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Enantioselective LC analysis of synephrine in natural products
on a protein-based chiral stationary phase�
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Abstract

An enantioselective LC method with photodiode array detection (PAD) was developed for the enantioseparation of (±)-synephrine from
C. aurantiumL. var.amarafruits and phytotherapic derivatives by using a protein-based chiral stationary phase with cellobiohydrolase as the
chiral selector (Chiral-CBH). Analyses were carried out on a Chiral-CBH column (100× 4.0 mm i.d., 5�m), with a mobile phase consisting of
2-propanol (5%, w/w) in sodium phosphate buffer (pH 6.0; 10 mM) and disodium EDTA (50�M). The flow rate was 0.8 mL/min. Detection
was set at 225 nm. To identify the order of elution, the racemate was resolved by the preparation of suitable diastereoisomeric salts with
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Isolation of synephrine fromC. aurantiumfruits and phytoproducts was performed by solid-phase extraction (SPE) with a strong c

exchange phase.
The method developed was validated and was found to be linear in the 0.40–40.14�g/mL range (r2 = 1.000,P< 0.0001) for both synephrine

enantiomers. The limit of detection (LOD) for each enantiomer was 0.04�g/mL. The limit of quantification (LOQ) for each enantiome
was 0.13�g/mL. Intra-day precision (calculated as %R.S.D.) ranged from 0.03 to 0.24% for (−)-synephrine and from 0.03 to 0.35% fo
(+)-synephrine. Inter-day precision (calculated as %R.S.D.) ranged from 0.07 to 1.45% for (−)-synephrine and from 0.06 to 1.26% for (+
synephrine. Intra- and inter-day accuracies (calculated as %recovery) were in the ranges of 97.4–100.6 and 98.0–101.6% for (−)-synephrine,
and in the ranges 97.0–101.5 and 98.1–102.8% for (+)-synephrine.

The results of the application of the method to the analysis ofC. aurantiumsamples showed that (−)-synephrine was the main componen
(+)-Synephrine was not detected inC. aurantiumfruits and was present in low concentration in the phytoproducts.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Citrus aurantiumL. var.amarais a plant belonging to the
Rutaceae family, whose fruit extracts have recently been used
for the treatment of obesity.

The most important active constituents ofC. auran-
tium fruits are flavonoids and adrenergic amines. Adrenergic
amines are synephrine, octopamine and tyramine[1].

� Presented at the 15th International Symposium on Pharmaceutical and
Biomedical Analysis (PBA2004), Florence, Italy.
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Synephrine is a primary synthesis drug developed
a sympathomimetic agent with pharmacological activit
such as vasoconstriction, blood pressure elevation
bronchial muscle relaxation. Synephrine is also a kno
phenethylamine alkaloid present in the peel and the ed
part of Citrus fruit [1,2]. Of the adrenergic amines o
natural origin, synephrine has been found to be the m
constituent ofC. aurantiumfruits and extracts; octopamin
and tyramine are absent or present in low concentrati
[3,4].

Synephrine is similar in structure to ephedrine (Fig. 1),
the main active component of plants of the genusEphedra.
Only two substitutions are required to obtain synephrine fr

0731-7085/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpba.2004.09.008



840 F. Pellati et al. / Journal of Pharmaceutical and Biomedical Analysis 37 (2005) 839–849

Fig. 1. Structure of synephrine and ephedrine.

ephedrine: one of the ring carbons is hydroxylated (OH re-
places H), and a side chain methyl group (CH3) is replaced
by hydrogen.

Both ephedrine and synephrine are sympathomimetic
compounds. The�3-adrenoreceptor appears to be respon-
sible for the lipolytic and thermogenic effects of adrenergic
agents[5,6].

It is known that synephrine and the other amines found
in C. aurantiumhave adverse effects on the cardiovascular
system owing to adrenergic stimulation[7,8]. Patients with
severe hypertension, tachyarrhythmias, narrow-angle glau-
coma and monoamine oxidase inhibitor recipients should
avoid the use ofC. aurantiumextracts[9].

Synephrine is a chiral compound (Fig. 2) and is clini-
cally administered as the racemic mixture, although its enan-
tiomers have been shown to exert different pharmacological
activity on �- and�-adrenoreceptors[10,11]. In particular,
(R)-(−)-synephrine is from 1 to 2 orders of magnitude more
active than its (S)-(+)-counterpart.

The determination of the enantiomeric composition of
pharmaceuticals and nutraceuticals is subject to severe at-
tention from the pharmacological and toxicological point of
view. This implies an increasing need for pertinent enantios-
elective analytical technologies, mainly based on liquid chro-
matography (LC), capillary electrophoresis (CE) or gas chro-
matography (GC).
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and dietary supplements, has not been investigated using the
above-described LC techniques. Considering the great com-
mercial proliferation ofC. aurantiumherbal medicines in
recent years, the pharmacological activity and the possible
toxicity of the plant extracts, the development of chromato-
graphic methods for the phytochemical analysis ofC. auran-
tiumfruits and derivatives is very important. Since synephrine
is the main compound responsible for the pharmacological
and toxicological activities ascribed toC. aurantiumextracts,
a method able rapidly to separate and quantify synephrine
enantiomers could represent a useful tool to define the iden-
tity and the quality ofC. aurantiumcrude drugs and phy-
toproducts. Actually, the difference in the pharmacological
effect between the two enantiomeric forms of synephrine has
needed an efficient and reliable method for the enantioselec-
tive separation and determination in natural products.

In a previous study[3], a partial enantioseparation of (±)-
synephrine was achieved by using a�-cyclodextrin chiral sta-
tionary phase (CSP). In this study, the performance of several
CSPs was evaluated. A sensitive and stereospecific assay for
the direct separation of synephrine enantiomers was devel-
oped using a CSP with a chiral selector consisting of a sta-
ble enzyme, cellobiohydrolase (CBH), immobilized on silica
particles. This column, used in reversed-phase mode, allowed
a good enantioseparation of synephrine enantiomers. The an-
alytical method developed was validated and successfully ap-
p rs in
C
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In the literature, several methods for the enantiosepar
f (±)-synephrine have been reported, including GC an
is with flame ionization detection of the diastereomers
re-column derivatization[12]. LC has been applied bo
ith an indirect method with UV detection[13] and with di-

ect methods with electrochemical detection[14,15]. Further-
ore, CE has been employed for the resolution of synep
nantiomers[16].

However, the separation of synephrine enantiomersC.
urantiumcomplex matrices, such as crude drugs, extr

Fig. 2. Structure of synephrine enantiomers.
lied to determine the amount of synephrine enantiome
. aurantiumfruits and derivatives.

. Experimental

.1. Chemicals and solvents

(±)-Synephrine, (±)-octopamine hydrochloride, tyr
ine and phosphoric acid were purchased from S

Milan, Italy). [(1S)-(endo, anti)]-(−)-3-bromocamphor-8
ulfonic acid ammonium salt and [(1R)-(endo, anti)]-(+)-3
romocamphor-8-sulfonic acid ammonium salt were f
ldrich (Milan, Italy). Hydrochloric acid (37%), Dowe
X8, tetrabutylammonium hydrogen sulfate, copper(II)
tate, ammonium acetate, sodium dihydrogenphosphat
dium hydrogenphosphate and ethylenediaminetetraa
cid (EDTA) disodium salt were from Fluka (Milan, Italy
opper(II) sulfate was from Carlo Erba (Milan, Italy). HP
rade methanol, ethanol and acetonitrile were from J.T. B
Milan, Italy). HPLC grade 2-propanol was from Riedel-
aën. Water was purified using a Milli-Q PLUS 185 syst

rom Millipore (Milford, MA, USA).

.2. Plant material

Citrus aurantiumL. var. amara fruits, kindly provided
y Prof. Michele Melegari of the University of Modena a
eggio Emilia (Italy), were harvested from trees in Jan
004. The whole fruits were immediately dried (at 40◦C in
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a forced-air oven) to reach constant weight; some fruits were
processed as peels, pulps and seeds and dried in the same
way. The dried samples were stored at−20◦C, protected
from light and humidity, until required for chemical analysis.
The dried samples were ground to a fine powder on an IKA
M20 grinder (Staufen, Germany) just before extraction.

C. aurantiumhydroalcoholic dry extracts (indicated as
dry extracts no. 1 and no. 2, respectively) were purchased
from Polichimica (Bologna, Italy). The %level of synephrine
claimed by the manufacturer of the commercially available
hydroalcoholic dry extracts was 6.00% for dry extract no. 1
and 4.00% for dry extract no. 2.

C. aurantiumphytoproducts (tablets and capsules) under
investigation were purchased in local shops in March 2004
and are representative of the Italian market. These products
are classified as dietary supplements and are indicated in the
text asC. aurantiumdietary supplement no. 1, no. 2, no. 3,
no. 4 and no. 5.

2.3. Apparatus

Chromatography was performed on an Agilent Technolo-
gies (Waldbronn, Germany) modular model 1100 system
consisting of a vacuum degasser, a quaternary pump, an
autosampler, a thermostatted column compartment and a
photodiode array detector (PAD). The chromatograms were
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converted into (+)-synephrine hydrochloride (yield 0.07 g
(60.9%); mp 178◦C dec) with Dowex 1X8 (12 g), as pre-
viously described.

2.5. Chromatographic conditions

In this study, a LiChroCART Chiradex column
(250 mm× 4 mm i.d., 5�m, Merck, Darmstadt, Germany),
a Sumichiral OA-6000 column (150 mm× 4.6 mm i.d.,
5�m, Sumika Chemical Analysis Service, Osaka, Japan)
and a Chiral-CBH column (100 mm× 4.0 mm i.d., 5�m,
ChromTech, Congleton, UK) coupled with a guard column
(10 mm× 4.0 mm, 5�m), were evaluated for the separation
of synephrine enantiomers. All chromatographic experiments
were performed in the isocratic mode.

With regard to the LiChroCART Chiradex column, the
mobile phase consisted of methanol–NaH2PO4 (pH 3.5;
25 mM) (2:98, v/v) and tetrabutylammonium hydrogen sul-
fate (10 mM). The flow rate was 0.4 mL/min. The column was
thermostatted at 2◦C. Detection was performed at 225 nm.
The sample injection volume was 5�L.

With regard to the Sumichiral OA-6000 column, the mo-
bile phase was an aqueous solution of copper(II) acetate
(1 mM) and ammonium acetate (10 mM) (pH* 6.4). The flow
rate was 1.7 mL/min. The column was thermostatted at 26◦C.
Detection was set at 225 nm. The sample injection volume
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ecorded with Agilent ChemStation for LC and LC/MS s
em (Rev. A.08.03) on a Pentium III personal computer.

The polarimetric measurements were carried out us
erkin-Elmer 241 Polarimeter (Norwalk, CT, USA).

1H nuclear magnetic resonance (NMR) spectra were
ained with a Bruker DPX200 FT-NMR spectrometer (R
nstetten, Germany). Infrared spectra were obtained w
erkin-Elmer 1600 Series Fourier transform FT-IR eq
ent.

.4. Preparation of synephrine enantiomers

In order to obtain (−)-synephrine hydrochloride[17],
solution of [(1S)-(endo, anti)]-(−)-3-bromocamphor-8

ulfonic acid ammonium salt (5.91 g) in water (21 mL) w
dded slowly to a solution of racemic-free base (3 g) in 35
ydrochloric acid (1.60 mL) and water (7.40 mL). The
ultant solution was allowed to stand overnight at 4◦C to
ive (−)-synephrine (−)-3-bromocamphorsulfonate, whi
as recrystallized from water (3×). This colourless crys

alline salt (yield 0.49 g (11.4%)), dissolved in water (30 m
as converted into the corresponding (−)-hydrochloride sa
sing Dowex 1X8 (18 g), which was eluted with wa
yophilization of the eluate afforded (−)-synephrine hy
rochloride (yield 0.12 g (59.5%); mp 176◦C dec).

This procedure was repeated with the racemic
ase (2 g) and [(1R)-(endo, anti)]-(+)-3-bromocampho
-sulfonic acid ammonium salt (3.94 g) to give
+)-synephrine (+)-3-bromocamphorsulfonate (yield 0.
9.4%)), which, after recrystallization from water (3×), was
as 5�L.
With regard to the Chiral-CBH column, analyses w

arried out with a mobile phase consisting of 2-propa
5%, w/w) in sodium phosphate buffer (pH 6.0; 10 mM) a
isodium EDTA (50�M). The flow rate was 0.8 mL/min
he column was thermostatted at 20◦C. Detection was set
25 nm. The sample injection volume was 20�L.

.6. Sample preparation

The sample preparation fromC. aurantiumfruits (whole
ruits, peels, pulps and seeds) was based on the extractio
eighed amount of ground sample (about 0.5 g) with 20
f water at room temperature using a magnetic stirrer (
cientifica, Milan, Italy) for 15 min. After centrifugation
5,000 rpm for 30 min, the extract was filtered under vac
nd then cleaned up by solid-phase extraction (SPE).

The samples fromC.aurantiumdry extracts were prepar
y extraction of a weighed amount (30–50 mg) with 5 mL
ater using a magnetic stirrer (15 min). The extract was
ltered under vacuum and cleaned up by SPE.

RegardingC. aurantiumdietary supplements, a weigh
mount (0.2 g) of sample (powdered tablets or the cap
ontents) was extracted with 10 mL of water using a mag
tirrer (15 min) and centrifuged at 5000 rpm for 15 min.
xtract was then filtered under vacuum and cleaned u
PE.
The SPE cartridge (500 mg LiChrolut SCX column fr

erck, Darmstadt, Germany) was prepared by pre-was
ith 2 mL methanol, followed by 2 mL water using a v
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uum manifold (Adsorbex Sample Preparation Unit, Merck,
Darmstadt, Germany). TheC.aurantiumsample solution was
then added and the column was washed with 5 mL water,
followed by 2 mL water–methanol (75:25, v/v), all eluates
being discarded. (±)-Synephrine was then eluted with 6 mL
methanol–0.5 M HCl (9:1, v/v) and the solution diluted to
volume (25 mL) with the mobile phase. All the extracts were
filtered through a 0.45�m cellulose acetate filter into an LC
vial and capped.

2.7. LC analysis of C. aurantium samples

InC.aurantiumsamples, peaks of synephrine enantiomers
were identified on the basis of their retention time (tR) val-
ues and UV spectra by comparison with those of the refer-
ence standard solution. Peak identity was also confirmed by
spiking the extracts with pure synephrine enantiomers. Peak
purity test was performed using a photodiode array detector
coupled to the LC system and comparing the UV spectra of
each peak with those of authentic reference samples.

Quantification was performed by integrating the areas of
the peaks due to synephrine enantiomers. The peak areas
were used to calculate the amount of synephrine enantiomers
present in the samples by applying the linear equation ob-
tained from the external standard calibration.
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The same results were obtained for (+)-synephrine hy-
drochloride.

3.2. Method development and optimization

To develop a suitable LC method for the separation
of synephrine enantiomers, three chiral columns, namely,
LiChroCART Chiradex, Sumichiral OA-6000 and Chiral-
CBH, were used. Various experiments were conducted to se-
lect the best stationary and mobile phases that would give
optimum resolution and selectivity for the two enantiomers.

The stationary phase of the LiChroCART Chiradex
column is based on spherical particles of silica gel with
�-cyclodextrins (�-CD) bonded covalently.�-CD are
naturally occurring oligosaccharides with hydrophobic
cavities, which enable them to form inclusion complexes
with organic substances in aqueous solutions. As�-CD are
built from chiral glucose units, it is possible to use them as
the chiral selectors for the separation of racemic mixtures:
enantiomers, for instance, can form diastereomeric inclusion
complexes with�-CD.

For the separation of synephrine enantiomers with the
LiChroCART Chiradex column, as reported in a previ-
ous study[3], mixtures of methanol and water or buffer
(methanol–water or buffer from 5:95 (v/v) to 60:40 (v/v))
were tried, as suggested by the manufacturer, but no sep-
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.8. Statistical analysis

Means, standard deviation data and bivariate regre
nalyses were performed using Microcal Origin (Vers
.1).

. Results and discussion

.1. Identity of synephrine enantiomers

Racemic synephrine was resolved with (−)- and (+)-3-
romocamphor-8-sulfonic acid, followed by fractional cr

allization of the diastereoisomeric salts and ion-exchan
fford the optically active hydrochloride salts. The opt
otation ([α]20

D ) in water at a concentration of 10 mg/mL w
ound to be−45.8◦ (ca. 1.06, H2O) for (−)-synephrine hy
rochloride and +46.4◦ (ca. 1.00, H2O) for (+)-synephrin
ydrochloride.

The identity of synephrine enantiomers was confirme
he basis of1H NMR and FT-IR. The following results fo
−)-synephrine hydrochloride were obtained.

1H NMR (200 MHz, DMSOd6,) of (−)-synephrine hy
rochloride:δ 2.55 (s, 3H), 2.95 (m, 2H), 4.77 (dd, 1
= 9.22; 4.10 Hz), 5.94 (d, 1H,J= 4.00 Hz), 6.76 (d, 2H
= 8.60 Hz), 7.16 (d, 2H,J= 8.60 Hz), 8.81 (s, 2H), 9.46 (
H).

FT-IR (KBr-disks, wave number (cm−1)) of (−)-
ynephrine hydrochloride: 3408–3333ν(OH), 3087–234
(+NH2, CH), 1614δ(+NH2), 1591–1459ν(aromatic C C),
258–1036ν(C N, C O), 828δoop( C H).
ration of synephrine enantiomers was achieved. Wit
ard to the organic solvent, it is known that it plays

mportant role in enantioselectivity: the higher its pola
methanol > ethanol > acetonitrile), the better the separ
f enantiomers. Therefore, methanol was used as the or
olvent in this study.

Enantioseparation was then improved by adding t
utylammonium hydrogen sulfate, as the ion pair reage
he mobile phase[18]. The effects of methanol concentrati
uffer concentration, ion pair reagent concentration,
nd flow rate on retention times (tR), selectivity (α) and
esolution (Rs) were examined to determine the optim
obile phase composition. In particular, an increase in

oncentration of methanol in the mobile phase red
etention times, with the loss of resolution of the analyte
nterest.

Furthermore, it is known from binding studies that an
rease in temperature decreases the extent of comple
etween the guest molecule and�-CD [19]. Therefore, i

s expected that separations on chemically bonded�-CD at
ifferent temperatures should give different results. In

he enantioseparation of (±)-synephrine on such a stationa
hase was improved by decreasing the column tempera

The optimal mobile phase conditions were found to
ethanol–NaH2PO4 (pH 3.5; 25 mM) (2:98, v/v) and tetr

utylammonium hydrogen sulfate (10 mM), at a flow rat
.4 mL/min. The column temperature was set at 2◦C and de

ection at 225 nm.
However, under these chromatographic conditions, a

ial enantioseparation was obtained[3] (Fig. 3a): the retentio
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Fig. 3. Enantioselective separation of (±)-synephrine on: (a) LiChroCART Chiradex column, (b) Sumichiral OA-6000 column, (c) Chiral-CBH column. Peak
identification: (1) (−)-synephrine; (2) (+)-synephrine.

times were 22.27 min for (−)-synephrine and 23.40 min for
(+)-synephrine. Selectivity (α) was 1.05 and resolution (Rs)
was 0.96.

Even though the synephrine enantiomers were partly sep-
arated, the degree of separation was not sufficient to quantify
these analytes, particularly if one of them was present at a
low concentration. It was concluded that the LiChroCART
Chiradex column did not provide sufficiently good separa-
tion.

Regarding the Sumichiral OA-6000 column, the station-
ary phase consists of a coordination compound of copper(II)
ion and the chiral ligand (R,R)-tartaric acid mono-(R)-1-(�-
naphthyl)-ethylamide. The basic principle of enantioselective
ligand exchange chromatography (LEC)[20] was demon-

strated by chemically binding a chiral selector, a copper(II)
complex of an appropriate ligand, to the matrix of a poly-
meric particulate sorbent and conducting chromatography of
the racemates under conditions suitable for the formation of
ternary complexes composed of the stationary chiral ligand,
central copper(II) ion and the analyte. Enantioselectivity of
formation of the ternary complexes, i.e. the difference in ther-
modynamic stabilities of two diastereomeric structures in-
corporating the enantiomers of the analyte, was found to be
extremely high.

In this study, enantioseparation was based on the differ-
ence in the coordination formation ability of the solutes, such
as synephrine enantiomers, and the chiral ligand with cop-
per(II) ion.
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The composition of the mobile phase was optimized in
accordance with the guidelines suggested by the manufac-
turer. Initial investigations using this stationary phase fo-
cused on a mobile phase consisting of copper(II) sulfate
(2 mM) in water–acetonitrile (95:5, v/v). Under these con-
ditions, synephrine enantiomers were not separated.

The initial mobile phase was then replaced with copper(II)
acetate (0.5 mM) and ammonium acetate (10 mM) in water,
obtaining partial enantioseparation. Further improvements in
mobile phase composition, including the concentration of
copper(II) acetate, the concentration of ammonium acetate,
pH (5.5–7.0) and flow rate, were then applied. The equilib-
rium of the formation of the copper(II) complexes was af-
fected by pH, owing to the competition for the complexing
anion by hydrogen. At pH 6.5 or higher, a precipitate formed
in the mobile phase. Consequently, the pH of the mobile phase
could not be higher than 6.4.

Concerning the influence of temperature, it was found that
changes in column temperature did not affect the separation.

The optimum composition of the mobile phase was found
to be copper(II) acetate (1 mM) and ammonium acetate
(10 mM) in aqueous solution (pH* 6.4), at a flow rate of
1.7 mL/min. The column was thermostatted at 26◦C and de-
tection was set at 225 nm. The separation of synephrine enan-
tiomers on the Sumichiral OA-6000 column using the mobile
phase described above is shown inFig. 3b. Although the peaks
w osep-
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centration of the phosphate buffer (10–50 mM), the mobile
phase pH (3–7) and the content of 2-propanol (5–15%, w/w)
were the variables chosen for the optimization. Disodium
EDTA (50�M) was added to the mobile phase in order to
complex the metal ions, which can deteriorate the column
properties.

With a mobile phase consisting of 2-propanol (5%, w/w)
in sodium phosphate buffer (pH 6.0; 10 mM) and disodium
EDTA (50�M), at a flow rate of 0.8 mL/min, a success-
ful resolution of synephrine enantiomers was achieved using
the Chiral-CBH column. The column temperature was set at
20◦C and detection at 225 nm. A typical LC chromatogram
of the enantioselective separation of racemic synephrine is
shown inFig. 3c. The Chiral-CBH column provided very
good separation of synephrine enantiomers with good peak
shapes and short analysis time. The retention time was
3.37 min for (−)-synephrine and 4.28 min for (+)-synephrine.
Selectivity (α) was 1.27 and resolution (Rs) was 2.11.

The enantiomeric elution order was determined by chro-
matographing the individual enantiomers of synephrine sep-
arately under the same chromatographic conditions. For all
the three columns, the peak that eluted first was identified as
(−)-synephrine and the second peak as (+)-synephrine. The
enantiomeric purity determined on the Chiral-CBH column
was found to be 98.6% for (−)-synephrine hydrochloride and
98.9% for (+)-synephrine hydrochloride.
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ere somewhat broad and tailed, a satisfactory enanti
ration was achieved within a reasonable analysis time
etention times of (−)- and (+)-synephrine enantiomers w
.41 and 12.72 min, respectively; selectivity (α) was 1.72 an
esolution (Rs) was 1.74.

With regard to the Chiral-CBH column, the station
hase contains a stable enzyme, cellobiohydrolase (C

mmobilized onto 5�m spherical silica particles. A numb
f proteins have been used as the chiral selectors in LC

ionary phases. A protein consists of amino acids, which
hiral compounds. All proteins have the ability to discri
ate a chiral molecule. However, only a limited numbe
roteins have been investigated as LC chiral selectors[21].

The stationary phase of the Chiral-CBH column is use
he reversed-phase mode and is effective for the enant
eparation of basic drugs from many compound cla
22–27]. The mobile phases are usually buffer solutions

relatively low content of uncharged organic modifier.
hiral recognition site of the enzyme cellobiohydrolase
0Å long tunnel in the core of the protein[28]. This tunne
ontains acidic amino acids such as aspartic acid and
mino acids such as tryptophan, tyrosine and serine.
xchange, hydrogen bonding and hydrophobic interac
an be involved in the retention mechanisms[28].

The optimization of the LC conditions for the enantios
ration of (±)-synephrine was carried out in accordance

he instructions provided by the manufacturer. The mo
hase parameters that may affect the enantioseparati

he concentration and the pH of the buffer solution and
oncentration of the organic modifier. In this study, the c
The system-suitability results of the three LC methods
iven inTable 1.

Of the three columns tested, the Chiral-CBH column
ided excellent separation of synephrine enantiomers
as therefore chosen for use in this study.

.3. Method validation

The validation procedure was carried out on the Ch
BH column. In particular, the method was tested for lin

ty, limits of detection and quantification, precision, accur
nd specificity in accordance with the International Con
nce on the Harmonization of Technical Requirement

he Registration of Pharmaceuticals for Human Use (1
nd US Pharmacopeia 24 (2000)[29,30].

.3.1. Linearity
Linearity test solutions were prepared from the s

olution of (±)-synephrine in water. External stand
alibrations were obtained by three replicates of 8-p
oncentration levels under the optimal conditions desc
bove. The calibration curves showed that there w

inear dependence of the peak area on the concentrat
oth enantiomers over the range of 0.40–40.14�g/mL in

he mobile phase. The equation used to describe the
elationship between the peak area and the correspo
oncentration wasy=ax+b, wherea andb are the coeffi
ients of the regression equation (Table 2). The correlation
oefficient (r2 ) was 1.0000 (P< 0.0001) for both synephrin
nantiomers.
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Table 1
System-suitability report for synephrine enantiomer separation

Column Compound tR (min) Theoretical plates (N) Resolution (Rs) Selectivity (α) Tailing factor (T)

LichroCART Chiradex (−)-Synephrine 22.27 6002 – – 0.86
(+)-Synephrine 23.40 6074 0.96 1.05 1.18

Sumichiral OA-6000 (−)-Synephrine 7.41 267 – – 2.61
(+)-Synephrine 12.72 141 1.74 1.72 2.00

Chiral-CBH (−)-Synephrine 3.37 1303 – – 2.02
(+)-Synephrine 4.28 1254 2.11 1.27 1.83

Table 2
Statistical analysis for the calibration curves of synephrine enantiomersa

Compound Wavelength (nm) Linearity range (�g/mL) Slope (a) Intercept (b) r2

(−)-Synephrine 225 0.40–40.14 60.068 (±0.075) −4.820 (±1.416) 1.0000
(+)-Synephrine 225 0.40–40.14 60.838 (±0.071) −5.645 (±1.351) 1.0000

a For each curve the equation isy=ax+b, wherey is the peak area,x is the concentration of the analyte (�g/mL), a is the slope,b is the intercept andr2 is
the correlation coefficient. TheP value was <0.0001 for all calibration curves. S.D. values are given in parenthesis.

3.3.2. Limits of detection and quantification
The limit of detection (LOD) represents the analyte con-

centration that would yield a signal-to-noise ratio of 3. The
LOD was found to be 0.04�g/mL for both synephrine enan-
tiomers. The limit of quantification (LOQ) represents the
analyte concentration that would yield a signal-to-noise ra-
tio of 10. The LOQ was found to be 0.13�g/mL for both
synephrine enantiomers. These results suggest that the pro-
posed LC method is sufficiently sensitive for the determina-
tion of synephrine enantiomers inC. aurantiumsamples.

3.3.3. Precision and accuracy of the chromatographic
system

The precision and accuracy of the method were deter-
mined by replicate analyses of solutions with eight con-
centrations of synephrine enantiomers within the range of
0.40–40.14�g/mL. Three replicates of each concentration
were analyzed on each of the three separate days. The accu-
racy of the method was evaluated by the recovery, defined as
the ratio of the analyte amount found to what was actually
present in the solution at eight concentration levels, ranging
from 0.40 to 40.14�g/mL. The intra- and inter-day precision
(calculated as %R.S.D.) and accuracy (calculated as %recov-
ery) data of this method are listed inTable 3.

The intra-day precision values ranged from 0.03 to
0 +)-
s for
( The
i nge
9 +)-
s ange
9 +)-
s

rine
e curat
w

3.3.4. Precision of the extraction procedure
The precision of the extraction procedure was evaluated

using oneC. aurantiumsample (whole fruits). Six samples,
weighing about 0.5 g, were extracted as previously described.
An aliquot of each extract was then injected and quanti-
fied. The amount of (−)-synephrine in these samples was
0.99 mg/g with an S.D. of 0.05. The low value of the S.D.
suggests the good precision of the method.

3.3.5. Accuracy of the extraction procedure
To check the %analyte recovery of the SPE procedure,

the standard addition method was applied. This involved
the addition of known quantities of (+)- and (−)-synephrine
enantiomers (0.5–1 mg) to known amounts ofC. auran-
tium samples. The fortified samples were then extracted
and analyzed with the proposed LC method. The %recov-
ery was determined by subtracting the values obtained for
the control matrix preparation from those samples that were
prepared with the added standards, divided by the amount
added and then multiplied by 100. Mean recoveries for (−)-
synephrine were in the range 75.2–76.7% fromC. aurantium
fruits, 72.5–73.2% from the dry extracts and 75.2–76.1%
from the dietary supplements. Mean recoveries for (+)-
synephrine were in the range 68.3–73.8% fromC. auran-
tiumfruits, 75.1–75.3% from the dry extracts and 74.0–74.8%
f less
t ns of
i

3
res-

e ected
t s
t
s
o of
.24% for (−)-synephrine and from 0.03 to 0.35% for (
ynephrine. The inter-day precision was 0.07–1.45%
−)-synephrine and 0.06–1.26% for (+)-synephrine.
ntra-day accuracy values of this method were in the ra
7.4–100.6% for (−)-synephrine and 97.0–101.5% for (
ynephrine. The inter-day accuracy values were in the r
8.0–101.6% for (−)-synephrine and 98.1–102.8% for (
ynephrine.

The analytical method for the determination of syneph
nantiomers can thus be considered as precise and ac
ithin the overall concentration range investigated.
e

rom the dietary supplements. Although recoveries were
han ideal, they were sufficient to address the questio
nterest.

.3.6. Specificity
The ability to assess unequivocally the analyte in the p

nce of closely related components that may be exp
o be present inC. aurantium fruits and derivatives wa
ested by spiking a solution containing 40�g/mL of (±)-
ynephrine with appropriate levels (40�g/mL, each) of (±)-
ctopamine and tyramine.Fig. 4 shows the LC analysis
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Table 3
Intra- and inter-day precision and accuracy of the assay method

Enantiomer Nominal concentration
(�g/mL)

Intra-day analysis (n= 3) Inter-day analysis (n= 9)

Mean concentration
found (�g/mL)

Mean
recoverya (%)

R.S.D.
(%)

Mean concentration
found (�g/mL)

Mean
recoverya (%)

R.S.D.
(%)

(−)-Synephrine 0.401 0.402 100.3 0.24 0.410 101.6 1.45
0.803 0.804 100.2 0.11 0.810 101.0 0.86
2.007 2.002 99.7 0.05 1.997 99.5 0.30
4.014 3.911 97.4 0.03 3.932 98.0 0.48
8.028 7.971 99.3 0.04 7.974 99.3 0.11

20.070 20.076 100.0 0.05 20.074 100.0 0.07
28.098 28.256 100.6 0.04 28.229 100.5 0.10
40.140 40.047 99.8 0.05 40.015 99.7 0.09

(+)-Synephrine 0.401 0.407 101.5 0.35 0.413 102.8 1.26
0.803 0.807 100.5 0.22 0.814 101.4 0.98
2.007 2.016 100.5 0.13 2.010 100.2 0.28
4.014 3.894 97.0 0.11 3.938 98.1 0.86
8.028 7.954 99.1 0.06 7.963 99.2 0.10

20.070 20.063 100.0 0.03 20.076 100.0 0.06
28.098 28.219 100.4 0.05 28.256 100.6 0.11
40.140 40.083 99.9 0.04 40.108 99.9 0.07

a %Recovery is defined as the found concentration/nominal concentration, expressed as a percentage.

the resulting solution: (−)-octopamine eluted just after (+)-
synephrine, with atR value of 4.51 min (α = 1.08;Rs = 0.80);
(+)-octopamine (tR = 9.24 min;α = 2.05;Rs = 7.17) and tyra-
mine (tR = 12.70 min;α = 1.37;Rs = 3.32) are well separated
from the other peaks of the chromatogram.

These results confirmed that the method is specific for the
analysis of synephrine enantiomers.

3.3.7. Stability
The stability of synephrine enantiomers in aqueous stan-

dard solutions and inC. aurantiumextracts was studied by
keeping the samples in tightly capped volumetric flasks both
at 4◦C and at room temperature. The samples were analyzed
every 12 h and peak areas compared. Synephrine enantiomers
were found to be stable in aqueous solution for at least 3
days. Degradation products were not observed in the chro-
matograms.

F ine. Pe ;
(

3.4. Application to C. aurantium fruits and derivatives

The chiral LC method was applied to evaluate the content
of synephrine enantiomers inC. aurantiumfruits and deriva-
tives. The assay involved the use of SPE for sample clean-up
prior to LC analysis. In the literature, there is little research on
the clean-up of ephedrine-like alkaloids from natural prod-
ucts with SPE[31]. In this study, a simple, rapid and reliable
SPE procedure was developed and applied: the samples were
purified on strong cation-exchange columns before LC analy-
sis. The amino group of the synephrine molecule (pKa = 9.3),
being easily protonated in aqueous solution, exists pre-
dominately in the cationic form, readily available for ion-
exchange. This procedure enriched the sample of the analyte
of interest and eliminated many of the interfering compounds.

By removing the SPE eluate by freeze-drying, followed
by reconstitution of the residue in the mobile phase, racem-
ig. 4. Analysis of (±)-synephrine spiked with (±)-octopamine and tyram
4) (+)-octopamine; (5) tyramine.
ak identification: (1) (−)-synephrine; (2) (+)-synephrine; (3) (−)-octopamine
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Fig. 5. Structure of synephrine dications in acidic media.

ization of (−)-synephrine was observed. The strong acidic
media produced during the prolonged period of time needed
to remove the solvent are believed to cause the racemization
of the compound of interest, owing to the formation of the
dicationic intermediates of synephrine[32] (Fig. 5).

Heating the SPE eluate would have expedited solvent re-
moval, but was not carried out in view of the expected corre-
sponding increase in analyte racemization.

In order to determine the level of synephrine enantiomers
in C. aurantiumsamples without the risk of racemization,
the acidic SPE eluate was diluted with the mobile phase and
injected into the LC system. Under this extraction condition,
racemization reaction did not occur. This was confirmed us-
ing (+)- and (−)-synephrine solutions separately.

Fig. 6a shows the typical chromatogram obtained from the
analysis of synephrine enantiomers inC. aurantiumfruits.
The results showed that synephrine could be easily isolated
fromC.aurantiumwith this technique. Interfering peaks from
herbal matrix composition were not observed in the chro-
matogram after SPE clean-up.

Plant biochemical pathways produce a series of phy-
tochemicals whose stereochemical configurations are
determined by precise enzymatic transformations[33]: it
is noteworthy that some phytochemicals exist in only one
enantiomeric form, whereas with others the optical rotation
of the metabolite can vary between species. In this study, in
a e
o e
w
a ad
t

m-
p all
a . (+)-
S pro-
d s,
u

s -

ments because this adrenergic amine is rare in plants ex-
cept inCitrus fruits. Therefore, it is unlikely to occur in
any of the other herbs present in the formulations analyzed.
Fig. 6c shows a representative chromatogram of the anal-
ysis of synephrine enantiomers in aC. aurantiumdietary
supplement.

Table 4reports the amount of synephrine enantiomers in
C. aurantiumfruits and phytoproducts. Quantification data
are reported as mg/g of dry weight.

These quantification data were then compared with those
reported in the literature, which were obtained with achiral
LC methods. To make the comparisons easier, values were
expressed in the same units (mg/g). Kusu et al.[34] described
a level of synephrine of 2.31 mg/g for unripe fruits, and a level
of 1.63 for nearly ripe fruits. Hashimoto et al.[35] analyzed
the content of synephrine in crude Chinese drugs fromC.

Table 4
Content of synephrine enantiomers inC. aurantiumfruits, extracts and di-
etary supplements

Sample Content dry weight (mg/g)a

(−)-Synephrine (+)-Synephrine Total

Whole fruits 0.99± 0.05 <LOD 0.99± 0.05
Peels 1.14± 0.02 <LOD 1.14± 0.02
Pulps 0.33b <LOD 0.33b

S b b

D
D
D

D

D

D

D

ple
n

ccordance with the literature[2,3], (−)-synephrine was th
nly enantiomer isolated fromCitrus fruits. (+)-Synephrin
as not observed in any of the chromatograms fromC.
urantiumfruits. C. aurantiumpeels, pulps and seeds h

he same chromatographic profile.
As shown inFig. 6b, (−)-synephrine was the main co

onent of C. aurantium dry extracts; however, a sm
mount of (+)-synephrine was detected in these samples
ynephrine may possibly be formed during the industrial
uction ofC. aurantiumhydroalcoholic extracts from fruit
sing a high temperature and long period of refluxing.

The LC method for the enantioseparation of (±)-
ynephrine was applied toC. aurantiumdietary supple
eeds 0.06 <LOD 0.06
ry extract no. 1 34.98± 2.39 6.14± 0.16 41.12± 2.52
ry extract no. 2 25.55± 0.39 1.43± 0.08 26.98± 0.36
ietary supplement
no. 1

20.88± 0.02 1.52b 22.39± 0.02

ietary supplement
no. 2

20.18± 0.04 1.04b 21.23± 0.04

ietary supplement
no. 3

5.58± 0.30 0.32± 0.02 5.90± 0.32

ietary supplement
no. 4

0.39b 0.10± 0.01 0.49± 0.02

ietary supplement
no. 5

5.67± 0.19 0.53± 0.03 6.19± 0.22

a Data are expressed as mean± S.D. (standard deviation). For each sam
= 6.
b S.D. < 0.01.
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Fig. 6. Representative chromatograms of synephrine enantiomers inC. aurantium: (a) fruits, (b) dry extract (no. 1), (c) dietary supplement (no. 1). Peak
identification: (1) (−)-synephrine; (2) (+)-synephrine.

aurantiumfruits and they found a level of 1.12 mg/g. Takei
et al. [36] applied an LC method to determine the content
of synephrine in the peel ofCitrus fruits (3.27 mg/g) and in
unripeCitrusfruits (2.28 mg/g). Pellati et al.[3,4]determined
1.00 mg/g of synephrine inC. aurantiumfruits.

Regarding the dietary supplements, in products in which
C. aurantiumextracts were combined with other drugs, no
difficulties in the determination of synephrine enantiomers
were encountered. This once more highlighted the fact that
the method was specific for the determination of synephrine
enantiomers in complex matrices. The products on sale on
the Italian market showed a very different composition. This
could be explained in the light of genetic variation and en-
vironmental factors, such as light, temperature, agronomic

practices and so on, which may have contributed to the differ-
ences in the level of synephrine between the various samples.
Furthermore, drying temperature, extraction methods, for-
mulations and storage conditions may have occasioned this
variability. Dietary supplements do not require pre-marketing
approval and are therefore sold without undergoing extensive
testing for safety and efficacy. The manufacturers must make
sure that the ingredient list is accurate and that the ingredi-
ents are safe. The label must be truthful and not misleading.
Since producers are not always aware of the quality of the
raw material employed in the formulation of dietary supple-
ments, the proposed LC method could be applied to monitor
the quality ofC. aurantiumfruits, extracts and commercial
products.
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4. Conclusion

A chiral LC method was developed for the separation
and quantitative determination of (−)- and (+)-synephrine
in natural products. The validation procedure proved that the
method has good linearity, accuracy, precision and sensitiv-
ity. The practical applicability of this procedure was tested
by assaying synephrine enantiomers inC. aurantiumfruits
and phytoproducts. It was found that strong cation-exchange
SPE is suitable for sample clean-up before LC analysis.
The present method enabled us to measure synephrine enan-
tiomers inC. aurantiumsamples and could be useful for
further investigations on the possible racemization of (−)-
synephrine during the extraction ofC. aurantiumfruits.

This assay provides a convenient method for the future
investigation of the enantiomeric separation and detection of
synephrine enantiomers in various vegetable matrices and
biological fluids.
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