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Enantiomeric separation of tramadol hydrochloride and its
metabolites by cyclodextrin-mediated capillary zone electrophoresis
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Abstract

The enantiomeric separation of tramadol hydrochloride and its major metabolites, O-demethyltramadol (M1) and
N-demethyltramadol (M2) was studied using cyclodextrin (CD)-mediated capillary zone electrophoresis (CZE). Influence of
the choice of type and concentration of CD, capillary temperature, length of capillaries, buffer pH and the addition of
polymer modifier on the chiral separation of tramadol and its metabolites was evaluated. It was found that the drug and the
metabolites can be baseline-separated simultaneously by using 50 mM phosphate buffer (pH 2.5) containing 75 mM
methyl-b-CD, 220 mM urea and 0.05% (w/v) hydroxypropylmethyl cellulose.  1998 Elsevier Science B.V.
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1. Introduction macology demonstrating an opioid mechanism of
action, the clinical experience has proven tramadol to

Tramadol hydrochloride is a m receptor agonist be unique among other centrally acting opioid anal-
analgesic drug, supplied as a racemic mixture of the gesics. Unlike the typical opioid analgesics, the
trans isomers (Fig. 1). Despite the preclinical phar- therapeutic use of tramadol has not been associated

with clinically significant side effects such as respira-
tory depression, constipation (even after long term
administration) or sedation [1,2]. In in-vitro studies,
the (1)- and (2)-enantiomers of the drug were found
to contribute to its analgesic effect through different,
but complementary and interactive pharmacological
mechanisms [3,4]. Data from antinociception tests
suggested that tramadol produces antinociception via
an opioid (predominantly m) mechanism and also via
a separate nonopioid mechanism, probably related to
its ability to inhibit the neuronal uptake of norepi-Fig. 1. Structure of tramadol. The chiral centres, near to the

aromatic ring, are marked with asterisks. nephrine and serotonin. Both mechanisms contribute
to antinociception in vivo. The (1)-enantiomer

*Corresponding author. exhibited a ten-fold higher analgesic activity than the
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(2)-enantiomer as it has greater affinity at the m Cyclodextrins (CDs) are the chiral selectors com-
receptor compared to the latter. The (1)-enantiomer monly used for enantiomeric separation of drugs
is the more potent serotonin uptake inhibitor (Ki5 [15]. According to Armstrong et al. [16], CDs are
0.53 mm) and the (2)-enantiomer is the more potent especially useful as chiral selectors for aromatic
norepinephrine uptake inhibitor (Ki50.43 mm) [3,4]. chiral drugs with the asymmetric atom situated close

Tramadol undergoes biotransformation in the liver to the aromatic ring system. Based on the abovemen-
via two main metabolic pathways to form the N- and tioned, chiral separation of tramadol and metabolites
O-demethylated compounds. The O-demethylated by using CDs as the chiral selectors seems promis-
tramadol metabolite (M1) has been shown to have ing.
two- to four-times the potency of tramadol in mice In this communication, we report the successful
[5]. Although the tramadol metabolite (M1) has been enantiomeric separation of tramadol hydrochloride,
found to be more potent than the parent drug in O-demethyltramadol (M1) and N-demethyltramadol
animal study, inhibition of M1 formation by quini- (M2) by using capillary zone electrophoresis (CZE)
dine was not found to significantly alter the peak with CDs as the chiral selectors.
analgesic effect of a single dose of tramadol (100
mg) in healthy volunteers [6]. Therefore, the contri-
bution of this metabolite to pain relief is still 2. Experimental
unknown. Due to the different pharmacological
properties of the tramadol enantiomers and the 2.1. Apparatus
unknown contribution of their metabolites to analge-
sia after single and multiple doses, it is desirable to Experiments were carried out on BioFocus 3000
establish a stereoselective assay for the clinical study CE system (Bio-Rad Labs., Hercules, CA, USA).
of their pharmacokinetic and pharmacodynamic This system is equipped with a high voltage supply
properties in humans. and voltages at 15, 20 and 25 kV were used to drive

Recent methods for the determination of tramadol the separation. On-column detection was performed
in biological sample employed gas chromatography at the cathode with the UV absorbance detector set to
(GC) with nitrogen selective detector [7] and GC– either 200 nm or 272 nm. A built-in coolant system
mass spectrometry (MS) [8]. However, these GC was also designed to minimise the Joule heat, thus
methods required tedious recrystallisation, synthetic allowing the CE system to use high electrical fields
and purification processes and they were not fabri- and to achieve very low band dispersion. Four liquid
cated to separate the enantiomers. Chiral high-per- polyacrylamide (LPA) coated fused-silica capillaries
formance liquid chromatography (HPLC) has been (65 cm350 mm I.D., 50 cm350 mm I.D., 36 cm350
used for determination of enantiomeric ratios of mm I.D., 24 cm325 mm I.D., respectively; Bio-Rad
tramadol and its metabolites in urine [9]. However, Labs.) were used as separation tubes for the method
this method is incapable of separating the com- development. A pH meter (Accumet Model 15,
pounds mentioned simultaneously. In the last decade, Fisher Scientific, Leicestershire, UK) was used for
capillary electrophoresis (CE) has become a power- pH measurements.
ful technique as an alternative to chiral chromato-
graphic methods. This analytical technique is fast, 2.2. Chemicals
inexpensive, and usually does not require the labour
intensive pre- or post-column derivatisation step a-CD, methyl-b-CD (substitution value of 1.8)
[10–14]. In addition, CE requires relatively small and g-CD were obtained from Wacker (Munich,
volumes of sample and buffer (in nl and ml, respec- Germany). b-CD and DM-b-CD (heptakis 2,6-di-
tively) for the assay and this greatly reduces the cost methyl-b-CD, substitution value of 2) were pur-
of each run and it also eliminates the problems chased from Sigma (St. Louis, MO, USA) and
related to solvent disposal. Expensive chiral columns Tokyo Kasei Organic Chemicals (Tokyo, Japan),
can also be avoided because chiral selector can be respectively. HP-b-CD (hydroxypropyl-b-CD, sub-
easily added to the background electrolyte (BGE). stitution value of 4.5) was obtained from Nihon
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Shokunin Kakoco (Tokyo, Japan). Potassium dihy- development, the samples were injected by displace-
drogenorthophosphate (KH PO ) was purchased ment or electrophoretic injection at the anode; and2 4

from BDH Labs. (Poole, UK), while urea was the CZE operations were run under various voltages
obtained from Bio-Rad Labs. HPMC (hydroxy- and at different capillary temperatures.
propylmethyl cellulose) was obtained from Shin-Etsu Resolution (R) between the enantiomers was
(Tokyo, Japan). Racemate tramadol hydrochloride, evaluated by the following equation:
enantiomers of (1)- and (2)-tramadol, metabolites

R 5 X 2 X / 0.5 W 1 Ws d f s d g2 1 1 2¨M1 and M2 were kindly supplied by Grunenthal
(Stolberg, Germany). Trimethylamine (TMA), where X and X are the positions of the zone centres1 212.5% (w/v) stock solution, was purchased from for peaks 1 and 2, respectively, and W and W are1 2Perkin-Elmer (CT, USA). All other chemicals were the widths measured at the base of the peaks. When
of analytical-reagent grade and Milli-Q reagent water R is greater or equal to 1.5, the separation of the two
was used in the study. bands is regarded to be complete, and the peaks are

said to be baseline resolved.
2.3. Procedures

Stock solutions of 50 mM KH PO buffer were2 4 3. Results and discussionprepared and the pH was adjusted with H PO or3 4

NaOH to obtain values of 2.5, 3.0, 5.0, 7.0 and 8.5,
3.1. Effect of CD typerespectively. These phosphate buffers (50 mM) were

used as background electrolytes for studies of the
In this study, a-CD, b-CD, g-CD, methyl-b-CD,effects of different buffer pH values on separation.

DM-b-CD and HP-b-CD were investigated for theAn appropriate amount of the different types of CDs
chiral separation of the drug and its metabolites, M1was then added to the phosphate buffers mentioned
and M2. Fig. 2 shows the electropherograms of theherein. Urea and HPMC were added when required
enantiomeric separation of tramadol using 10 mM ofin the study. All run buffers were freshly prepared at
each methyl-b-CD, HP-b-CD and g-CD in 50 mMthe beginning of each study day. The contents were
phosphate buffer, pH 2.5, at a capillary temperaturevortexed for 2 min, degassed by sonication for 10 to
of 208C. The peaks were detected and integrated at15 min and filtered through a 0.45-mm pore size
272 nm (UV of tramadol). Chiral resolution wasmaxfilter before use. The racemic mixture and the
only observed with methyl-b-CD, but not with otherenantiomers of tramadol, and its metabolites were
CDs. The run was repeated with methyl-b-CD, DM-stored in air-tight dessicator and kept in the dark to
b-CD and b-CD under similar conditions. Chiralprevent degradation. All sample solutions were pre-
separation was again observed with methyl-b-CD butpared in Milli-Q reagent water, stored at 48C, diluted
not with the other two CDs in the same run.to the desired concentrations and carefully degassed
Although baseline resolution was not achieved, theby sonication before use.
racemic drug was clearly enantioseparated withThe capillaries were subjected to preparation
methyl-b-CD under the selected conditions.cycles (pre-rinse and washing cycles) programmed in

between runs to ensure a clean and equilibrated
surface for separations. They were rinsed with 50 3.2. Selection of buffer pH
mM phosphate buffer pH 2.5, 0.1 M NaOH, Milli-Q
reagent water, washing buffer and running buffer for Fig. 3 shows the electropherograms of the en-
120, 120, 60, 120 and 120 s, respectively. The antiomeric separation of tramadol at five different pH
washing and running buffers were of the same buffer values with 5.0 mM methyl-b-CD in the running
that was contained in two different inlet vials buffer. The conditions selected were able to separate
designated for washing and running purposes. This the enantiomers at the acidic pH values of 2.5 and
was to prevent possible contamination of the running 3.0. When the buffer pH was increased to the higher
buffer during the preparation cycles. For method pH values, no resolution of the peak was observed.
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Fig. 2. Electropherograms of the enantiomeric separation of a racemic mixture of tramadol hydrochloride (0.2 mg/ml), using (a) 10 mM
methyl-b-CD, (b) 10 mM HP-b-CD and (c) 10 mM g-CD in 50 mM phosphate buffer at pH 2.5. Temperature: 208C. Injection mode:
displacement injection at pressure of 6 p.s.i. s. Applied voltage: 6 kV. Column: 24 cm325 mm LPA-coated capillary. Detection wavelength:
272 nm.

Buffer pH is an important parameter in CZE. Altera- 3.3. Effect of CD concentration
tions in pH can affect the solute charge, depending
on the solute properties, and change the electro- Fig. 4 shows the influence of the concentration of
osmotic flow (EOF), which generally increases as methyl-b-CD on the enantioseparation of tramadol
the pH is increased, thus influencing the resolution. hydrochloride. Obviously, there is an optimum con-
However, tramadol hydrochloride which has a pK of centration at which chiral resolution reaches a maxi-a

8.3 [15] would be essentially ionised throughout the mum value for tramadol. Such a relationship be-
pH range used in this study. One possible reason for tween resolution and CD concentration has also been
the observed pH effect on the enantioseparation reported by other authors [10,14]. The difference in
could be that our coated capillaries though are the apparent mobility between the two enantiomers
expected to have presumably no EOF, may still have will reach a maximum at a particular chiral selector
some residual EOF. The low buffer pH would help concentration which depends on the affinity of the
to remove any of these residual EOF effects. enantiomers for the selectors [17]. Based on these

Fig. 3. Electropherograms of the enantiomeric separation of a racemic mixture of tramadol hydrochloride (0.2 mg/ml) at pH (a) 2.5, (b) 3.0,
(c) 5.0, (d) 7.0 and (e) 8.5, with 5.0 mM methyl-b-CD in 50 mM phosphate buffer. Temperature: 208C. Injection mode: displacement
injection at pressure of 6 p.s.i. s. Applied voltage: 6 kV. Column: 24 cm325 mm LPA-coated capillary. Detection wavelength: 272 nm.
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M of urea was added to improve its solubility in the
50 mM phosphate buffer, pH 2.5. Such a high
optimum CD concentration also implies a relatively
low binding affinity between these enantiomers and
the CD. Later, we found that 220 mM of urea was
sufficient for the purpose of improving the solubility
of CD in the buffer.

3.4. Effect of capillary temperature on separation

Changes in the capillary temperature can lead to
changes on chiral resolution. The electropherograms
in Fig. 5 show the chiral separation of racemic
tramadol under similar experimental conditions ex-
cept that the capillary temperature was maintained at
208C and 158C, respectively. At 158C, the enantio-
mers were resolved to a greater extent than at 208C.
This observed reduction of resolution at a higher
temperature was due to a decrease in the formation
constant between the analytes and the chiral selectors

Fig. 4. Influence of the concentration of methyl-b-CD on the and an increase in the solutes’ diffusion. The capil-
chiral resolution of a racemic mixture of tramadol hydrochloride lary temperature was therefore subsequently main-
(2.5 mg/ml). Buffer: 50 mM phosphate buffer at pH 2.5,

tained at 158C to optimise the enantioseparation ofcontaining 6 M urea and 15 mM trimethylamine. Temperature:
the racemic drug.158C. Injection mode: electrophoretic injection at 30 kV for 6 s.

Applied voltage: 20 kV. Column: 65 cm350 mm LPA-coated
capillary. Detection wavelength: 272 nm. 3.5. Effect of capillary length on separation

The effect of capillary length on the enantio-
concepts and the results obtained, enantiomers of separation of the racemic tramadol and the migration
tramadol display the greatest difference in mobility time of the peaks was studied using capillaries of
at 75 mM of methyl-b-CD. This is a relatively large length 24 cm, 36 cm, 50 cm and 65 cm, respectively.
concentration of methyl-b-CD used and therefore 6 In Fig. 6, it was clear that the 50 cm capillary

Fig. 5. Electropherograms of the enantiomeric separation of a racemic mixture of tramadol hydrochloride (0.1 mg/ml) at (a) 208C and (b)
158C with 10.0 mM methyl-b-CD in 50 mM phosphate buffer at pH 2.5. Injection mode: displacement injection at pressure of 6 p.s.i. s.
Applied voltage: 9.6 kV. Column: 50 cm350 mm LPA-coated capillary. Detection wavelength: 272 nm.
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Fig. 6. Electropherograms of the enantiomeric separation of a racemic mixture of tramadol hydrochloride (10.0 mg/ml), using (a) 50 cm350
mm and (b) 36 cm350 mm LPA-coated capillaries. Buffer: 50 mM phosphate buffer at pH 2.5, containing 220 mM urea. Temperature: 158C.
Injection mode: electrophoretic injection at 5 kV for 6 s. Applied voltage: 15.0 kV. Detection wavelength: 200 nm.

allowed better resolution of the peaks compared to because they allow the uses of higher voltages. Fig. 7
the 36 cm capillary. However, the improvement in illustrates that chiral separation of tramadol and its
resolution was achieved at the cost of a longer metabolites was achieved by applying 25 kV across a
migration time, for instance, from 33.42 min for the 65 cm350 mm LPA-coated capillary. It may be
36 cm capillary to 36.01 min for the 50 cm capillary. noted that in these experiments detection of peaks
These results were expected since a longer capillary was made at 200 nm, the wavelength which gives the
would give analytes a longer interaction time with maximum sensitivity for detection of tramadol. Tri-
the CD and therefore, improving the resolution. methylamine was also added to the running buffer in
Generally, longer capillaries give better resolution the latter experiment. The addition of this compound

Fig. 7. Electropherogram of the separation of morphine sulphate (1), (6)-O-demethylated tramadol hydrochloride (M1) (2), pethidine
hydrochloride (3), (1)- and (2)-tramadol hydrochloride (4) and (6)-N-demethylated tramadol hydrochloride (M2) (5). Morphine sulphate
was in 5 mg/ml and the others were in 1 mg/ml. Buffer: 50 mM phosphate buffer at pH 2.5, containing 75 mM methyl-b-CD, 220 mM urea
and 15 mM trimethylamine. Temperature: 158C. Injection mode: electrophoretic injection at 5 kV for 18 s. Applied voltage: 25 kV. Column:
65 cm350 mm LPA-coated capillary. Detection wavelength: 200 nm.
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appeared to reduce the problem of tailing peaks viscosities (3 cps and 15 cps) as polymer modifier to
probably by improving the mobility matching of the the buffer. The effect of viscosities of the HPMC
analytes and co-ions. used on chiral separation was then compared. Fig. 8

shows that peak shapes and resolution were sig-
3.6. Optimisation of peak shapes and resolution by nificantly improved when 0.05% (w/v) of HPMC of
the addition of polymer modifier either 3 cps and 15 cps was included in the buffer.

This improvement was observed even with a larger
Although chiral separation of tramadol and its sample loading. The difference in the resolution (R)

metabolites was achieved in Fig. 7, the peak shapes of peaks between the 3 cps and 15 cps HPMC
and resolution appear not to be fully optimised. It is appeared to be minimal. Nonetheless, the use of the
known that the resolution of peaks is inversely lower viscosity HPMC (3 cps) is preferred because it
proportional to the electrophoretic mobility of com- gives relatively shorter migration times. With such
pounds. The electrophoretic mobility of compounds improvement in peak shapes and resolution, addition
is in turn inversely proportional to the buffer viscosi- of trimethylamine in the running buffer and a 65 cm
ty and the square root of the buffer concentration capillary were no longer required. A capillary of 50
[18]. An increase in buffer concentration and viscosi- cm long was found to be sufficient for the optimal
ty would therefore lead to an improvement in peak peak separation. However, peak resolution was com-
shapes and resolution. In our further study, phos- promised when a shorter capillary of 25 cm was
phate buffer with higher concentration (100 mM, pH used.
2.5) was used as the background electrolyte for
separation. The use of this buffer, however, was
found to cause noisy and unstable baseline. This 4. Conclusions
unstable baseline could be due to the excessive joule
heating that resulted from the increased electrical Only recently, a nonstereospecific HPLC determi-
conductivity in the more concentrated buffer. In the nation of tramadol in human serum was reported
light of this, we decided to alter the second parame- [19]. The inaccuracy of the pharmacokinetic data
ter, viscosity, by adding HPMC of two different obtained from such nonenantiospecifc method should

Fig. 8. Electropherograms of the enantiomeric separation of a racemic mixture of 5.0 mg/ml of each of (1)- and (2)-tramadol
hydrochloride (1), (6)-O-demethylated tramadol hydrochloride (M1) (2) and (6)-N-demethylated tramadol hydrochloride (M2) (3).
Buffer: 50 mM phosphate buffer at pH 2.5, containing 75 mM methyl-b-CD, 220 mM urea and 0.05% (w/v) hydroxypropylmethyl cellulose
of (a) 3 cps and (b) 15 cps viscosity. Temperature: 158C. Injection mode: electrophoretic injection at 5 kV for 7 s. Applied voltage: 25 kV.
Column: 50 cm350 mm LPA-coated capillary. Detection wavelength: 200 nm.
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