine. Peak identification: (1) norephedrine; (2) norpseudoephedrine; (3)
ynephrine; (4) methylephedrine; (5) ephedrine; (6) pseudoephedrine. Experi-
ental conditions as in Section 2.4.

ffective parameter for the optimization of selectivity and reso-
ution of the analytes.

By considering the simultaneous effects of mobile phase
omposition and column temperature, the optimum chromato-
raphic conditions for the separation of ephedrine alkaloids and
ynephrine were determined to be 7 mM ammonium acetate
n acetonitrile–water (90:10, v/v) at 45 ◦C. When these chro-

atographic conditions were used, ephedrine alkaloids and
ynephrine were well separated within 16 min using the Dis-
overy HS F5 column (Fig. 3). The chromatogram in Fig. 3 also
hows that the analytes, although polar and basic in nature, elute
ith excellent peak shape using the Discovery HS F5 column.
he system-suitability report for the analyte separation is shown

n Table 2.

.2. Optimization of the extraction conditions

A variety of solvents and extraction methods have been used
or the extraction of ephedrine alkaloids from Ephedra plant
aterial [13]. In this study, the optimization procedure was

erformed on E. vulgaris aerial parts, because of the higher
mount of sample available. Two extraction methods were eval-
ated and compared: sonication and microwave extractions.
oth selected methods were performed under neutral and acidic
onditions (by using methanol and a mixture of hydrochloric
cid (37%)–methanol (0.8:99.2, v/v)) at different temperatures,

n order to exhaustively extract the analytes of interest. Two
equential extraction cycles for each sample under each exper-
mental condition were performed. Other techniques, such as
efluxing with a Soxhlet apparatus, were not applied because

Resolution (Rs) Selectivity (α) Peak symmetry

– – 0.99
2.38 1.09 0.91
2.49 1.10 0.79
4.85 1.20 0.64
1.56 1.06 0.67
1.92 1.08 0.75
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ig. 4. Comparison between (A) sonication and (B) microwave techniques for
he extraction of ephedrine alkaloids from E. vulgaris.

hey require a long period of time (at least 18 h), as reported by
ander et al. [13]. Furthermore, Soxhlet extraction often causes
thermal degradation of the analytes.

Extraction by sonication is a powerful technique in phyto-
hemical research: the destruction of the cell walls during this
rocedure can explain the frequently observed increase in the
xtraction yield. In this work, experiments were carried out at
oom temperature, 40 and 50 ◦C for 15 min. As shown in Fig. 4,
he optimal extraction conditions for the target analytes were
btained by two successive sonication extractions with methanol
t 40 ◦C for 15 min. Results obtained with methanol or acidic
ethanol solution at room temperature or at 50 ◦C were less sat-

sfactory. The effect of time was evaluated by performing one
xperiment based on two cycles of sonication with methanol at
0 ◦C for 30 min, but the extraction yield became fairly constant
data not shown); so 15 min was chosen as the optimal extraction
ime.

Regarding microwave extraction, the main advantages of
icrowave extraction in comparison with other techniques are

oth the considerable reduction in time and the smaller solvent
onsumption, if compared to conventional extractions [23]. In
ecent years, many reports have been published on the appli-
ation of microwave to the extraction of secondary metabolites
rom plants [23]. Nevertheless, to the best of our knowledge,

o reports on microwave extraction of ephedrine alkaloids from
lant material have been published. In order to investigate the
ffects of microwave on the compound yields, different temper-
tures and irradiation times were compared (40 ◦C for 15 min

g
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r 60 ◦C for 4 min or 80 ◦C for 1 min). The extractions were
arried out in a closed vessel system, under controlled temper-
ture and pressure, to minimize the loss of components due to
olatilization. For this purpose, the sample was allowed to cool
efore the vessels were opened. In this study, the highest yields
f ephedrine alkaloids from E. vulgaris were obtained with two
equential extractions at 80 ◦C for 1 min, with both methanol and
cidic methanol as the extraction solvents. Degradation products
ere not observed in the HPLC chromatograms. However, under

hese conditions, the amount of the major alkaloids (ephedrine
nd pseudoephedrine) extracted from the plant material was
ower compared with the results obtained by sonication with

ethanol at 40 ◦C.
In agreement with the above observations, in this study

he extraction procedure was performed using sonication with
ethanol at 40 ◦C for 15 min. It was found that two successive

xtraction cycles for each sample were sufficient to obtain a
omplete extraction of the secondary metabolites from E. vul-
aris; the high recovery obtained with two sequential cycles did
ot justify the carrying out of further extraction steps.

A clean-up of the extracts by strong-cation exchange or
ixed-mode SPE [12,13] was not performed, since it has been

eported that the capacity of the SPE cartridge is easily exceeded
y the amount of the analytes present in Ephedra extracts [12];
urthermore, unwanted species from the sample matrix are also
etained by the SPE cartridge, further reducing its capacity and
imiting its usefulness [12].

.3. Evaluation of validation data

For the target compounds, linear regression analyses were
erformed by the external standard method. The validating
arameters of each calibration curve (slope (a), intercept (b),
tandard error of slope, standard error of intercept and correla-
ion coefficient (r2)) are shown in Table 1. Excellent linearity was
bserved for the analytes between peak areas and concentrations
ver the range tested. Graphical examination of the residuals,
erformed by evaluation of the normal probability plots of the
esiduals, demonstrated linearity for all of the compounds in the
ange tested.

The LOD and LOQ values of the compounds of interest were
ound to be 0.30 and 1.00 �g/ml (i.e. 0.02 and 0.05 mg/g in the
ample), respectively. These results indicate that the proposed
PLC method is sufficiently sensitive for the determination of

phedrine alkaloids and synephrine in botanicals and commer-
ial products.

Regarding accuracy, the percentage recovery values that were
btained by comparing the results from samples and fortified
amples of E. vulgaris aerial parts are reported in Table 3. The
ecovery rates obtained were close to 100% in almost all cases.
onsidering the results of the recovery test, this method is con-

idered accurate. In the case of E. sinica aerial parts, the amounts
f ephedrine alkaloids determined by the proposed method are in

ood agreement with the certified values [13]. Table 4 shows the
ercentage recovery obtained by comparison between the results
f the present method and the certified values for ephedrine
lkaloids in E. sinica aerial parts.
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Table 3
Recovery data of alkaloids from E. vulgaris aerial parts

Compound Spiked amount (mg/g) Determined amount (mg/g) Mean recovery (%) (n = 3) R.S.D. (%)

Norephedrine 0.05 0.10 98.7 2.5
Norpseudoephedrine 0.14 0.28 99.4 1.2
Methylephedrine 0.10 0.20 99.0 1.5
Ephedrine 0.87 1.75 99.2 0.3
Pseudoephedrine 0.37 0.73 99.1 0.5

Experimental conditions as in Section 2.4.

Table 4
Comparison of values obtained by the proposed HPLC method to certified values for E. sinica aerial parts (SRM 3240)

Method Content dry weight (mg/g)

Norephedrine Norpseudoephedrine Methylephedrine Ephedrine Pseudoephedrine Total alkaloids

HPLCa 0.36b 0.65b 1.28 ± 0.04 10.81 ± 0.05 3.42 ± 0.08 16.51 ± 0.05
Certified valuesc 0.44 ± 0.09 0.65 ± 0.14 1.18 ± 0.14 11.31 ± 0.76 3.53 ± 0.26 17.00 ± 1.20
Recovery (%) 81.8 100.0 108.5 95.6 96.9 97.1

a Data are expressed as mean ± S.D. For each sample n = 6. Experimental conditions as in Section 2.4.
b S.D. < 0.01.
c Data are expressed as mean ± S.D. Each certified value is an equally weighed mean of the results from multiple analytical methods carried out at NIST and

collaborating laboratories.

Table 5
Intra- and inter-day precision data for retention time (tR) and peak area of ephedrine alkaloids and synephrine

Compound Intra-day precision (n = 10, mean) Inter-day precision (n = 30, mean)

Day 1 Day 2 Day 3 tR (min) R.S.D. (%)

tR (min) R.S.D. (%) tR (min) R.S.D. (%) tR (min) R.S.D. (%)

Norephedrine 8.71 0.14 8.73 0.05 8.75 0.15 8.73 0.25
Norpseudoephedrine 9.50 0.14 9.51 0.06 9.54 0.15 9.52 0.23
Synephrine 10.45 0.17 10.44 0.19 10.50 0.22 10.47 0.31
Methylephedrine 12.60 0.14 12.62 0.05 12.66 0.15 12.63 0.23
Ephedrine 13.42 0.15 13.42 0.14 13.47 0.18 13.44 0.25
Pseudoephedrine 14.44 0.15 14.43 0.17 14.49 0.18 14.46 0.25

Compound Area (mAU s) R.S.D. (%) Area (mAU s) R.S.D. (%) Area (mAU s) R.S.D. (%) Area (mAU s) R.S.D. (%)

Norephedrine 352.64 0.50 354.90 0.67 362.31 0.54 356.87 1.32
Norpseudoephedrine 35.95 1.87 36.07 1.91 37.01 0.94 36.38 2.04
Synephrine 463.35 0.55 472.06 0.66 474.24 0.42 470.08 1.14
Methylephedrine 288.14 0.74 288.13 0.73 293.74 0.71 290.17 1.17
Ephedrine 409.93 0.87 413.13 0.49 418.27 0.76 413.98 1.10
Pseudoephedrine 295.00 0.59 295.01 0.89 297.35 0.71 295.86 0.80

Experimental conditions as in Section 2.4.

Table 6
Intra- and inter-day precision data for the extraction of alkaloids from E. vulgaris aerial parts

Compound Intra-day precision (n = 6, mean) Inter-day precision (n = 18, mean)

Day 1 Day 2 Day 3 Content (mg/g) R.S.D. (%)

Content (mg/g) R.S.D. (%) Content (mg/g) R.S.D. (%) Content (mg/g) R.S.D. (%)

Norephedrine <LOQ – <LOQ – <LOQ – <LOQ –
Norpseudoephedrine 0.15 1.02 0.14 1.48 0.14 1.00 0.14 1.56
Methylephedrine 0.10 1.12 0.10 1.16 0.10 1.31 0.10 1.21
Ephedrine 0.88 0.35 0.88 0.37 0.88 0.28 0.88 0.32
Pseudoephedrine 0.37 1.11 0.37 0.97 0.37 1.01 0.37 1.05

Experimental conditions as in Section 2.4.



utical and Biomedical Analysis 48 (2008) 254–263 261

i
u
a
p
s

i
s
l
l
c
N
e

n
f
i
o
o
f
i
t
c
o
o

i
w

H

3
p

a
c
e
i
g
s
o
0
l
m
m
f
e
s
a
t
g
e
t
E

Fig. 5. Chromatograms of methanol extracts of: (A) E. vulgaris aerial parts;
(B) E. sinica aerial parts (SRM 3240); (C) E. sinica native extract (SRM
3241); (D) E. sinica commercial extract (SRM 3242); (E) Ephedra-containing
solid oral dosage form (SRM 3243). Peak identification: (1) norephedrine; (2)
norpseudoephedrine; (3) synephrine; (4) methylephedrine; (5) ephedrine; (6)
pseudoephedrine. Experimental conditions as in Section 2.4.
F. Pellati, S. Benvenuti / Journal of Pharmace

The precision of the chromatographic system is described
n Table 5 that shows the intra- and inter-day %R.S.D. val-
es of retention times and peak areas. The low values of intra-
nd inter-day %R.S.D. values for both retention times and
eak areas indicate the high precision of the chromatographic
ystem.

Concerning the precision of the extraction procedure, the
ntra- and inter-day %R.S.D. data of the repeated analysis are
hown in Table 6. The low values of %R.S.D. indicate a high
evel of precision of the method for the predominant ana-
ytes, ephedrine and pseudoephedrine, and also for the minor
omponents, such as norpseudoephedrine and methylephedrine.
orephedrine amount was below the LOQ value in E. vulgaris

xtracts and, therefore, it was not quantified.
Compared with the assay results of E. sinica aerial parts,

ative and commercial extracts, the chromatogram obtained
rom the oral dosage form indicated that the HPLC method
s specific for the analysis of ephedrine alkaloids (Fig. 5): the
ther compounds present in the formulation were not retained
n this stationary phase and were eluted close to the solvent
ront without interfering with the separation of the analytes of
nterest. Furthermore, peak purity tests were performed using
he photodiode array detector to demonstrate that the analyte
hromatographic peak is pure and not attributable to more than
ne component. There were no indications of impurities or signs
f co-elution in the sample chromatograms.

The analytes in solution did not show any appreciable change
n chromatographic profile over 72 h. No degradation products
ere detected.
The validation data highlighted the suitability of the proposed

PLC method for the analysis of ephedrine alkaloids.

.4. Analysis of Ephedra plant material and natural
roducts

The optimized method was applied to the phytochemical
nalysis of plant material from Ephedra species and Ephedra-
ontaining natural products. Data are reported in Table 7 and
xpressed as mg/g of dry weight. As shown in Table 7 and
n Fig. 5, the total amount of ephedrine alkaloids in E. vul-
aris aerial parts was 10-fold lower in comparison with E.
inica plant material (1.49 mg/g vs. 16.51 mg/g). The content
f the major alkaloids, ephedrine and pseudoephedrine, was
.88 and 0.37 mg/g, respectively. The amount of the minor alka-
oids was 0.14 mg/g for norpseudoephedrine and 0.10 mg/g for
ethylephedrine. In E. sinica aerial parts, the amount of the
ajor alkaloids was 10.81 mg/g for ephedrine and 3.42 mg/g

or pseudoephedrine, which is in good agreement with the lit-
ratures [13,19,20]. The other alkaloids were present only in
mall concentrations. In Ephedra natural products, ephedrine
mount ranged from 0.23 mg/g in the Ephedra-containing pro-
ein powder to 78.47 mg/g in the commercial extract. The

reater content of pseudoephedrine was determined in the native
xtract (9.69 mg/g) and the lower in the Ephedra-containing pro-
ein powder (0.03 mg/g). Synephrine was detected only in the
phedra-containing solid oral dosage form (0.57 mg/g).
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The broad range of ephedrine and pseudoephedrine concen-
rations that could be determined with this method is particularly
oteworthy. Method precision was also highly satisfactory, even
t the lower levels of the target analytes, as indicated by the S.D.
alues. The comparison of the contents obtained in the present
tudy with the certified values [13,20] indicated that the pro-
osed method provides reliable results in the analysis of Ephedra
lkaloids in complex matrices.

The developed HPLC technique for the analysis of
phedra alkaloids has several advantages over existing methods

2,3,7–15], such as requiring no complex and time-consuming
ample preparation regardless of the analyzed sample (plant
aterial or derivatives). Furthermore, the optimized chromato-

raphic conditions allow the simultaneous analysis of ephedrine
lkaloids and synephrine in a very short analysis time, without
he use of ion-pair reagents and gradient elution. The valida-
ion parameters, such as linearity, sensitivity, accuracy, precision
nd specificity, were found to be highly satisfactory. The appli-
ability of the method was tested by the analysis of Ephedra
lant material and derivatives. The results indicated that the
roposed HPLC method can be successfully applied to moni-
or the quality of Ephedra plant material and extracts, and to
etermine the composition of commercial products and verify
heir label claims, including the absence of ephedrine alkaloids
n Ephedra-free products.

. Conclusion

The stationary phase of the Discovery HS F5 column allowed
n excellent separation of ephedrine alkaloids and synephrine.
oth mobile phase counter ion concentration and column tem-
erature were optimized for the best analyte separation in a
hort time. The optimized method was fully validated in accor-
ance with ICH guidelines. Regarding sample preparation, the
omparison between sonication and microwave extractions indi-
ated that sonication was the most efficient procedure, allowing
he highest yield of all considered analytes in a short time.
nder the optimized extraction and chromatographic condi-

ions, a fast and reliable qualitative and quantitative analysis
f Ephedra plant material and natural products was carried out.
he results of the analysis of Ephedra SRMs indicated a good
greement with the certified contents. The proposed method can
e considered suitable for the phytochemical analysis of a vari-
ty of Ephedra-containing samples, including plant material
nd derivatives. Furthermore, the developed technique can be
mployed to demonstrate the label claims for product content,
ncluding the absence of ephedrine alkaloids in Ephedra-free
roducts.
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