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Abstract

Oxycodone (OCOD) and its metabolites, including oxymorphone (OMOR), noroxycodone (NOCOD) and noroxy-
morphone (NOMOR), are opioids that carry an OH group at position 14. Using capillary electrophoresis (CE) with a binary
phosphate buffer containing 60% ethylene glycol (pH 7.9), the migration order of OCOD and OMOR with respect to their
N-demethylated analogs was found to be reversed compared to that observed for codeine, dihydrocodeine, morphine and
dihydromorphine, compounds that do not have an OH group at position 14. OCOD and structurally related compounds can
also be distinguished from these opioids by their absorbance spectra at low wavelengths and via a characteristic neutral H,O
loss at the MS? level. Using the binary phosphate buffer, CE with UV detection is shown to be capable of monitoring
OCOD, NOCOD, OMOR (after hydrolysis only) and NOMOR (after hydrolysis and in patient urine only) in akaline
liquid—liquid extracts of urines that were collected after ingestion of 10 mg OCOD hydrochloride and in a patient urine
collected at steady state (80 mg OCOD hydrochloride daily). Using an aqueous pH 9 ammonium acetate buffer, these results
were confirmed by CE-MS®. Based on CE-MS, MS? and MS® data, the absorbance spectra measured across the CE peaks
and the relative position within the electropherogram, two peaks monitored in the UV absorbance electropherograms could
be assigned to the two keto-reduced metabolites 6oxycodol (60COL) and nor6oxycodol, for which no standards were
available. Comparison of data obtained with urines pretreated with two different enzyme products (B-glucuronidase and
B-glucuronidase/ arylsulfatase) suggest that OCOD, NOCOD and 60COL are mainly glucuronidated, whereas OMOR
mainly forms other conjugates. Furthermore, in a first attempt to directly measure conjugates of the compounds of interest,
solid-phase extracts were analyzed by CE-MS®, which revealed the presence of the acyl glucuronides of 60COL and
OMOR and an unidentified OMOR conjugate. The quantitation of free OCOD and NOCOD by CE-MS using deuterated
internal standards is also discussed briefly. [0 2002 Elsevier Science BV. All rights reserved.
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Fig. 1. Chemical structures and [M+H] " values for OCOD and
five metabolites, NCOD (internal standard), naloxone and hydro-
codone.

hydroxy group at C14 and a ketone group instead of
the hydroxy group at C6. The C14 hydroxy group is
the only difference to hydrocodone (Fig. 1). OCOD
is a strong opioid analgesic that is used for the
management of moderate to severe mainly post-
operative or cancer related pain [1-4]. The short
half-life of OCOD (4—6 h) requests a dosing every 4
h. For convenience and to improve compliance,
OCOD istypically administered in controlled-release
formulations that can be taken in a 12 h interval
[4,5]. Although OCOD has been reported to be
metabolized in animals by N- and O-demethylation,
6-keto reduction and conjugation (for structures, see
Fig. 1), the metabolism of OCOD in man is poorly
characterized [5-9]. The O-demethylation (forma
tion of oxymorphone (OMOR) from OCOD and
noroxymorphone (NOMOR) from noroxycodone
(NOCOD)) is catalyzed by the liver enzyme
CYP2D6. It is known that this enzyme is expressed
as two phenotypes and individuals are therefore
referred to as poor and extensive metabolizer
phenotypes [10]. In a study performed by Heiskanen
et a. [11], no OMOR could be measured in the

plasma after selectively blocking CYP2D6 with
quinidine in eight out of 10 volunteers. The hypoth-
esis that OMOR plays an active role in the analgesia
of OCOD could not be confirmed by Kaiko et al. [5]
and Heiskanen et a. [11,12]. Thus, it is still unclear
which metabolites play an active role in the analgetic
effect.

For the detection and determination of OCOD in
plasma or urine, methods based upon high-perform-
ance liquid chromatography (HPLC) and gas chro-
matography (GC) have been employed. Smith et al.
[13] and Wright et al. [14] developed HPLC methods
with electrochemical detection for the quantitation of
OCOD in human plasma, and Kako et al. [5]
reported the use of gas chromatography—mass spec-
trometry (GC-MS) for the determination of plasma
levels of OCOD, OMOR, NOCOD and NOMOR.
Meatherall [15] described a procedure for simulta-
neous confirmation of codeine, morphine, 6-
acetylmorphine,  hydrocodone,  hydromorphone,
OCOD and OMOR in urine specimens by GC-MS,
and Nowatzke et al. [16] reported a GC-MS method
suitable for the distinction between OCOD, OMOR
and six other opiate drugs in urine.

In the past few years, our laboratory has been
engaged in the evaluation of capillary electrophoresis
(CE) for separation of opioids [17] and analysis of
opioids in body fluids [18-27]. Micellar electro-
kinetic capillary chromatography (MECC) assays
with multi-wavelength detection were demonstrated
to be suitable for the urinary screening of codeine,
morphine and 6-acetylmorphine [18,19] and for the
assessment of the metabolism of dihydrocodeine
[20,21]. Using capillary zone electrophoresis (CZE),
a high-sensitivity approach based upon head-column
field-amplified sample stacking (FASS) for the de-
termination of dihydrocodeine in small amounts of
plasma [22—24] and urine [23,24] was developed and
applied to samples that were collected after intake of
pharmaceutical preparations. Finaly, an electrokin-
etic capillary immunoassay was shown to be suitable
to recognize the presence of opioidsin urine [25] and
CE—€lectrospray ionization multiple-stage ion trap
MS was recognized as an attractive confirmatory
approach for urinary codeinoids [25] and mor-
phinoids [26]. As a continuation of that work and as
the metabolism of OCOD in man has been poorly
explored thus far, the CZE behavior of OCOD and
its metabolites was studied. Compared to the previ-
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oudy investigated molecules, namely opioids related
to codeine, dihydrocodeine, morphine and heroin,
these compounds carry an additional OH group at
position 14 of the opioid structure (Fig. 1).

This paper reports for the first time (i) the CZE
characterization of OCOD, OMOR, NOCOD and
NOMOR in comparison to codeine and dihydro-
codeine and their metabolites, (ii) the analysis of
OCOD and its metabolites in urinary extracts by CE
with UV absorbance detection and by CE—ion trap
MS", (iii) quantitation of urinary OCOD and
NOCOD by CE-MS, and (iv) the characterization of
the urinary metabolic pattern of OCOD, including
the assignment of the two keto-reduced metabolites
60xycodol (60COL) and nor6oxycodol (N6OCOL)
(urinary metabolites that were previously reported to
be excreted in rabbits; for structures, see Fig. 1),
after single dose administration of 10 mg OCOD
hydrochloride and at steady state with a daily dose of
80 mg OCOD hydrochloride.

2. Experimental

2.1. Chemicals, urine samples, blank matrices and
standard solutions

OCOD, OMOR and norcodeine (NCOD) were
purchased as methanolic solutions (1 mg/ml) from
Alltech (State College, PA, USA). NOCOD (1 mg/
ml), NOMOR (100 pg/ml), and the deuterated
standards OCODd3, NOCODd3 and OMORd3 (100
g/ ml each) were purchased as methanolic solutions
from Cerilliant (Austin, TX, USA). B-Glucuronidase
from Escherichia coli (G7646; 25000 units/ml) was
obtained from Sigma (St. Louis, MO, USA) and
B-glucuronidase/ arylsulfatase from Helix pomatia
(127 060; 100 000/800 000 units/ml) was from
Roche (Basel, Switzerland). All other chemicals
were of analytical grade. Standard solutions were
prepared by diluting appropriate aliquots of the
methanolic stock solutions with water. All solutions
were stored a8 —20 °C. Four OCOD-containing
urines were analyzed. Two were collected during the
0-8 h (referred to as ua8 and ut8) and one during the
11-14 h (ut14) interval after administration of a 10
mg tablet of OxyContin (Purdue Pharma, Norwalk,
CT, USA; 10 mg OCOD hydrochloride controlled
release). The fourth sample (ul12) was a morning

urine obtained from a person on a steady state level
(80 mg of OxyContin daily; morning and evening,
40 mg each) that was collected just before the next
dosing. Our own urines were used as blank matrices.

2.2. Sample preparation

The urines were either analyzed after dilution with
water or after extraction. Solid-phase extraction
(SPE) was effected using disposable, mixed-mode
polymer cartridges (Bond Elut Certify, No. 1211-
3050, Varian, Harbor City, CA, USA) together with
the Vac-Elut setup (Varian). The cartridges were
conditioned with 2 ml of methanol and 2 ml of water
using vacuum aspiration without drying the sorbent
bed. Two milliliters of urine (adjusted to pH 7 with 1
M KOH solution) were loaded onto and slowly
drawn through the cartridges. Prior to elution of the
adsorbed opioids with 2 ml of methylene chloride—
isopropanol (80:20, v/v) containing 2% of concen-
trated ammonia solution, the cartridges were sequen-
tialy rinsed with 2 ml of water, 1 ml of 0.1 M
acetate buffer (pH 4) and 2 ml of methanol by
applying vacuum aspiration. The eluates were col-
lected in glass tubes and evaporated to dryness at 35
°C under a gentle stream of nitrogen. The residues
were redissolved in 100 pl of water. For CE-MS
measurements, the opioids were eluted with 1.5 ml
methanol containing 30% of concentrated ammonia
solution. For liquid—liquid extraction, the ToxiTube
A system (pH 9) from Analytica Systems (Laguna
Hills, CA, USA) was employed. Two milliliters of
urine were added to this commercia liquid—liquid
extraction system, which comprises an organic sol-
vent mixture of CH,CI, and C,H,Cl,. After gently
shaking for about 1 min and centrifugation for 5 min
at about 1500 g, 2 ml of the organic phase were
transferred into a glass tube and the solvent was
evaporated at 35 °C under a gentle stream of
nitrogen. The residue was redissolved in 100 pl of
water. For enzymatic hydrolysis, 2 ml of urine, 2 ml
of 0.2 M sodium acetate buffer (pH 5.4), 200 pl of
an aqueous NCOD solution (10 pg/ml; internal
standard) and 50 pl of the enzyme product were
mixed and incubated a 37 °C for 4 or 24 h.
Thereafter, the entire mixture (4.25 ml) was ex-
tracted with the ToxiTube A system as described
above.
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2.3, Instrumentation and running conditions for
CZE with UV absorbance detection

For CZE with single-wavelength detection, a P/
ACE 5510 capillary electrophoresis system (Beck-
man Instruments, Fullerton, USA) was used which
was equipped with a fused-silica capillary of 50 pwm
I.D. and 27 cm (20 cm) total (effective) length.
Samples were injected hydrodynamically by using a
positive pressure of 0.5 p.si. or electrokinetically
across a water plug by applying 10 kV. The capillary
temperature was set at 25 °C, the carousel was at
ambient temperature and detection was effected at
210 nm. Data were evaluated using the P/ACE
station software (version 1.0). The capillary was
conditioned by sequentially rinsing (positive pres-
sure, 20 p.s.i.) with 0.1 M NaOH, water and running
buffer (5 min each). Between runs the capillary was
flushed for 3 min with running buffer only. If not
stated otherwise, the buffer consisted of 75 mM
Na,HPO, and 25 mM NaH,PO, containing 60%
(v/v) ethylene glycol (pH 7.9) [17,22]. The voltage
applied was 20 kV (current: about 36 wA) and the
anode was on the sampling side. For comparison
with CE-MS data, a 50 wm 1.D. capillary of 87 cm
(80 cm) total (effective) length was employed to-
gether with a 25 mM ammonium acetate buffer that
was adjusted to pH 9 with 1 M NH,; [25] and
application of 30 kV (current: about 17 wA). For
CZE with multi-wavelength detection, a BioFocus
3000 capillary electrophoresis system (Bio-Rad Lab-
oratories, Hercules, CA, USA) was employed. It was
equipped with a 50 um I.D. fused-silica capillary of
24 cm total length (19.4 cm effective length). Sample
was injected by positive pressure (10 p.si.*s) and a
constant voltage of 20 kV (current: about 40 pA) was
applied. The temperatures of the cartridge and the
carousel were maintained at 25 °C and detection was
effected via fast scanning at 5 nm resolution in the
range between 195 and 320 nm. The phosphate
buffer mentioned above was used as background
electrolyte.

24. CE-MS" instrumentation and running
conditions

Mass spectrometry was performed on a Finnigan
LCQ ion trap instrument (Finnigan MAT, San Jose,

CA, USA) equipped with an electrospray interface
(Finnigan) run in the positive ion mode (3.5 kV).
Sheath gas (N,) pressure was set at 20 arbitrary
units. A mixture of methanol and water (50:50, v/v)
containing 1% formic acid at a flow-rate of 5 pl/min
was used as sheath liquid. The acidic sheath liquid
employed supported the formation of positively
charged ions [M+H]". The temperature of the
heated capillary was kept at 200 °C. The instrument
was computer controlled using the XCalibur 1.0
software (Finnigan). A Prince Instrument (Lauerlabs,
Emmen, The Netherlands) equipped with a 50 pm
I.D. fused-silica capillary of 80 cm length (Poly-
micro Technologies, Phoenix, AZ, USA) was inter-
faced to the LCQ. Sample was either introduced
hydrodynamically by applying positive pressure (70
mbar, 18 s) or electrokinetically by applying 10 kV
for 90 s. To minimize the effects of siphoning
towards the cathode the spray voltage and the sheath
gas were set to 0 during both injection modes [27].
The background electrolyte (BGE) was composed of
25 mM ammonium acetate adjusted to pH 9 with 1
M NH, and the applied voltage during separation
was 30 kV (26.5 kV effective voltage). Full-scan
mass spectra were acquired in the mass range 100—
500 Th. Automatic gain control (AGC) was em-
ployed using three microscans and a maximum
injection time of 200 ms. MS®, MS® and MS” were
performed using data-dependent scans with an isola-
tion width of 2 Th and a relative collision energy of
35%. For quantification, full-scan MS (m/z 100—
500) was employed. To guarantee a minimum of
eight data points across the electrophoretic peak, two
microscans and a maximum injection time of 200 ms
were chosen.

3. Results and discussion

3.1. Electrophoretic separation of OCOD and its
metabolites

The CZE behavior of OCOD and its metabolites
was studied using the binary buffer system compris-
ing 0.1 M phosphate and 60% ethylene glycol (pH
7.9) that was previously used for other opioids by
Zhang and Thormann [17,22]. The data presented in
Fig. 2 are those obtained on the BioFocus after
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Fig. 2. (A) Singlewavelength (210 nm) electropherogram moni-
tored on the BioFocus with an aqueous standard sample compris-
ing OCOD, OMOR, NCOD, NOCOD and NOMOR (20 wg/ml
each) and (B) normalized absorbance spectra of OCOD and
NCOD. The insert in panel (A) depicts an electropherogram that
was obtained on the P/ACE using head-column FASS injection
(10 kv, 20 9 from an agueous standard solution containing
OCOD, OMOR and NCOD (10 ng/ml each).

hydrodynamic injection (10 p.si.*s) of an aqueous
model mixture comprising OCOD, OMOR, NOCOD,
NOMOR and NCOD (20 p.g/ml each). Separation of
the five compounds is shown to be possible within 9
min (panel (A)). OCOD and OMOR were determined
to migrate ahead of NOCOD and NOMOR, respec-
tively, a sequence which is reversed compared to that
observed with codeine, dihydrocodeine and mor-
phine with respect to their corresponding N-de-
methylated analogs. Furthermore, the spectra of
OCOD and its metabolites were found to be similar
(see below), but distinctly different than those of
NCOD (Fig. 2B) and analogs (data not shown).

Using the P/ACE and hydrodynamic sample injec-
tion, the detection limit with an S/N ratio of 3 was
found to be 100 ng/ml. To improve sensitivity,
head-column FASS [22-24,27,28] was employed.
Before electrokinetic sample injection, the capillary
tip of the inlet end was dipped into a via filled with
water for 3 s and a water plug (from a different vial)
was injected. To find the proper length of the water
plug, a standard solution containing OCOD and
OMOR and NCOD (10 ng/ml each) was analyzed.
After injecting water for 1, 2 or 3 s leading to plug
lengths of 0.19, 0.38 or 0.57 mm, respectively, the
sample was introduced onto the capillary by applying
10 kv for 20 s. Best results were obtained with a
plug length of 0.19 mm and all further head-column
FASS measurements were executed under these
conditions. An electropherogram obtained with an
aqueous standard solution containing OCOD, OMOR
and NCOD (10 ng/ml each) is presented as an insert
in Fig. 2A. Using that approach, OCOD and OMOR
could be monitored down to a concentration of 1
ng/ml (S/N=3). It is expected that the detection
limit could be lowered by increasing the injection
time [27]. As it is known that the sample solvent
influences the stacking efficiency [28], different
solvents were tested. Water appeared to be the most
suitable solvent. The use of 50, 100 or 1000 pM
HCOOH and the addition of MeOH in concen-
trations of 50-70% did not lead to any sensitivity
improvement (data not shown).

For OCOD, OMOR and NCOD (internal standard)
and the ratios OCOD/NCOD and OMOR/NCOD
the intra- and inter-day RSD values (n=5) of
migration time, peak area and peak height after
hydrodynamic injection and head-column FASS of
an agueous standard solution at a concentration of
500 and 50 ng/ml, respectively, were determined
and are presented in Table 1. Within a day the
detection times for all three compounds are shown to
be reproducible (RSD values <0.7%). As expected,
RSD values of peak areas and heights were much
smaller after hydrodynamic injection (= 7%) than
after head-column FASS (62-69%). This finding
corresponds well with the data presented by Zhang
and Thormann [22,28] and it confirms the need of an
internal standard for head-column FASS. The ratios
of OCOD/NCOD and OMOR/NCOD led to RSD
values <10.5% for head-column FASS and <3%
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Table 1

RSD values of intra-day and inter-day measurements of an agueous standard solution comprising OCOD, OMOR and NCOD (n=5)*

Hydrodynamic injection

Head-column FASS injection

Detection Peak Peak Detection Peak Peak

time area height time area height
Intra-day RSD values (%)
OCOD 0.46 5.76 3.73 0.48 63.29 62.99
OMOR 0.47 7.01 4.15 0.53 68.30 65.96
NCOD 0.62 5.68 341 0.64 62.71 63.68
OCOD/NCOD 0.16 394 2.90 0.20 4.20 1.00
OMOR/NCOD 0.18 214 1.83 0.17 10.44 5.50
Inter-day RSD values (%)
OCOD 491 8.63 5.73 4.99 14.84 19.94
OMOR 5.02 10.36 6.29 5.09 11.24 14.30
NCOD 547 8.15 5.97 541 15.09 19.91
OCOD/NCOD 0.53 6.12 3.35 0.40 1.56 1.45
OMOR/NCOD 0.44 7.41 3.49 0.30 6.44 3.82

® For hydrodynamic and electrokinetic injection, opioid concentrations were 500 and 50 ng/ml, respectively. Injection times were 20 s in

both cases.

for hydrodynamic injection, indicating that the use of
an internal standard increases the reproducibility for
both injection modes. With measurements on differ-
ent days (inter-day data), detection time RSD values
for all three compounds and both injection methods
were found to be between 4.9 and 5.5%, whereas the
relative values were found to be <0.5%. After
hydrodynamic injection, RSD values for peak areas
and heights were between 5.7 and 10.4% (for ratios
between 3.3 and 7.4%). After head-column FASS,
al RSD values for pesk areas and heights were
determined to be between 11 and 20%. These values
are surprisingly low. They were generated with the
first head-column FASS runs of each day. Evaluation
of the second to the fifth runs revealed RSD values
between 50 and 100%. Although the origin of this
phenomenon is unknown, it might be the conse-
guence of some contamination of the involved buffer
vials as they were not changed between every run.

3.2 Characterization of urinary extracts by CZE
with UV detection

The data presented in Fig. 3 were obtained from
the analysis of SPE extracts of urine blank and urine
ua3 that were injected hydrodynamically at 0.5 p.s.i.
for 20 s (Fig. 3A and B) and, after 20-fold dilution
with water, electrokinetically using head-column
FASS with an injection time of 90 s and otherwise as

described above (Fig. 3C and D). Head-column
FASS thereby reveals about a 10-fold higher sen-
sitivity. Using both injection modes, OCOD and
NOCOD could easily be monitored and their identity
was confirmed by spiking the extracts with standards
and re-running the samples. A small peak can be
seen at the position of OMOR (marked with an
asterisk). Identification, however, was not possible.
Additionally, N6OCOL was detected (for identifica-
tion, see below). Furthermore, analysis of a urine
blank spiked with OCOD and OMOR (100 ng/ml
each) and otherwise identical conditions as described
for Fig. 3, revealed small peaks for OCOD and
OMOR in both assay formats, peaks that were found
to be close to the detection limits (S/N ~ 5; data not
shown). Thus, using SPE from 2 ml urine and
hydrodynamic sample injection or head-column
FASS, detection limits of about 100 and 5 ng/ml,
respectively, can thereby be obtained. Using liquid—
liquid extraction with ToxiTube A led to the data
presented in Fig. 4. Compared to the case of SPE,
cleaner electropherograms are obtained which re-
vealed not only the detection of OCOD, NOCOD
and N60OCOL, but also 60COL (for identification,
see below). Furthermore, the OMOR peak was again
very close to the detection limit. To obtain the data
presented in Fig. 4D, the ua8 extract was diluted
10-fold with water prior to head-column FASS
injection. Comparison with the data of Fig. 3D
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Fig. 3. (A,B) Hydrodynamic (0.5 p.s.i., 20 s) and (C,D) head-column FASS (10 kV, 90 ) injection of SPE extracts of (A,C) blank urine and
(B,D) volunteer urine ua8 collected during the 0-8 h interval after ingestion of 10 mg of oxycodone hydrochloride in a controlled-release
formulation. For head-column FASS, both extracts were diluted 20-fold with water.

indicates that head-column FASS after liquid—liquid
extraction provides higher sensitivity. This was
previously noted for dihydrocodeine and related
compounds as well [23]. After liquid—liquid ex-
traction, the detection limits for OCOD and OMOR
were determined to be about 10 ng/ml using hydro-
dynamic sample injection. With head-column FASS,
sub ng/ml concentrations could be detected (data not
shown).

Starting with 2 ml of urine, liquid—liquid ex-
traction and reconstitution in 100 wl of water theoret-
ically leads to a 20-fold concentration of the solutes.
This value is diminished by the extraction recovery,
which was found to be about 80% for OCOD, 88%
for OMOR, 76% for NOCOD, 20% for NOMOR and
77% for NCOD. For this determination, five times 2
ml of urine were spiked with OCOD, OMOR,
NOCOD, NOMOR, and NCOD (1 pg/ml each),

extracted and reconstituted in 2 ml of water and the
peak areas of all compounds were compared with the
values of an aqueous 1 p.g/ml standard solution. The
reproducibility (n=5) after liquid—liquid extraction
and hydrodynamic injection of 2 ml spiked urine
(OCOD, OMOR, NOCOD, NOMOR and NCOD as
I.S. at the 1 pg/ml level) was found to be between
2.75 and 4.65% for the OCOD/NCOD, OMOR/
NCOD and NOCOD/NCOD peak area ratios and
15.19% for the NOMOR/NCOD peak area ratio.

It is known that OMOR is mostly excreted in a
conjugated form [6,9]. Without hydrolysis, it could
thus hardly be detected in urines collected after
single dose administration of OxyContin (Figs. 3 and
4). To obtain more information on the metabolism of
OCOD the urines were hydrolyzed using two differ-
ent enzyme products (see Section 2.2). The B-
glucuronidase/ arylsulfatase from Helix pomatia has
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Fig. 4. (A,B) Hydrodynamic (0.5 p.s.i., 20 s) and (C,D) head-column FASS (10 kV, 90 s) injection of liquid—liquid extracts of (A,C) blank
urine and (B,D) volunteer urine ua8 collected during the 0—8 h interval after ingestion of 10 mg of oxycodone hydrochloride in a

controlled-release formulation. For head-column FASS, extract ua8 was diluted 10-fold with water.

a broader cleaving capability than B-glucuronidase
from Escherichia coli as it incorporates two enzymes
capable of splitting off glucuronic acid (as with
B-glucuronidase) and sulfonic acid groups. The ua8
urine and a blank urine were spiked with 1 wg/ml

Table 2

NCOD (internal standard) and incubated for 4 and
24 h with the enzymes before liquid—liquid ex-
traction and analysis of the reconstituted extracts.
Peak height ratios measured for urine ua8 are
summarized in Table 2 and selected electrophero-

Peak height ratios obtained with liquid—liquid extracts of urine ua8 without hydrolysis and after enzymatic hydrolysis with 3-glucuronidase

and B-glucuronidase/ arylsulfatase®

Hydrolysis Hydrolysis OCOD OMOR NOCOD 60COL N60COL
product time (h)
No hydrolysis - 0.65 0.02 1.01 0.11 0.19
B-Glucuronidase 4 1.10 0.03 148 0.21 0.22
B-Glucuronidase 24 3.20 0.08 2.34 0.58 0.19
B-Glucuronidase/

arylsulfatase 4 101 0.21 1.40 0.27 0.24
B-Glucuronidase/

arylsulfatase 24 1.90 0.80 2.49 0.57 0.43

®Peak heights divided by the pesk height of NCOD (1 pg/ml; I.S.) after hydrodynamic sample injection (conditions as for Fig. 5).
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grams are presented in Fig. 5. No major peaks that
could interfere with the opioids of interest were
detected for the blank urines (data not shown). It was
interesting to find that, with B-glucuronidase/ arylsul-
fatase, the OMOR conjugates were readily hydro-
lyzed and the OMOR peak could easily be detected
(Fig. 5B and 5C). Using B-glucuronidase, however,
no significant increase in the OMOR amount could
be monitored (Fig. 5A, Table 2). For the other
compounds, no significant differences between the
two enzyme products were noted (Table 2). Thus,
these data suggest that OCOD, NOCOD and 60COL
are mainly glucuronidated, whereas OMOR mainly
forms other conjugates. In most cases the incubation
time of 24 h led to increased ratios, indicating that 4
h provides incomplete hydrolysis. It was interesting
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Fig. 5. Electropherograms obtained with liquid—liquid extracts of
volunteer urine ua8 fortified with 1 pg/ml NCOD (1.S) after
hydrolysis at 37 °C for (A) 24 h with B-glucuronidase, (B) 4 h
with B-glucuronidase/arylsulfatase and (C) 24 h with B-
glucuronidase/ arylsulfatase. All samples were hydrodynamically
injected using 0.5 p.s.i. for 20 s. Electropherograms (A) and (B)
are presented with a 10 and 5 mAU y-axis offset, respectively.

to find that all peaks after B-glucuronidase/arylsul-
fatase hydrolysis were smaller than in Fig. 4 and 5A.
An overload of the liquid—liquid extraction system,
previously mentioned by Prost and Thormann [29],
is presumed to be the reason for this phenomenon.
Furthermore, analysis of urine ul12 revealed higher
peaks for al metabolites and B-glucuronidase/
arylsulfatase was again noted to be the better product
for hydrolysis of the conjugates. However, in con-
trast to the results obtained with sample ua8, a small
increase of the OMOR peak could be seen even after
hydrolysis with B-glucuronidase (data not shown).
For urines ut8 and ut14, the same metabolite pattern
as for urine ua3 (Figs. 3-5) was obtained and the
electropherograms are therefore not shown. For the
urine collected during the 11-14 h interval after
intake of oxycodone (ut14), the OCOD and NOCOD
peaks were found to be about half the size of the
corresponding peaks in the 0—8 h interval samples
(ua8 and ut8).

Finally, extracts were characterized using multi-
wavelength detection. The data presented in Fig. 6
were obtained for analysis of a liquid—liquid extract
of hydrolyzed (B-glucuronidase/arylsulfatase) urine
ul12. Fig. 6A depicts the electropherogram measured
at 210 nm. The monitored spectra of OCOD (Fig.
6B), OMOR (Fig. 6C), NOCOD (data not shown)
and NOMOR (data not shown) were found to agree
well with those obtained via analysis of standards
(Fig. 2). Furthermore, the normalized spectra of
OCOD and NOCOD were determined to be identical
(insert of panel (B)) and the same was found to be
true for OMOR and NOMOR (insert of panel (C)).
Small differences were noted between the spectra of
OCOD and OMOR (peak maximum of OMOR is at
dlightly lower wavelength; compare data of panels
(B) and (C)) and a characteristic difference was
observed between the spectra of OCOD and 60COL
(panel (D)). The peaks assigned to 60COL and
N6OCOL were found to have identica spectra
(insert of panel (D)), indicating that these two
substances are indeed related (for structural proof of
relation, refer to the MS data below).

3.3 Identification, confirmation and quantitation of
urinary OCOD and metabolites with CE-MS"

In the search for a suitable buffer, an aqueous
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Fig. 6. (A) Electropherogram a 210 nm and (B—D) normalized UV spectra of a hydrodynamically injected hydrolyzed (4 h with
B-glucuronidase/ arylsulfatase) liquid—liquid extract of urine ul12. The normalized spectra of (B) OCOD and (C) OMOR are shown to agree
well with those of the standards, the spectra of OCOD and 60COL are shown to be different (D), and the spectra of OCOD and NOCOD,

OMOR and NOMOR, and 60COL and N6OCOL are depicted to be dike (inserts of panels (B)—(D), respectively).

standard solution containing OCOD and OMOR (10
prg/ml each) was analyzed in the P/ACE using a 50
pm I.D. capillary of 87/80 cm total / effective length
and buffers composed of 25 mM ammonium acetate
solution that were adjusted to pH 7.8, 8.3, 8.8, 9 and
9.3 with 1 M NH,. At pH 7.8 the two solutes were
not baseline resolved, and at pH 9.3 there was only
one peak. At the three other buffer pH values the
resolution was good. The best result in terms of
resolution and peak shape was obtained at pH 9, i.e.
with the same buffer as previously used for CE-MS
of other opioids [25,26]. CE-MS data obtained with
an agueous sample containing seven standards (10
prg/ml each) are presented in the left hand panel of
Fig. 7. With the buffer employed, the N-de-
methylated compounds were found to migrate ahead
of their non-N-demethylated counterparts. This is the

same order as previously observed for codeinoids
and morphinoids [25,26]. Reference mass spectra of
OCOD, 0OCODd3, NOCOD, NOCODd3, OMOR,
OMORd3 and NOMOR were analyzed via syringe
inlet using agueous standard solutions of 10 pg/ml
and, together with MS” and MS® spectra, they were
stored in a computer library. The MS® spectra are
presented in the right hand panel of Fig. 7. For
60COL and N6OCOL, no standards were available
and no MS spectra could be found in the literature. It
was interesting to note that all tested compounds lost
H,O a the MS® level, i.e. after isolaion and
fragmentation of the [M +H] ions (for m/z values,
refer to Fig. 1). This neutral loss seems to be a
characteristic behavior of opioid structures carrying
an OH group at position 14 of the molecule. The
same was determined with the structurally related



A.B. Wey, W. Thormann / J. Chromatogr. B 770 (2002) 191-205

7.0

1007 TIC
0
50 i m/z= .
@ 0 °
g 100 5.26 NL: 1.82E7
(] 0CODa3 m/z=319.4
T 50 7
5
o 0
i 100 NOCOD 5.05 5.81 NL:1.10E7
2 50 A OMOR m/z= 302.4
wd
©
o 0
& 1001 NOCODA3 5.06 NL: 1.25E7
50 - OMORdJ3 m/z= 305.4
0
100 NL: 4.56E6
50 NOMOR m/z= 288.4
0 | | [ I IA_I | | T [ | | | L
4.0 5.0 6.0
Time (min)

201
100 256.3
0OCOD
50 187.2 2413
| 2131 J 280.3
" | 298.4
100 259.3
0CODd3 1902 244.3
216.2 " 283.3
L [ 1. oo, | 303
100 229.2
187.2 NOCOD
100 232.3
190.2 NOCODd3
1
100 2271|2424
199.0 238.3 266.1 OMOR
173.2
Pl L] e
100 T 227.2 245.3
50 - e s 2413 2603 OMORd3
0 | |l- L J L Lo 1 l 2874
100 ~ 215.2
50 - 173.2 NOMOR
0 I 19;,.0 ! [ 2512.2 270.2
1 T T T T T
150 200 250 300
m/z

Fig. 7. Mass traces of seven standards (10 p.g/ml each in water) and TIC (top graph) obtained after hydrodynamic injection at 70 mbar for
18 s (left panel), and MS® spectra of the seven compounds determined after isolation and fragmentation of the [M +H—18] ions (right

panel).

opioid antagonist naloxone (data not shown; for
chemical structure, refer to Fig. 1). Depending on the
spray conditions, the loss of water could be moni-
tored under full-scan MS conditions, resulting in the
detection of the [M+H] " and [M+H—H,0] "

traces (for examples, see Fig. 8B). The detection
limits (S/N = 3) after hydrodynamic injection (70
mbar for 18 ) of urinary liquid—liquid extracts were
found to be about 10 ng/ml (spiking level) for
OCOD and OCODd3, 50 ng/ml for NOCOD,
NOCODd3, OMOR and OMORd3 and about 300
ng/ml for NOMOR. After electrokinetic injection
(10 kV for 90 ) of liquid—liquid extracts the values
found were 1 ng/ml (spiking level) for OCOD and
OCODd3, 10 ng/ml for NOCOD, NOCODd3,
OMOR and OMORd3 and about 50 ng/ml for
NOMOR. After electrokinetic injection of two-fold
diluted urine the detection limits were determined to
be 100 ng/ml (spiking level) for OCOD, OCODd3,
NOCOD, NOCODd3, OMOR and OMORd3 and

about 500 ng/ml for NOMOR. The reproducibility
(n=5) after liquid—liquid extraction and hydro-
dynamic injection of 2 ml spiked urine (OCOD,
0OCODd3, OMOR, OMORd3, NOCOD, NOCODd3
and NOMOR at the 1 pg/ml level) was 6.63% for
OCOD/OCODd3, 14.40% for OMOR/OMORGS,
4.46% for NOCOD/NOCODd3 (all signal intensity
ratios) and 25.54% for NOMOR (signal intensity). If
OCODd3 is taken as I.S. for all compounds, signal
intensity ratios are 21.35% for OMOR/OCODd3,
10.94% for NOCOD/OCODd3 and 25.60% for
NOMOR/OCODd3. These data suggest that every
compound of interest should have its own deuterated
I.S.

Mass traces and spectra of a liquid—liquid extract
of the enzymatically hydrolyzed (B-glucuronidase/
arylsulfatase, 4 h at 37 °C) urine ul12 after electro-
kinetic injection (10 kV, 90 s) are depicted in Fig. 8.
The mass traces for OCOD ([M+H]" =316.4),
NOCOD ([M+H]"=302.4), OMOR ([M+H]" =
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Fig. 8. (A) Mass traces for OCOD and five metabolites and TIC (top graph), (B) MS, (C) MS? (isolation and fragmentation of [M +H] )
and (D) MS® (isolation and fragmentation of [M +H— 18] ) data of an electrokinetically (10 kV, 90 s) injected liquid—liquid extract of ul12
after 4 h enzymatic hydrolysis with B-glucuronidase/ arylsulfatase.
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302.4) and NOMOR ([M +H] " =288.4) could easily
be found (Fig. 8A). According to Ishida et al. [7,8],
60COL ([M+H]"=318.4) and N6OCOL ([M -+
H] © =304.4) should be produced as metabolites and
their mass traces could also be detected (Fig. 8A).
Furthermore, 60COL and N6OCOL are expected to
show the same neutral loss in the MS® step. Both
compounds fragmented in that way, which is a hint
for their identity. The MS, MS® and MS® spectra of
al six compounds are presented in Fig. 8B, 8C and
8D, respectively. After analysis of an electrokin-
etically injected unhydrolyzed liquid—liquid extract
of the same urine, all compounds in Fig. 8 could be
detected and characterized. Furthermore, with direct
electrokinetic injection of the two-fold diluted urine
ul12, the presence of OCOD, NOCOD, 60COL and
N60OCOL could be confirmed from MS® and MS®
spectra. Conjugates, however, could not be detected
(for m/z values searched, see below). CE-MS" of
the liquid—liquid extracts of unhydrolyzed urines
uad, ut8 and utl4 provided responses for OCOD,
NOCOD, 60COL and N60OCOL, but did not reveal
the presence of OMOR and NOMOR. For moni-
toring of OMOR, these three urines had to be
hydrolyzed with  B-glucuronidase/arylsulfatase.
NOMOR could not be detected at all in these
samples (data not shown).

As mentioned above, OMOR is mainly excreted in
a conjugated form. The data gathered suggest that
only a small amount is excreted as glucuronide,
whereas urine hydrolysis with B-glucuronidase/
arylsulfatase led to a significant increase in the
amount of free OMOR (Fig. 5). Therefore, not only
mass traces of the glucuronides, but also of sulfates
were searched for. The expected mass traces ([M +
H] ") for the acyl glucuronides were m/z 492.5 for
the glucuronide of OCOD (OCODG), 478.5 for
OMORG and NOCODG, 464.5 for NOMORG,
494.5 for 60COLG and 480.5 for N6OCOLG. For
the sulfates, the anticipated mass traces ([M+H] ")
were 396.5 for the sulfate of OCOD (OCODS),
3825 for OMORS and NOCODS, 368.5 for
NOMORS, 3985 for 60COLS and 384.5 for
N6OCOLS. After electrokinetic injection (10 kV, 90
9 of two-fold diluted urine ul12, none of the above
conjugates could be found. After SPE using metha-
nol with 30% concentrated ammonia solution as
eluent, mass traces for the m/z values corresponding
to those of 60COLG, OMORG and/or NOCODG

(same masses) and NOMORG could be detected
(bottom, center and top graphs, respectively, of Fig.
9A). The fragmentation of 60COLG (MS* m/z
494.5 -, 476.2 . 300.2) led as expected to the MS®
(m/z 318.4 - 300.2) spectrum of 60COL. The frag-
mentation of the OMORG/OCODG peak reveded a
spectrum difficult to evaluate, as the peak intensity
was close to the background. The mass spectrum was
found to be related to the MS® spectrum of OMOR
(NOCOD could thereby be excluded), but the con-
centration was too low for unambiguous confirma-
tion of its identity. Finaly, fragmentation of the m/z
464.5 mass trace was found to represent an interest-
ing case (Fig. 9B). Fragmentation of [M+H] " led to
the characteristic neutral loss of H,O in the MS
step, whereas MS® data obtained via isolation and
fragmentation of [M+H—18]" did not provide the
expected m/z 270 mass trace (NOMOR-H,0), but
an m/z value of 284.2, which corresponds to
OMOR-H,O (Fig. 8C). Finally, fragmentation of
m/z 284.2 led to the MS® spectrum of OMOR
(compare MS* data of Fig. 9B with MS® data of Fig.
8D). Thus, these data suggest that the mass trace
detected at m/z 464.5 does not represent the glucuro-
nide of NOMOR, but an unidentified conjugate of
OMOR. As in the MS® step only the [M +H—H, QO]
ion is formed it can be concluded that this molecule
is not substituted at the OH group at position 14.
None of the above mentioned mass traces for sulfates
could be found. On analysis of a comparable SPE
extract of urine ua8, the same three mass traces
could be found and the fragmentation led to the same
findings. Again, no sulfates could be detected.

For quantification of free OCOD and NOCOD,
blank human urine samples fortified with 0.1, 0.5, 2,
5 and 8 pg/ml of each compound were used as
calibrators and urines containing 0.7 and 6 pg/ml of
both compounds served as controls. Prior to liquid—
liquid extraction (for procedure, refer to Section 2.2),
200 wl of an aqueous 1.S. solution containing
OCODd3 and NOCODd3 (10 pg/ml each) was
added to the urines and extracts were injected
hydrodynamically (70 mbar for 18 s). Peak area
ratios were employed as the basis for data evalua-
tion. Linear relationships with correlation coeffi-
cients (r) for OCOD and NOCOD of 0.9999 and
0.9989, respectively, were obtained, and deviations
for the controls were <4.19% for al values. Urine
ul12 was determined to contain 2.96 and 13.6 p.g/ml
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Fig. 9. (A) Mass traces for selected conjugates and (B) MS, MS?, MS® and MS* data of an unidentified OMOR conjugate obtained for the
analysis of an electrokinetically (10 kV, 90 s) injected SPE extract of unhydrolyzed urine ul12.

of OCOD and NOCOD, respectively. Corresponding
values in urines ua8 and ut8 were estimated to be
between 0.3 and 0.5 pg/ml.

4. Concluding remarks

The data reported in this paper represent the first
account of CE of opioids that carry an OH group at
position 14 of the opioid structure. OCOD and its
metabolites OMOR, NOCOD and NOMOR are
shown to separate well using the binary phosphate
buffer at pH 7.9. The migration order of OCOD and
OMOR with respect to their N-demethylated analogs
was found to be reversed compared to that observed
for codeine, dihydrocodeine and morphine. Using an
aqueous buffer at pH 9, however, the same order was
detected. OCOD and structurally related compounds
can also be distinguished from other opioids by their
absorbance spectra at low wavelengths and via
fragmentation. Using CE-MS, opioids carrying an

OH group at position 14 were found to lose H,O at
the MS® level, a step that is not observed with
codeine, dihydrocodeine, morphine and analogs.
Furthermore, compared to the latter compounds, the
abundance was determined to be somewhat lower.
Using the binary phosphate buffer, CE with UV
detection is shown to be capable of monitoring
OCOD, NOCOD, OMOR (after hydrolysis only) and
NOMOR (after hydrolysis and in patient urine ul12
only) in akaline liquid—liquid extracts of urines that
were collected after ingestion of 10 mg OCOD
hydrochloride and in a patient urine collected at
steady state (80 mg OCOD hydrochloride daily).
Using the ammonium acetate buffer at pH 9, these
results were confirmed with CE-MS®. Based on
CE-MS, MS? and MS® data, the absorbance spectra
measured across the CE pesks and the relative
position within the electropherogram, two peaks
monitored in the UV absorbance electropherograms
could be assigned to the two keto-reduced metabo-
lites 60COL and N60OCOL, for which no standards
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were available. Comparison of data obtained with
urines pretreated with two different enzyme products
(B-glucuronidase and B-glucuronidase/ arylsulfatase)
suggests that OCOD, NOCOD and 60COL are
mainly glucuronidated, whereas OMOR mainly
forms other conjugates. Furthermore, in a first at-
tempt to directly measure conjugates of the com-
pounds of interest, SPE extracts were analyzed by
CE-MS"*, which revealed the presence of 60COLG,
OMORG and an unidentified OMOR conjugate.
Quantitation of free OCOD and NOCOD by CE-MS
using deuterated internal standards is also discussed
briefly. Further work is required to properly elucidate
the nature and amount of the major conjugates
excreted in urine.
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