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bstract

An oil-in-water microemulsion electrokinetic chromatography (MEEKC) method has been developed and validated for the determination of
tropine, its major degradation products (tropic acid, apoatropine and atropic acid) and related substances from plants material (noratropine,
-hydroxyhyoscyamine, 7-hydroxyhyoscyamine, hyoscine and littorine).

Separation of atropine and all impurities was optimized by varying the voltage, the nature of the oil droplet and the buffer, as well as the
rganic modifier (methanol, 2-propanol or acetonitrile) and the surfactant type and concentration. The optimum O/W microemulsion background
lectrolyte (BGE) solution consists of 0.8% (w/w) octane, 6.62% (w/w) 1-butanol, 2.0% (w/w) 2-propanol, 4.44% (w/w) SDS and 86.14% (w/w)
0 mM sodium tetraborate buffer pH 9.2. In order to shorten the analysis time a voltage gradient was applied. The validation was performed with

espect to specificity, linearity, range, limit of quantification and detection, precision, accuracy and robustness. The established method allowed
he detection and determination of atropine sulfate related substances at impurity levels given in the European Pharmacopoeia. Good agreement
as obtained between the established MEEKC method and the traditional RP-HPLC method.
2006 Elsevier B.V. All rights reserved.
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. Introduction

For the last few years, microemulsion electrokinetic chro-
atography (MEEKC) has become an important field of

esearch in capillary electrophoresis (CE) and provides a wide
ange of applications [1–10]. MEEKC is an electroseparation
echnique which uses an aqueous buffer containing minute oil
roplets, a surfactant and a co-surfactant to form a microemul-
ion background electrolyte. The separation mechanism of

EEKC is similar to MEKC (micellar electrokinetic chro-
atography) which is based on the hydrophobicities and elec-
rophoretic mobilities of the solutes. The different EOF driven
igration times of the neutral compounds are primarily gov-

rned by the distribution of the uncharged analytes between the

Abbreviations: MEEKC, microemulsion electrokinetic chromatography;
/W, oil-in-water; BGE, background electrolyte; MEKC, micellar electrokinetic

hromatography; CZE, capillary zone electrophoresis; SDS, sodium dodecyl
ulfate; IPC, ion-pair chromatography
∗ Corresponding author. Tel.: +459 931 8885460; fax: +459 931 8885494.

E-mail address: u.holzgrabe@pharmazie.uni-wuerzburg.de (U. Holzgrabe).
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queous buffer phase and the pseudostationary phase consti-
uted of the oil droplets which are stabilized by both a surfactant
nd a co-surfactant. For ionic compounds the charged analytes
ave their own electrophoretic mobility. Thus, the separation
bserved is a result of both partitioning between the oil droplets
nd the aqueous phase, and their different electrophoretic mobil-
ty [11]. In addition to these effects, electrostatic interaction
ffects between the analytes and microemulsions play a pivotal
ole, depending on the relative charges of analytes and surfactant
tself [12,13].

Atropine ((±)-hyoscyamine) is a tropane alkaloids being
sed in ophthalmic diagnosis as mydriatic as well as parasym-
atholytic, anticholinergic and antiemetic drug. l-Hyoscyamine
s formed in several solanaceae [14]. Upon extraction pro-
ess of the plants material racemization occurs giving atropine
15]. Due to the non-selective isolation process atropine
an be accompanied by structurally related substances, i.e.

oratropine, 6-hydroxyhyoscyamine, 7-hydroxyhyoscyamine,
yoscine (scopolamine) and littorine [16], in addition to degra-
ation products. Kirchhof et al. [17] have summarized the total
eaction pathway for degradation of atropine in acidic and neu-

mailto:u.holzgrabe@pharmazie.uni-wuerzburg.de
dx.doi.org/10.1016/j.jpba.2006.07.039
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Scheme 1. Degradation pathways of atropine in aqueous solution.

ral aqueous solutions (see Scheme 1). Under extreme conditions
imerizations yielding belladonnine and isatropic acid can take
lace. However, the products are unlikely to occur or to be
ormed in pharmaceutical preparations of atropine [18]. Due to
he lack of a chromophore the degradation product tropine can-

ot be detected by UV-spectrophotometry, but will appear in the
ame amount as tropic acid because it is the “other” part of the
tropine molecule. However, tropic acid on its part may degrade
o give atropic acid. Thus, the amount of tropine can be estimated

s
o
i
a

Fig. 1. Structural formulae of atro
and Biomedical Analysis 44 (2007) 623–633

pproximately as the sum of tropic and atropic acid. In any case,
poatropine, tropic acid and atropic acid have to be regarded as
he main degradation products of atropine (see Fig. 1). Interest-
ngly enough, the European Pharmacopoeia does not consider
ropine as an impurity.

Since the stability of atropine is limited, a huge number of
on-pair chromatography (IPC) methods have been reported [e.g.
9,20] including the European Pharmacopoeia [16] for deter-
ination of atropine degradation products. Kirchhof et al. [17]

ave employed a simple reversed phase chromatography (RP-
PLC) method using a hydrophilic embedded RP-18 column.
any methods apply a mobile phase gradient and sometimes a

ow rate gradient. However, IPC methods especially in combi-
ation with gradient elution tend to require a long equilibration
ime and are often not very robust. MEEKC methods, like
ther CE techniques (CZE or MEKC), is characterized by a
igh selectivity. Thus, the aim of this study was to develop
n O/W-MEEKC method for the simultaneous separation and
etermination of atropine, its major degradation products and
elated substances from the plant materials. The effects of the

urfactant SDS and the type and concentration of the additional
rganic modifier, oil and buffer type, and applied voltage were
nvestigated. A water-in-oil W/O-MEEKC has been tested too
nd optimized in this study, but only the O/W-MEEKC method

pine and related substances.
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as able to successfully separate atropine and all impurities
nder the optimized conditions. Analysis time was reduced by
sing a voltage gradient in the last part of the analysis. The estab-
ished method was validated for the detection and quantification
f related substances of atropine sulfate at the 0.1% impurity
evel.

. Experimental

.1. Instrumentations

CE measurements were performed on a HP3D-CE (Agilent
echnologies, Waldbronn, Germany) equipped with a DAD
etector and the Chemstation 08.03 Software. The detection
avelength was set at 195 nm. Fused-silica capillaries purchased

rom Polymicro (BGB Analytik, Schloßböckelheim, Germany)
ith a total length of 48.5 cm, a length to detector is 40.0 cm, and

n internal diameter of 50 �m and external diameter of 375 �m
ere employed. The capillary cartridge was thermo stated at
0 ◦C.

RP-HPLC was recorded on an Agilent System 1100 LC/MSD
Böblingen, Germany) consisting of a vacuum degasser, a binary
umping system, an autosampler, a thermo stated column com-
artment, an DAD detector and the LC 3D ChemStation 3D
oftware (Version 08.04). Thermo Hypersil Aquasil C18 analyt-

cal column (5 �m particle size, 125 mm × 4 mm i.d.) character-
zed by a hydrophilic endcapping was purchased from Thermo
ypersil-Keystone, Bellefonte, Pennsylvania, USA.

.2. Chemicals and materials

Atropine sulfate monohydrate, tropic acid, noratropine,
-hydroxyhyoscyamine, 7-hydroxyhyoscyamine, hyoscine
scopolamine) and littorine were provided by Boehringer
ngelheim (Ingelheim, Germany). Apoatropine was synthesized
tarting from atropine sulfate according to Hesse [21], and
tropic acid from tropic acid according to Raper [22]. n-Hexane,
-heptane, n-octane, 1-butanol and 1-pentanol were purchased
rom Sigma–Aldrich Chemie (Deisenhofen, Germany); ethyl
cetate, methanol and isopropanol from Fisher Scientific
Loughborough, UK), acetonitrile from Carl Roth (Karlsruhe
ermany), sodium dodecyl sulfate (SDS), sodium octanoate

caprylate) and sodium desoxycholic acid from Fluka (Buchs,
witzerland); sodium tetraborate, tris-(hydroxymethyl)-amino
ethane, sodium dihydrogenphosphate, sodium hydroxide,

oric acid and orthophosphoric acid 85% from Grüssing (Fill-
um, Germany). All samples and buffers were prepared using
ltrapure-Milli-Q water (Millipore, Milford, MA, USA), than
ltered through a 0.22 �m filter (Carl Roth GmbH, Karlsruhe,
ermany) prior to use.

.3. Methods and conditions
.3.1. O/W-MEEKC methods
The samples were injected at the anodic end of the capillary

y pressure of 50 mbar for 5 s. The separations were performed
sing 10 mM sodium borate buffer (pH 9.2 ± 0.1) or 20 mM

p
f
B
w

and Biomedical Analysis 44 (2007) 623–633 625

hosphate buffer (pH 2.0 ± 0.1) in the running buffer. The pH of
he sodium tetraborate buffer and phosphate buffer were adjusted
ith 20 mM boric acid or 20 mM sodium hydroxide and 50 mM
hosphoric acid, respectively. The optimized O/W microemul-
ion BGE solution was prepared by weighing 0.8 g octane, 6.62 g
-butanol, 2.0 g 2-propanol, 4.44 g SDS and 86.14 g 10 mM
odium tetraborate buffer pH 9.2 in a flask. The solution was
onicated for 20 min to aid dissolution and to form an optically
ransparent microemulsion. The other microemulsions used dur-
ng the optimization process were prepared in a similar manner.
f another organic solvent (modifier) was used, they were added
fter the co-surfactant 1-butanol. The positive separation volt-
ges (12–20 kV) were applied when using the tetraborate buffer
H 9.2 and negative voltage (−15 kV) in the case of the phos-
hate buffer pH 2.0.

New capillaries were conditioned at 40 ◦C rinsing with 0.1 M
aOH for 10 min, with water for 5 min, with 0.1 M H3PO4 for
0 min and water for 5 min. Before running a series of experi-
ents, the capillary was conditioned at 30 ◦C rinsing with 0.1 M
aOH for 5 min, with water for 5 min and the microemulsion
ackground electrolyte (BGE) for 10 min. Between each run,
he capillary was rinsed at 30 ◦C with 0.1 M NaOH for 3 min,
ith MeOH for 3 min, with 0.1 M H3PO4 for 2 min and water for
min and conditioned with BGE solution for 6 min. At the end
f a working day, the capillary was rinsed at 30 ◦C with 0.1 M
aOH for 10 min, water for 5 min and methanol for 15 min.
apillary wash cycles were performed at a pressure of approxi-
ately 2.0 bar.

.3.2. W/O-MEEKC method
The optimized W/O microemulsion were prepared by adding

% (w/w) octane, 78% (w/w) 1-butanol, 10% (w/w) SDS and
0% (w/w) 70 mM tris-phosphate buffer, pH 8.0. The order of
he addition of the microemulsion compositions was found to
e important in the formation of the microemulsion. Initially
he surfactant (SDS) was mixed with the oils (octane and 1-
utanol), and then the aqueous buffer was added. This mixture
as sonicated for 20 min to aid dissolution and to form an
ptically transparent microemulsion. Subsequently 10% (w/w)
rganic modifier (MeOH or ACN) was added. This mixture was
gain sonicated for 10 min. The samples were hydrodynami-
ally injected at 50 mbar for 5 s, and separations performed at
5 ◦C using a constant voltage of −30 kV in the reserved polarity
ode.

.3.3. RP-HPLC method
The HPLC method, its chromatographic conditions and gra-

ient elution for the separation of atropine and related substances
as performed as described by Kirchhof et al. [17].

.4. Sample preparation

Test solutions during the optimization of the method were

repared by dissolving the appropriate weights of atropine sul-
ate and each impurity in 10.0 ml in the final microemulsion
GE. This solution was sonicated for 10 min, and than diluted
ith the same BGE solution.
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.4.1. Preparation of standard solutions
Stock solutions of atropine sulfate and each related substance

ere prepared by dissolving 2.0 g atropine sulfate monohydrate,
.0 mg tropic acid, 3.0 mg apoatropine, 2.0 mg atropic acid,
.0 mg noratropine, 2.0 mg 6-hydroxyhyoscyamine, 2.0 mg 7-
ydroxyhyoscyamine, 2.0 mg hyoscine and 2.0 mg littorine,
espectively, in 100 ml of the microemulsion BGE solution. Then
0.0 ml of each solution was diluted to 100 ml with the same
GE solution. The samples of atropine during the validation of

he method spiked with different levels of the impurities were
repared by mixing corresponding amounts of the atropine and
ach impurity stock solution.

. Results and discussion

.1. Method optimization

.1.1. Standard MEEKC separation
A common microemulsion solution [23] consisting of 0.8%

w/w) octane as the oil droplet phase, 6.62% (w/w) 1-butanol
s co-surfactant, 3.33% (w/w) SDS as surfactant to stabilize
he microemulsion droplets and 89.25% (w/w) aqueous buffer

edium was initially used to separate atropine its major degra-
ation products (A, C and H) and all other impurities. Sodium
etraborate buffer was chosen as a high pH buffer due to the
reater magnitude of electroosmotic flow (EOF), providing an
cceptable analysis time. Typical electropherograms of the stan-
ard separation are shown in Fig. 2.

To achieve a baseline separations (Fig. 2b) between tropic
cid (C) and scopolamine (F), and atropine (HP) and noratropine

B) on the one hand and between atropine and littorine (G) on the
ther hand, all parameters affecting the separation, such as the
pplied voltage, type and concentration of additional organic
odifier and surfactant, pH buffer and type of the droplet oil

o
o
d
o

ig. 2. Standard MEEKC separation of: (a) atropine and its major degradation product
ctane, 6.62% (w/w) 1-butanol, 3.33% (w/w) SDS, 89.25% (w/w) 10 mM sodium te
avelength 195 nm, capillary fused-silica capillary (50 �m i.d. ×40 cm length). For t
and Biomedical Analysis 44 (2007) 623–633

hase and co-surfactant have been studied. The resolution factors
etween tropic acid and the next peak (in this case scopolamine
F,C), noratropine and atropine RHP,B and atropine and littorine
G,HP as well as the migration time of the last peak (apoatropine)
TA in the electropherogram especially were considered during

he optimization procedure.

.1.2. Effect of operating voltage
Increasing the voltage in a range of 12–20 kV decreased the

igration time of the test solution and increased the operating
urrent generated. Currents of 128 and 46 �A were generated at
he 20 and 12 kV, respectively. A voltage of 15 kV gives an appro-
riate resolution between tropic acid and scopolamine according
o the short analysis time, and was, thus, selected for the further
ptimization (data not shown).

.1.3. Effect of organic modifier
The addition of solvents to the microemulsion BGE solution

iminishes the interactions between analytes and the pseudo-
tationary phase, and increases their solubility in the aque-
us phase [24,25]. Isopropanol can act in a similar way as
co-surfactant and helps to stabilize the system. Therefore,

t can be added at higher concentrations without destroying
he microemulsion BGE solution compared with methanol or
cetonitrile [23,26]. The effects of the organic modifier type
isopropanol, methanol and acetonitrile) and their concentration
anging from 0 to 5% (w/w) on the MEEKC separation have been
tudied. In all cases, the microemulsion BGE solutions were pre-
ared by adding various volumes of the organic solvent to the
icroemulsion compositions; thus, the increase in the content
f organic solvent means a reduction in the amount of tetrab-
rate buffer. Table 1 summarizes the data affected by adding
ifferent percentage of isopropanol, methanol or acetonitrile as
rganic modifier. As the isopropanol concentration increases the

s; (b) atropine and related substances. Separation conditions: BGE; 0.8% (w/w)
traborate buffer pH 9.2, applied voltage +18 kV, temperature 30 ◦C, detection
he assignment of the compounds see Fig. 1.
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ig. 3. Effect of isopropanol addition on the MEEKC separation of atropine an
-butanol; x% (w/w) isopropanol: (a) 1%, (b) 2%, (c) 3%, (d) 5%; 3.33% (w/w)
15 kV. Other conditions: see Fig. 2. For the assignment of the compounds see

olarity of the microemulsion BGE solution decreases and the
olubility of the hydrophobic compounds in the aqueous phase
ncreases. Consequently, their effective mobilities also change
nd a reversed migration order between scopolamine (F) and
-hydroxyhyoscamine (D) and the baseline separation between
tropine (HP) and littorine (G) were observed (see Fig. 3). In
ddition, the migration times of the analytes increased with
igher percentages of the isopropanol or other organic solvents
methanol, acetonitrile), which can be explained by a slower
OF due to the reduction of zeta potential [27]. The addition
f 2% (w/w) isopropanol shows a good separation (Fig. 3b) of

he atropine related substances. However, no resolution between
tropine (HP) and noratropine (B) could be achieved.

Using methanol or acetonitrile gives a reverse of migration
rder between tropic acid (C) and 7-hydroxyhyoscamine (E) in

o
h
s
o

ted substances. Separation conditions: BGE; 0.8% (w/w) octane; 6.62% (w/w)
; (89.25 − x)% (w/w) 10 mM sodium tetraborate buffer pH 9.2; applied voltage
.

ddition to a longer migration time. However, 2% (w/w) iso-
ropanol was chosen for further optimization because of the
etter overall separation observed at this level.

.1.4. Effect of surfactant
First, the effect of SDS concentration on the separation was

xamined in a range of 3.3–5.0% (w/w). Increasing the SDS
oncentration increases the ionic strength of buffers, which
educes the EOF level and increases the analysis time. Higher
oncentrations of SDS increase the retention factor of neu-
ral compounds (at pH 9.2) due to increased charge density

n the oil droplets. A reversed migration order between 6-
ydroxyhyoscamine (D) and scopolamine (F) and the baseline
eparation between atropine (HP) and noratropine (B) were
bserved at the concentration level 4.44% (w/w). Thus, 4.44%
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Table 1
The data of additional organic modifier effects on the separation response (see
Section 3.1.3)

Percentage (w/w)

0 1 2 3 5

Isopropanol
RD,C – 1.32 1.31 – –
RHP,B – – 0.2 0.4 –
RG,HP 0.61 0.35 1.37 1.65 0.31
MTA 28.86 30.05 30.81 31.46 34.54

Methanol
RE,C – 1.17 1.26 1.35 1.14
RHP,B – – – – –
RG,HP 0.61 1.18 1.18 1.22 1.20
MTA 28.86 29.21 30.25 32.45 37.76

Acetonitrile
RE,C – 0.89 1.05 2.32 2.08
RHP,B – – – 0.95 1.01
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RG,HP 0.61 1.28 1.39 1.96 1.95
MTA 28.86 45.58 46.42 48.65 56.48

w/w) SDS was selected for further optimization (data not
hown).

Second, the type of the surfactant of the MEEKC separation
ave also been studied, as it influences the level and direction
f the EOF, the charge and size of the oil droplets and ion pair-
ng in the system. Two anionic surfactants sodium caprylate
nd sodium deoxycholate have been used in a concentration of
.33% (w/w) to replace SDS. The separation of atropine and only
ts degradation products (apoatropine, tropic- and atropic acid)
ith sodium deoxycholate gave better resolution and shorter
nalysis time compared with sodium caprylate or SDS (cf.
igs. 2 and 4). However for atropine and all impurities, the
igration orders vary more significantly in both cases sodium

aprylate and sodium deoxycholate, and in addition gave a poor

l
o

s

ig. 4. Effect of surfactant type on the MEEKC separation of atropine and related sub
onditions: see Fig. 2. For the assignment of the compounds see Fig. 1.
and Biomedical Analysis 44 (2007) 623–633

eak shape. Therefore, SDS was determined to be the optimal
urfactant.

.1.5. Effect of low-pH buffer
The effect of acidic conditions (pH 2.0) on the MEEKC

eparation of atropine and degradation products and related sub-
tances has been studied applying a reversed polarity and using a
hosphate puffer (20 mM, pH 2.0) as the aqueous buffer medium
n the microemulsion BGE solution. Under this acidic condition
he EOF is suppressed and the neutral analytes depend on a
hromatographic-type separation mechanism; the resolution of
he analytes is exclusively driven by their selective distribution
etween the negatively charged oil droplets moving to the anode
detector), and the aqueous phase. As a consequence, under
hese reversed-flow conditions the neutral compounds (at pH 2)
trongly partitioned into the oil droplets (lipophilic compounds)
nd, thus, migrate faster than the less partitioned compounds
hydrophilic analytes) [28]. Under these conditions a full base-
ine separation of all impurities could not be achieve, although
high SDS concentration of 6.0% (w/w) was employed.

.1.6. Effect of oil and co-surfactant type
In general, n-octane and n-heptane are used to form the oil

roplet phase in microemulsion BGE solution [23,24,29]. The
ffect of the choice of oil type on the separation of atropine
elated substances were examined. Although, similar migration
imes were obtained when n-hexane, n-heptane and n-octane
ere tested, 6-hydroxyhyoscyamine (D) migrated faster than

copolamine (F) and the resolution between atropine (HP) and
oratropine (B) decreased as the carbon numbers of the oil used
ecreased. Using ethyl acetate the migration times of the ana-

ytes were slightly shorter than the ones using other oils because
f the lower carbon content in ethyl acetate (data not shown).

The effect of co-surfactant type of the separation has been
tudied too. A butanol microemulsion BGE showed better

stances. Surfactant types: (a) sodium deoxycholate; (b) sodium caprylate. Other
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Fig. 5. Electropherograms of atropine and all impurities under optimized MEEKC conditions: BGE; 0.8% (w/w) octane, 6.62% (w/w) 1-butanol, 2% (w/w) 2-propanol,
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.44% (w/w) SDS, 86.14% (w/w) 10 mM sodium tetraborate buffer pH 9.2; ap
15 kV for 31 min, increasing the applied voltage to +25 kV till 32 min, and carr
f the compounds see Fig. 1.

electivity of the separation than a pentanol microemulsion
GE. Butanol has a lower viscosity and therefore generates a

ignificant current compared to pentanol.

.1.7. Analysis time optimization
Successful MEEKC separation of atropine and all impurities

as achieved using a microemulsion BGE solution consisting
f 0.8% (w/w) octane, 6.62% (w/w) 1-butanol, 2.0% (w/w) 2-
ropanol, 4.44% (w/w) SDS and 86.14% (w/w) 10 mM sodium
etraborate pH 9.2 and an applied voltage of +15 kV. Using
hese conditions a long analysis time was observed due to the
low migration of apoatropine (A). In order to speed up the
poatropine migration a voltage gradient was applied after the
igration of littorine characterized by an increase of the applied

oltage for 0.5 min from +15 to +25 kV (see Fig. 5). Hence, the
nalysis time reduces to 35 min versus 60 min.

.1.8. W/O-MEEKC separation
Water-in-oil microemulsions have interesting potential for

he separation of water insoluble compounds. Altria et al. [30]
nvestigated a water-in-oil W/O-MEEKC method for neutral
nd acidic compounds separated. A similar W/O microemul-
ion has been applied in this study for the separation of atropine
nd related substances. The W/O microemulsion BGE solu-
ion consisted of 2% (w/w) octane, 78% (w/w) 1-butanol, 10%
w/w) SDS and 10% (w/w) 70 mM tris-phosphate buffer pH
.0. W/O-MEEKC generates a low separation current. Thus,
igh buffer concentrations are needed in W/O-MEEKC to gen-
rate sufficient operating current for stable and efficient res-
lutions to be achieved. The organic modifier partitions in

oth the aqueous phase and the oil phase of the microemul-
ion. Methanol or acetonitrile were added at a percentage of
0% (w/w) to the final microemulsion BGE solution described
bove to increased the resolution between the lipophilic com-

a
7
l
c

voltage: (a) isocratic +15 kV and (b) gradient voltage starting isocratically an
t again isocratically to 35 min. Other conditions: see Fig. 2. For the assignment

ounds, e.g. atropine, noratropine, 6-hydroxyhyoscyamine and
-hydroxyhyoscyamine. Fig. 6 shows the optimized separation
f atropine related substances with W/O-MEEKC. Addition of
ethanol gave a better separation according to the peak form,

ut a noisy baseline compared to the addition of acetonitrile.
owever, in both cases the baseline separation between 6-
ydroxyhyoscyamine (D) and 7-hydroxyhyoscyamine (E) could
ot be achieved.

.2. Method validation

The final O/W-MEEKC method, which was employed for the
etermination of atropine and related substances (Fig. 7), was
alidated according to the International Conference on Harmo-
ization (ICH) guidelines Q2A [31] and Q2B [32] as well as
he European Pharmacopoeia [16] with respect to specificity,
inearity, range, limit of quantification and detection, precision,
ccuracy and robustness. Tropic acid was used as an external
tandard, at a concentration of 5.0 �g/ml in order to compensate
uctuations of the migration times.

.2.1. Specificity, linearity, LOD, and LOQ
With respect to specificity, all relevant impurities of atropine

ere well baseline separated (see Fig. 7). By spiking the
tropine sample with the individual impurities, the peaks
f the electropherogams were assigned. In order to deter-
ine the impurity level in samples of the atropine sul-

ate, a calibration was performed using the corrected peak
rea ratio method for eight concentration levels of each
mpurity in the range of 0.15–20 �g/ml for tropic acid and

tropic acid, 0.20–25 �g/ml for 6-hydroxyhyoscyamine and
-hydroxyhyoscyamine, 0.30–35 �g/ml for scopolamine and
ittorine, and 0.35–40 �g/ml for noratropine and apoatropine,
orresponding to a 0.015–2.0%, 0.02–2.5%, 0.03–3.5% and
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Fig. 6. W/O-MEEKC separation of atropine related substances. Separation conditions: microemulsion; 2% (w/w) octane, 78% (w/w) 1-butanol, 10% (w/w) SDS,
10% (w/w) 70 mM tris-phosphate buffer pH 8.0, BGE 90% (w/w) microemulsion and (a) 10% (w/w) methanol; (b) 10% (w/w) acetonitrile, applied voltage −30 kV
(reversed polarity), temperature 25 ◦C. Other conditions: see Fig. 2. For the assignment of the compounds see Fig. 1.
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ig. 7. Electropherograms of atropine sulfate spiked with 0.1% of the impuritie
ig. 1.

.035–4.0% content of the impurity, respectively, in an atropine
ulfate sample of 1.0 mg/ml. Each standard was injected three
imes randomized and the mean corrected peak area of each
mpurity was evaluated. Calibration curves were obtained by
lotting the concentration levels of the impurities against the

eak-area ratios. The data are summarized in Table 2. In all
ases, straight regression lines with correlation coefficients (r)
bove 0.997 were obtained. The intercept values were not sig-
ificantly different from zero (96% confidence). The LOD and

r
t
t

able 2
alibration data, LOD and LOQ of the impurities

mpurity Range (�g/ml) Slope Intercept

0.20–25 0.2465 0.013
0.15–20 0.253 0.0143
0.30–35 0.181 0.0013
0.20–25 0.2185 0.0186
0.15–20 0.2322 0.0471
0.35–40 0.1316 0.0407
0.30–35 0.1369 0.0419
0.35–40 0.0886 −0.0127
r experimental conditions see Fig. 5. For the assignment of the compounds see

OQ were investigated according to European Pharmacopoeia
16], i.e. a signal-to-noise ratio of 3:1 and 10:1, respectively (see
able 2).

.2.2. Precision and accuracy

The precision of the method was investigated with respect to

epeatability and intermediate precision. Two different concen-
rations of the impurities of 1.0 and 2.0 �g/ml corresponding to
he 0.1% and 0.2% impurity level, respectively, based on a con-

r LOD LOQ

�g/ml % �g/ml %

0.9992 0.10 0.01 0.20 0.02
0.9986 0.08 0.01 0.15 0.02
0.9981 0.15 0.02 0.30 0.03
0.9995 0.10 0.01 0.20 0.02
0.9982 0.08 0.01 0.15 0.02
0.9977 0.20 0.02 0.35 0.04
0.9974 0.15 0.02 0.30 0.03
0.9979 0.20 0.02 0.35 0.04
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Table 3
Intra-day and inter-day precision of the corrected peak area ratios and relative migration times at two impurity levels of atropine sulfate

Intra-day precision (n = 6) Inter-day precision (n = 18)

Area ratio R.S.D. (%) RMT (min) R.S.D. (%) Area ratio R.S.D. (%) RMT (min) R.S.D. (%)

Impurity (0.1%)
E 0.183 1.29 0.94 0.12 0.189 1.78 0.92 1.05
C 0.242 2.45 1.01 0.78 0.254 2.45 1.00 1.54
F 0.155 1.19 1.08 0.91 0.151 0.98 1.10 2.64
D 0.200 1.98 1.11 1.09 0.204 2.68 1.15 1.98
H 0.177 2.08 1.31 0.15 0.185 3.15 1.33 3.46
B 0.110 2.73 1.79 1.06 0.113 2.79 1.69 2.67
G 0.130 1.66 1.92 0.77 0.139 1.65 1.91 3.89
A 0.062 2.23 2.14 1.19 0.069 3.41 2.16 3.42

Impurity (0.2%)
E 0.361 1.17 0.96 0.54 0.372 2.14 0.91 2.17
C 0.364 1.92 1.01 0.60 0.361 2.69 1.05 1.96
F 0.256 0.58 1.09 0.36 0.259 3.04 1.14 1.54
D 0.356 0.25 1.11 1.56 0.366 1.65 1.18 0.96
H 0.396 0.96 1.31 1.15 0.401 1.25 1.36 2.69
B 0.220 1.44 1.80 0.89 0.218 2.56 1.75 3.45

c
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G 0.236 1.29 1.92 1.22
A 0.129 2.74 2.15 1.15

entration of atropine sulfate of 1.0 mg/ml were prepared. Each
olution was injected six times on one day (intra-day precision)
nd on three different days (inter-day precision). The relative
igration times (RMT) of each impurity to the external stan-

ard (tropic acid) as well as the corrected peak area ratio are
ummarized in Table 3. The acceptable relative standard devia-
ions (R.S.D.) were found with respect to the relative migration
imes for intra-day and inter-day precision at the impurity levels
f 0.1%, and 0.2%. The same holds true for the corrected peak

rea-ratio R.S.D. values for the intra-day and inter-day precision
t the impurity levels of 0.1% and 0.2%.

The accuracy of the method was investigated in a similar
anner by injecting samples at two different concentrations of

f
v
t
±

able 4
ccuracy of the method tested at 0.1% and 0.2% impurity levels of atropine sulfate

Intra-day accuracy (n = 6)

Nominal concentration (�g/ml) Accuracy (%) R.S.D. (%)

mpurity (0.1%)
E 1.01 102.4 1.08
C 1.00 99.6 2.36
F 1.17 98.2 2.22
D 1.08 101.6 1.15
H 1.01 103.7 0.98
B 1.10 100.1 1.19
G 0.98 98.7 1.02
A 1.04 97.9 1.94

mpurity (0.2%)
E 2.02 101.3 1.69
C 2.00 100.6 0.78
F 1.90 104.8 2.15
D 2.16 99.6 1.10
H 2.10 102.6 2.09
B 1.95 98.1 1.32
G 2.12 98.5 1.12
A 2.07 99.4 2.07
0.231 2.78 1.98 2.09
0.136 2.91 2.19 4.02

ach impurity at about 1.0 and 2.0 �g/ml which corresponds to
.1% and 0.2%, respectively, in an atropine sulfate solution of
.0 mg/ml. The data summarized in Table 4, show acceptable
ccuracy of the method. All accuracy values (R.S.D. between
e 2.4% and 3.7%) are significant lower than the ±5% of the
ominal values.

.2.3. Robustness
Robustness relates to the capacity of a method to remain unaf-
ected by small variations of the operation parameters such as
ariation of the applied voltage ±1 kV, the capillary tempera-
ure ±1 ◦C, the pH of the puffer ±0.1, the buffer concentration

1 mM and the microemulsion composition ±0.1% (w/w), con-

Inter-day accuracy (n = 18)

Nominal concentration (�g/ml) Accuracy (%) R.S.D. (%)

1.04 101.5 2.03
0.99 99.1 1.65
1.11 98.9 0.99
1.12 102.1 2.07
0.97 102.9 1.54
1.12 100.3 3.69
1.00 99.2 2.66
1.02 97.2 2.81

2.00 102.1 2.92
2.01 104.6 2.54
1.96 104.9 1.69
2.15 100.1 3.12
2.06 101.6 1.56
1.99 98.5 2.91
2.09 98.3 2.14
2.09 98.1 1.17
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Table 5
Comparison of the MEEKC method with HPLC method of the impurity test of atropine sulfate at the level 0.2%

Impurity 0.2 (%) Concentration (�g/ml) MEEKC content (%) R.S.D. (%) (n = 6) HPLC content (%) R.S.D. (%) (n = 6)

E 2.02 101.3 1.69 99.8 0.97
C 2.00 100.6 0.78 100.7 0.35
F 1.90 104.8 2.15 104.6 1.12
D 2.16 99.6 1.10 100.0 0.65
H 2.10 102.6 2.09 101.9 0.78
B
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1.95 98.1
2.12 98.5
2.07 99.4

idering the relative migration time (RMT) of the last peak and
he resolution factors (Rs) between tropic acid and scopolamine
F,C, noratropine and atropine RHP,B and atropine and littorine
G,HP.

The solution, containing of 1.0 mg/ml of atropine sulfate
piked with 0.1% of the impurities, was analysed six times under
ither condition. The data of robustness with respect to relative
igration time and resolutions are summarized and displayed

n Fig. 8. The relative migration time of the last peak varied
etween 2.03 and 2.22 corresponding to relative variations of
4.69% and −4.23%, respectively, in comparison to the stan-
ard conditions. The resolution factors of the critical peak pair
F,C, RHP,B and RG,HP varied more significantly in a range of
.52 and 2.43 (see Fig. 8).

Hence, acceptable relative variations of the relative migration
ime (RMT) and resolution values (Rs) with remaining baseline
eparation were found. Thus, the method can be considered to be
ery robust against small variations of the standard conditions.
.3. Comparison of the MEEKC-Method with HPLC

The established O/W-MEEKC method was applied to deter-
ine the related substances of atropine sulfate. For the purpose

ig. 8. Relative variation of the resolution factors RF,C, RHP,B and RG,HP as
ell as relative migration time of the last peak RMTA at small variations of the

tandard conditions.
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1.32 98.4 1.05
1.12 98.9 1.01
2.07 98.7 1.20

f comparison, the same sample was analyzed using the “tra-
itional” RP-HPLC method reported by Kirchhof et al. [17].
he results of the quantitation of all impurities of atropine sul-

ate in the test solution 0.2% are given in Table 5. However, a
ood agreement was obtained between the MEEKC method and
PLC method. Although, in case of precision, the relative stan-
ard deviations (R.S.D.) of the MEEKC method was not as good
s the R.S.D. seen with HPLC method, the selectivity of estab-
ished MEEKC method was better than with HPLC method.

. Conclusions

An oil-in-water MEEKC method characterized by an excel-
ent baseline separation of all compounds of atropine has been
eveloped and validated for the evaluation of related substances
f atropine sulfate. Applying a reversed polarity the separations
t a low-pH background electrolyte microemulsion or an water-
n-oil MEEKC method have been studied but gave separations
f lower quality than the O/W MEEKC method.

The method in European Pharmacopoeia for determination
f all impurity using ion-pair RP-HPLC requires a high amount
f ion-pair reagent in the mobile phase and applied a gradi-
nt system. IPC method tends to be not very robust and show
imited selectivity. The MEEKC method is specific and robust
llowing the detection and quantification of all impurities at
oncentrations of at least 0.02% relative to atropine sulfate at
concentration of the test solution of 1.0 mg/ml. In addition,

he method is relatively inexpensive due to low consumption of
hemicals and sample compounds. Overall, CE and its related
eparation techniques CZE, CCE, MEKC and MEEKC should
lso be considered more often when developing pharmaceutical
onographs in the International Pharmacopoeias.
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