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Abstract

We here reported the development and application of an immobilized enzyme reactor (IMER) based on�-glucuronidase to
theon-line determination of urinary molar ratios of dextromethorphan (DOMe)/dextrorphan (DOH) for the assessment of the
metabolic activity of CYP2D6, a genetically variable isoform of cytochrome P-450 (CYP).

�-Glucuronidase was immobilized on an HPLC monolithic aminopropyl silica support. Catalytic activity and stability of the
chromatographic reactor were evaluated using 8-hydroxyquinoline glucuronide (8-HQG) as substrate. The IMER was coupled
through a switching valve to a reversed-phase column (C8) for the simultaneous determination of dextromethorphan and its
main metabolite dextrorphan. On purpose a selective reversed-phase ion pair HPLC method coupled with fluorescence detection
was developed. Urine samples were first centrifuged to remove insoluble materials and then aliquots of the supernatants were
injected into the coupled-column analyser.

Linearity, precision and accuracy of the method were established. The method reliability was verified by comparing our data
with previous data of a phenotyping study carried out by the Poison Control Centre of Pavia-Clinical Toxicology Division.
© 2004 Elsevier B.V. All rights reserved.

Keywords: �-Glucuronidase; Immobilized enzyme reactor; Dextromethorphan; Dextrorphan; Cytochrome P-450 2D6

∗ Corresponding author. Tel.:+39-382-507788; fax:+39-382-422975.
E-mail address: enrica.calleri@unipv.it (E. Calleri).

0731-7085/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpba.2004.02.033



1180 E. Calleri et al. / Journal of Pharmaceutical and Biomedical Analysis 35 (2004) 1179–1189

1. Introduction

The response of an individual to a drug ther-
apy may be highly variable. Genetically variable
drug metabolism can result in therapeutic failure
and unanticipated toxicity in individuals who have
variant alleles for drug-metabolizing enzymes[1].
This poses a major clinical problem because this
inter-individual variability is until now only partly
predictable.

Members of the human cytochrome P-450 (CYP)
superfamily play a role in the metabolism of many
drugs and several of them have been shown to be
polymorphic. In particular cytochrome P-450 2D6
(CYP2D6) is polymorphically distributed and is re-
sponsible for the metabolism of several clinically
important drugs[2,3]. For this reason the determina-
tion of this genetic polymorphism is important and
could provide the basis for a rational approach to drug
prescription.

The individual activity of CYP2D6 enzyme can
be assessed by means of genotyping or phenotyp-
ing. Genotyping involves identification of defined
genetic mutation that give rise to the specific drug
metabolism phenotype. Phenotyping requires intake
of a probe drug whose metabolism is known to be
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Fig. 1. Chemical structures and metabolic pathways of dextromethorphan.

solely dependent on CYP2D6 enzyme. The excre-
tion of parent compound and/or metabolite in urine
allows to calculate the metabolic ratio, which is a
measure of individual CYP2D6 activity. Phenotyping
methods using drug probes have several drawbacks,
but currently represent the only approach to evaluate
enzyme function. Moreover, phenotyping is useful in
revealing drug–drug interactions or defect in overall
process of drug metabolism.

Different probe drugs have been proposed for
CYP2D6 phenotyping but dextromethorphan (DOMe)
represents the only probe drug readily available as
OTC drug in most of the countries.

Dextromethorphan is a mild cough suppressant
drug extensively metabolized by O-demethylation
to the major active metabolite, dextrorphan (DOH)
and by N-demethylation to 3-methoxymorphinan.
These metabolites are further demethylated to
3-hydroxymorphinan. The 3-hydroxyl group position
of dextrorphan and 3-hydroxymorphinan is rapidly
conjugated via glucuronidation. O-Demethylations
are catalyzed by cytochrome P-450 2D6 while
N-demethylations are primarily catalyzed by the cy-
tochrome P-450 CYP3A. The metabolic pathways of
dextromethorphan are reported in Fig. 1. In vivo, the
urinary molar ratios of DOMe/DOH are used to assess
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the metabolic activity of CYP2D6. Dextromethorphan
and its metabolites can be measured in biological ma-
trices by several methods including high-performance
liquid chromatography (HPLC) with UV, MS or fluo-
rescence detection, gas chromatography and capillary
electrophoresis [4–11].

Because of lack of commercially available stan-
dard of DOH-glucuronide, hydrolysis procedures
during sample preparation are unavoidable. The
conjugate may be cleaved by acid-, base- or
�-glucuronidase-catalysed hydrolysis with the latter
being the method of choice in most investigations
addressed to determine the total concentration of
dextrorphan. The off-line deconjugation of the glu-
curonide is often followed by an extraction procedure
of the aglycone from the biological matrix and analy-
sis by a suitable analytical method. These procedures
can be time consuming, require extensive sample
clean-up and may yield unreproducible results be-
cause of the instability of the enzymes in the assays.
One approach to overcome the problems involved in
the off-line deconjugation, is the development of a
HPLC-compatible bioreactor based on immobilized
�-glucuronidase for the on-line conversion of the con-
jugate. The feasibility of this approach was previously
demonstrated in the on-line deconjugation of some
standard glucuronides [12], but up to now only the
analysis of urinary chloramphenicol-�-d-glucuronide
has been reported [13].

Among the glucuronides considered in reference
[12], the hydrolysis of morphine-glucuronide with
�-glucuronidase immobilized on epoxide silica sup-
port was very low. The authors inferred that the
immobilization process could have sterically hin-
dered the active site of the enzyme. In view of the
structural similarity between morphine and dextror-
phan, a new chromatographic support was considered
for �-glucuronidase immobilization to overcome the
problem faced for morphine-glucuronide.

In recent years the monolithic stationary phases
have attracted attention in liquid chromatography due
to their excellent properties concerning fast mass
transfer. Monolithic stationary phases differ from
conventional columns because of their hydrodynamic
properties. Monoliths have mass transfer between the
eluent and the active sites of the silica support as
rapid as that of 3 �m particulate materials while of-
fering a pressure drop comparable to that of columns

packed with 15 �m particles. All these features are
ideal for enzyme immobilization and fast conversion
of substrates.

Considering altogether these favorable proper-
ties for chromatographic performance and speed,
�-glucuronidase has been covalently immobilized on
a silica-based monolithic type HPLC-column [14,15].
The potentiality of the developed immobilized en-
zyme reactor (IMER) for the on-line deconjugation of
dextrorphan-�-d-glucuronide to its aglycone in human
urine samples was investigated in a coupled-column
HPLC system.

2. Experimental

2.1. Reagents and materials

�-Glucuronidase (EC 3.2.1.31, type H-1, from He-
lix pomatia, 374.000 U/g solid), 8-hydroxyquinoline
(8-HQ), 8-hydroxyquinoline glucuronide (8-HQG),
N,N′-disuccinimidyl carbonate (DSC) and USP-grade
dextromethorphan hydrobromide monohydrate were
purchased from Sigma–Aldrich (Milan, Italy). Dex-
trorphan d-tartrate (98% purity) was obtained from
ICN Phrmaceuticals s.r.l. (Milan, Italy). USP-grade
Levallorphan d-tartrate was provided by Sigma-RBI
(Milan, Italy).

Concentrated solution of �-glucuronidase from Es-
cherichia coli in 0.2 M sodium acetate buffer at pH
5 (cat. no. 127060) was purchased from Boehringer-
Roche (Milan, Italy). Sodium azide, citric acid and
Chromolith® Performance NH2 (2 �m macropores,
mesopore size 13 nm) (4.6 mm×150 mm i.d.) research
sample were from Merck (Darmstadt, Germany).
HPLC-grade acetonitrile and sodium dodecyl sulfate
(SDS) were from Carlo Erba (Milan, Italy). Water was
deionized by passing through a Direct-QTM system
(Millipore, Bedford, MA, USA). Zorbax Eclipse®

XDB-C8-column (4.6 mm × 150 mm i.d., 5 �m) was
purchased from Agilent Technologies (Germany).

2.2. Apparatus

A schematic drawing of the column-switching sys-
tem is given in Fig. 2. Chromatographic experiments
were performed with two Series 1100 Hewlett-Packard
(HP, Palo Alto, CA, USA) HPLC modular sys-
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Fig. 2. Chromatographic system coupling the enzyme column with the reversed-phase analytical column. The substrate is loaded onto the
enzyme column using Position A; the analytes are switched to the analytical column using Position B; the analyte separation is carried
out on the analytical column using Position A.

tems connected to a Vectra VE Hewlett-Packard
personal computer operating the HPLCs by the
Hewlett-Packard ChemStation software (Revision
A.04.01). System 1 consisted of an isocratic pump
(IP), a thermostated column oven (40.0 ± 0.5 ◦C), an
autosampler (AS), and the enzyme column (C1). Sys-
tem 2 consisted of a quaternary gradient pump (GP)
equipped with a HP Model 1046 fluorimetric detector
(FLD), a vacuum degasser and a Zorbax Eclipse®

XDB-C8-column (C2) (4.6 mm×150 mm i.d., 5 �m).
Systems 1 and 2 could be used independently or the

eluent from System 1 could be directed onto System
2 through a Rheodyne six-port switching valve (V) as
shown in Fig. 2.

2.3. Preparation and characterisation of the
enzymatic stationary phase

�-Glucuronidase was covalently immobilized on a
Chromolith-NH2 column according to a previously

described procedure following the in situ method
[16,17]. Briefly, a total of 6 g of DSC were dissolved
in 200 ml acetonitrile and the resulting solution was
re-circulated for 18 h at 0.5 ml/min through the col-
umn previously equilibrated with the same solvent.
The column was washed at the same flow-rate, first
with 30 ml acetonitrile, then with 30 ml water and fi-
nally with 30 ml of 1 mM phosphate buffer (pH 7.0).
Five hundred and seventy-six milligrams enzyme
were dissolved in 200 ml of 50 mM phosphate buffer
(pH 7.0) and the solution continuously circulated
at 0.5 ml/min for 24 h. The flow was inverted every
15 min in the first hour and then every 30 min in the
following 4 h. After 24 h the column was washed with
200 ml water, 200 ml of a 0.5 M NaCl solution and
finally with 100 ml of 0.2 M glycine solution to block
any residual activated group. When not in use the
column was stored at 4 ◦C in a sodium azide solution
(0.01%, w/v). The hydrolysis of 8-HQG was used as
standard assay for determining the activity of the im-
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Fig. 3. Chromatogram showing the deconjugation of 8-hydroxyquinoline glucuronide (0.3 mM); see text for experimental conditions.

mobilized enzyme using the system reported in Fig. 2
by an on-column procedure (16). Stock standard so-
lutions of 8-HQ (10 mM in methanol) and 8-HQG
(3 mM in water) were prepared. Test samples of
8-HQG at concentrations ranging between 0.025 and
30 mM were prepared by diluting the stock solution
in a 20 mM citrate buffer (pH 5.6). The experiments
were carried out at 40 ◦C, measuring the activity of the
immobilized enzyme (U, �mol of 8-HQG hydrolysed
per minute). The enzyme column was first equili-
brated for 30 min with 20 mM citrate buffer (pH 5.6),
and then 20 �l of 8-HQG test samples were injected
onto System 1 at a flow-rate of 0.5 ml/min (switching
valve in position A). After 5 min, C1 was connected
on-line to C2 (switching valve in position B) and
8-HQ and unreacted 8-HQG were flushed for 13 min.
The valve was then switched back to its original po-
sition (Position A) for the separation of the analytes
with the eluent delivered by System 2. The analyses
on System 2 were carried out at 1 ml/min applying
on C2 a 20 mM citrate buffer (pH 3.0)–acetonitrile
(70:30, v/v) containing 10 mM SDS for the first
10 min. At 10.01 min a step gradient to 20 mM citrate

buffer (pH 3.0)–acetonitrile (60:40, v/v) was applied.
A representative chromatogram with UV detection
at 238 nm is given in Fig. 3. The chromatographic
retention factors were approximately 14.82 for 8-HQ
and 4.39 for 8-HQG. The amount of 8-HQ recovered
after hydrolysis was dependent on the concentration
of 8-HQG injected. The Michaelis–Menten trend was
found plotting the rate of reaction against the substrate
concentration [S].

The rate of the enzymatic reaction (V) expressed as
(�area 8-HQ/min) was calculated by:

V

(
�area (8−HQ)

min

)
=area (8−HQ)

time (min)
=area (8−HQ)

18 min
(1)

Vmax was estimated by Lineweaver and Burk recip-
rocal plots of 1/V versus 1/[S].

To calculate the units (U) of immobilized enzyme
the following equation was used:

U

(
�mol

min

)
=

[
(�area/min)max

extintion coefficient

]

×column void volume(1.76 ml) (2)
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In order to determine the 8-HQ extinction coeffi-
cient for concentration assessment (area of a 1 mM
solution of 8-HQ), increasing concentrations of 8-HQ
were injected onto the enzyme column. Four 8-HQ
calibration solutions in the range between 0.03 and
15 mM were prepared and each solution was in-
jected twice. A linear correlation (r2 = 0.9866) was
found providing the extinction coefficient value. The
amount of active immobilized units was found to
be 0.123.

The hydrolysis of a 0.1 mM standard solution of
8-HQG was used as a standard assay to test the sta-
bility of the immobilized enzyme. The conversion de-
gree (C%) was calculated by comparing the area of
produced 8-HQ to the area of a 8-HQ standard solu-
tion (0.1 mM) in the same chromatographic conditions
according to following equation:

C% = A8−HQpr

A8−HQst
× 100 (3)

The column activity was constantly checked during
the research work (4 months). The mean conversion
degree of 8-HQG was 70.86 ± 6.57% showing that
the column activity was stable after more than 250
injections.

2.4. Standard solutions

Stock solutions of DOMe (1 mg/ml in methanol),
DOH (2 mg/ml in water), and Levallorphan (1 mg/ml
in water) were prepared and immediately stored at
−20 ◦C in the dark. Prior to every analytical session
dilutions of the stock solutions were prepared at the
working solutions concentrations. DOMe working so-
lution was at the concentration of 10 �g/ml in 0.1 M
sodium acetate buffer (pH 5), and further diluted in
the same buffer to the calibrators concentrations at 1.0,
0.5, 0.2, 0.02, and 0.01 �g/ml. DOH working solution
was at the concentration of 100 �g/ml in 0.1 M sodium
acetate buffer (pH 5), and further diluted in the same
buffer to the calibrators concentrations of 5.0, 2.5, 1.0,
0.1, and 0.05 �g/ml. Levallorphan (internal standard,
IS) working solution for the off-line method was pre-
pared at 50 �g/ml in 0.1 M sodium acetate buffer (pH
5). In the off-line procedure 20 �l aliquots of IS solu-
tion were added to all samples, i.e. calibrators, aque-
ous controls, and urines.

2.5. Chromatographic method

The following experimental steps were followed:
Step 1 (0–15 min, valve in position A): the sam-

ple was loaded on the enzymatic column (C1); citrate
buffer 20 mM (pH 5.6) (M1) was used as eluent de-
livered by IP using a flow-rate of 0.1 ml/min.

Step 2 (15.01–55 min, valve in position B): the
valve was switched to position B and the analytes were
flushed and focused directly onto the reversed-phase
analytical column (C2) using a flow-rate of 0.1 ml/min
for the first 25 min and increasing the flow-rate to
1 ml/min during the following 15 min. DOH and
DOMe were contained in 17.5 ml of eluate and fo-
cused onto the head of the analytical column.

Step 3 (55.01–70 min, valve in position A): the valve
was switched back to its original position for the ana-
lytical separation. The mobile phase used consisted of
M-2A: M-2B (40:60, v/v), with M-2A being a 20 mM
citrate buffer (pH 3.0) containing 10 mM SDS, and
M-2B being a mixture of M-2A-acetonitrile (20:80,
v/v) containing 10 mM SDS.

The flow-rate was 1.0 ml/min. Fluorimetric detec-
tion at 210 nm (excitation) and 312 nm (emission)
wavelengths was performed.

2.6. Method validation

Quantitation of DOMe and DOH was accomplished
by external calibration on standard additions to pooled
blank urine. The use of internal standard procedure
was not considered necessary for the straight-forward
on-line procedure. At the beginning of each analytical
session, five separate samples were prepared by spik-
ing urine with known amounts of stock solutions of
DOH and DOMe to final concentrations of 0.05, 0.1,
1.0, 2.5, and 5.0 �g/ml and 0.01, 0.02, 0.2, 0.5, and
1.0 �g/ml, respectively (Table 1). Aqueous controls
were also prepared in 0.1 M sodium acetate buffer (pH
5) at the same concentrations. The urine calibrators
were randomly inserted into the injections sequence
together with real samples, urine blanks, and aqueous
controls. Correlation coefficients and the equations de-
scribing the calibration curves were determined by lin-
ear regression analysis. Limits of detection and quan-
titation (LOD, LOQ) were calculated according to
[18] based on three replicate analyses of blank pooled
urine.
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Table 1
Results of the calibration plotsa

DOH DOMe

Nominal
concentration
(�g/ml)

Areab Measured mean
concentration
(�g/ml)

Recovery (%) Nominal
concentration
(�g/ml)

Areab Measured mean
concentration
(�g/ml)

Recovery (%)

5.00 1660.1 4.99 99.8 1.00 470.6 1.01 101
2.50 837.0 2.51 100 0.50 218.6 0.47 94
1.00 335.4 1.00 100 0.20 94.5 0.20 100
0.10 35.0 0.10 100 0.020 13.1 0.027 137
0.05 15.1 0.04 80 0.010 7.4 0.015 151

a Samples were prepared by spiking urine at different DOH and DOMe concentrations. Each sample was analysed once. Linear regression
data equation: y = 332x + 1.9, r2 > 0.999 for DOH and: y = 464x + 0.38, r2 = 0.998 for DOMe.

b Raw areas were corrected by subtracting the reading in the blank at the same retention time of the analytes. See text for more details.

Precision was tested by intra-day and inter-day
repeatabilities together with inter-laboratory transfer-
ability and assessed by multiple analysis of real sam-
ples, as summarised by the data presented in Tables 2
and 3.

Accuracy was tested thoroughly during all sessions
by comparing the experimental concentration mea-
sured for each calibrator of the calibration plot with
their corresponding nominal concentration (Table 1),
and with aqueous controls of equal concentration.

Accuracy on real samples was verified by compar-
ison with data obtained 2 years before from a pilot

Table 2
Results of intra-day repeatability and inter-laboratory
transferabilitya

Sample 10 DOMe (�g/ml) DOH (�g/ml)

Laboratory 1 (n = 3) 0.16 2.35
0.18 2.43
0.17 2.52

Mean ± S.D. 0.17 ± 0.01 2.43 ± 0.09
R.S.D. (%) 6 4

Laboratory 2 (n = 4) 0.26 2.41
0.27 2.51
0.28 2.20
0.24 2.50

Mean ± S.D. 0.26 ± 0.02 2.40 ± 0.1
R.S.D. (%) 7 6

a Sample 10 has been processed in replicate analysis in two
different laboratories.

phenotyping study carried out by the Poison Center of
Pavia-Clinical Toxicology Division. At the time, de-
terminations were conducted with a method (Method
2) which was essentially that described by Francis
Lam and Rodriguez [19] with slight modifications.
Briefly, the 8 h total urine production of healthy vol-
unteers and of selected patients were collected after
administration of one tablet of Bronchenolo Tosse®

(7.5 mg destromethorphan) under controlled condi-
tions. From each sample, 10 ml urine aliquots were
kept stored for external cross-validation. After addi-
tion of IS (1 �g/ml), enzymatic hydrolysis was carried
out in glass tubes on 1 ml aliquots of urine by adding
0.980 ml of 0.2 M sodium acetate buffer (pH 5) and
0.02 ml of �-glucuronidase solution in sodium acetate
buffer at pH 5. The tubes were kept closed in a ther-
mostated bath at 38–40 ◦C for 18 h. The hydrolyzed
urine was then brought to pH 11–12 by adding 0.02 ml
of concentrated NH4OH. Liquid–liquid extraction fol-
lowed by adding 5 ml of n-hexane: ethylacetate (3:1,
v/v) and Vortex mixing for 2 min. After centrifugation
(20 min, 2500 rpm), the organic layer was transferred
to a clean tube and re-extracted with 0.2 ml of 0.01N
HCl (Vortex mixing, 2 min). After centrifugation
(5 min, 2500 rpm), the organic layer was discarded,
the residual traces of n-hexane and ethylacetate were
evaporated under a gentle nitrogen stream for few
minutes, and 50 �l of the hydrochloric extract were
injected into the HPLC system. Quantitation was
performed on the concentrations of 0.01, 0.02, 0.2,
0.5, and 1.0 �g/ml for DOMe and of 0.05, 0.1, 1.0,
2.5, and 5.0 �g/ml for DOH. Fluorimetric detection
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Table 3
Results of inter-day repeatabilitya

Sample DOMe DOH N

Mean ± S.D. (�g/ml) R.S.D. (%) Mean ± S.D. (�g/ml) R.S.D. (%)

2 0.0223 ± 0.001 6 0.53 ± 0.04 7 4
3 0.045 ± 0.017 38 0.53 ± 0.01 1 3
4 0.029 ± 0.01 4 0.80 ± 0.01 1 3

a The samples were analysed at least for 3 days.

was used at 210 nm excitation and 312 nm emission
wavelenghts for DOH and DOMe, and 400 nm emis-
sion for IS. Chromatographic separation was accom-
plished isocratically at 1 ml/min by applying a mobile
phase of water–acetonitrile–H3PO4–triethylamine
(84.88:15:0.06:0.06, v/v) at pH 2.7–3.0 on a Supelco
LC-CN (150 mm × 4.6 mm, 5 �m) stainless steel
column.

3. Results and discussion

3.1. Method development

Based on previous reports [20], describing the
optimization of the hydrolysis of morphine-3-�-d-
glucuronide by �-glucuronidase from H. pomatia, the
mobile phase chosen was a 20 mM citrate buffer at pH
5.6 incubated at 40 ◦C. Such conditions were selected
as better compromise between maximum activity and
stability of the enzyme.

The flow-rate is an additional parameter affect-
ing the hydrolysis yield. The relation between hy-
drolysis yield of DOH-�-glucuronide and flow-rate
was therefore studied on one urine sample obtained
from a subject enrolled in the phenotyping study.
The flow-rates tested were 0.1, 0.2 and 0.5 ml/min.
DOH concentration increased six-fold decreasing the
flow-rate from 0.5 to 0.1 ml/min. The hydrolysis yield
thus was higher at the lower flow-rate, at which the
substrate–enzyme contact time is longer. However,
the analysis of a standard mixture of DOH and DOMe
on the enzyme column at 0.1 ml/min provides two
broad peaks at approximately 48 and 93 min, respec-
tively (chromatogram not shown). Given the higher
polarity of the glucuronide compared to the aglycone,
and supposing that the reaction takes place before the
elution of the product, we decided to apply a flow gra-

dient. The flow-rate was set at 0.1 ml/min for 40 min
and increased to 1.0 ml/min for the last 15 min of
analysis. No significant variation in the peak areas of
DOH and DOMe was observed after the injection of
the urine sample with and without the flow-rate gra-
dient, confirming the hypothesis that the hydrolysis
reaction took place during the first 40 min of run.

Furthermore, a selective reversed-phase ion pair
high-performance liquid chromatography method
coupled with fluorescence detection was developed in
order to attain optimal conditions for resolution and
selectivity between DOMe, DOH, and interferences
in the urine samples.

The ion pair mode at mildly acidic pH (pH 3.0)
using 0.01 M sodium dodecyl sulfate gave symmetrical
and well resolved peaks for DOH and DOMe in a run
time of 12 min. To overcome incompatibility problems
due to different mobile phases of the two columns in
the on-line coupling of the enzyme reactor, the 20 mM
citrate buffer at pH 3.0 was adopted as mobile phase
for the analytical column.

Ion pairing with the hydrophobic anion SDS en-
hanced retention allowing the separation of the target
compounds from large hydrophilic peaks arising from
the injection of urine (Fig. 4A–C). The conditions
adopted, however, could not produce a base-to-base
peak separation of the analytes from minor contam-
inants present in hydrolyzed urine. Given the goal
of our study, i.e. the evaluation of the efficiency on
real samples of a coupled-column analyser including a
�-glucuronidase IMER, the matrix noise was consid-
ered acceptable for quantitative analysis of DOH and
DOMe.

3.2. Validation

The linear calibration equations for urine showed
acceptable y-axis intercepts and high correlation co-
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Fig. 4. Chromatograms showing: (A) aqueous control. A 2.5 �g/ml of DOH (peak 1) and 0.5 �g/ml of DOMe (peak 2). (B) Blank urine.
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Table 4
The determination of DOMe and DOH concentrations in urine samples from subjects dosed with DOMe using on-line (Method 1) and
off-line (Method 2) assays

Sample Method 2: DOMe
(�g/ml)

Method 1: DOMe
(�g/ml

Error (%) Method 2: DOH
(�g/ml)

Method 1: DOH
(�g/ml)

Recovery (%)

1 0.65 0.70 8 13.2 4.00 30
2 0.03 0.02 33 1.33 0.53 40
3 0.01 0.05 400 1.53 0.53 35
4 0.25 0.29 16 1.77 0.80 45
5 0.03 0.02 33 2.38 0.59 25
6 <0.01 <0.01 a 2.80 0.72 26
7 0.02 0.02 0 4.00 1.99 50
8 <0.01 <0.01 a 0.87 0.49 56
9 0.01 <0.01 a 0.65 0.30 46

10 0.55 0.17 69 7.10 2.43 34
11 <0.01 0.02 a 1.43 0.41 29

a Not determinable.

efficients (y = 332x + 1.9, r2 > 0.999 for DOH, and
y = 464x + 0.38, r2 = 0.998 for DOMe). The LOD
and LOQ were respectively established at 0.005 and
0.05 �g/ml for DOH and at 0.001 and 0.01 �g/ml for
DOMe. Intra-day and inter-day repeatabilities together
with inter-laboratory transferability (see Tables 2
and 3) prove that method precision is good (CV%
comprised between 1 and 7% over three–four repli-
cates in different days) except in one case (sample
3, CV% 38 over three replicates in different days)
where the chromatographic set-up failed to fully sep-
arate DOMe owing to a significant background matrix
noise.

3.3. Method application

In order to assess if the �-glucuronidase IMER
could be used in the determination of metabolic phe-

Table 5
The determination of DOMe and DOH concentrations in urine samples from subjects dosed with DOMe using on-line (Method 1) and
off-line (Method 2) assays and the determination of the metabolic ratio (log DOMe/DOH)

Sample Method 2 Method 1

DOMe (�M) DOH (�M) Log DOMe/DOH DOMe (�M) DOH (�M) Log DOMe/DOH

1 2.39 51.29 −1.33 2.58 15.54 −0.78
6 <0.04 10.88 −2.43 <0.04 2.80 −1.84
7 0.07 15.54 −2.35 0.07 7.73 −2.04
8 <0.04 3.38 −1.93 <0.04 1.90 −1.68
9 0.04 2.52 −1.80 <0.04 1.16 −1.46

11 <0.04 5.55 −2.14 0.07 1.59 −1.36

When the urine concentration of DOMe was below the lower limit of quantitation (i.e. <0.04 �M) the values of 0.04 was used to calculate
the metabolic ratio.

notyping, both the on-line (Method 1) and off-line
(Method 2) methods were used to analyze 11 urine
samples. The samples came from subjects involved in
a pilot CYP2D6 phenotyping study carried out by the
Poison Control Center of Pavia-Clinical Toxicology
Division which utilized DOMe as the probe drug. The
comparison of the data obtained with the two methods
are reported in Table 4.

The on-line method failed to determine correctly
DOMe in one sample (sample 3, Table 4), and pro-
duced significant errors assessing the concentrations
of 4 samples out of 11 (samples 2, 4, 5, and 10,
Table 4). The DOH total concentrations found were
in all cases lower than the reference value. This ob-
servation points to an incomplete hydrolysis obtained
through the �-glucuronidase IMER, which was ex-
pectable considering the morphine-like frame of DOH
and previous literature [12].
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In earlier studies using DOMe as the probe drug,
metabolic ratios of 0.3 to 0.6 (expressed as log values
of −0.52 and −0.22) were used as antimode to divide
extensive from poor CYP2D6 metabolizers [21–23].
The ratio values used to discriminate between poor
and extensive metabolizer was based on standard an-
alytical methods in which there is more complete hy-
drolysis of dextrorphan-glucuronide. It would be ex-
pected that the “ true” antimode for our method would
be shifted. The metabolic ratios determined by the two
methods with the exclusion of samples 2, 3, 4, 5 and
10 are presented in Table 5. It was interesting to ob-
serve that the log of the metabolic ratios determined by
the two methods were correlated, r2 = 0.7878 (P =
0.017) and in each case, the on-line method assigned
the extensive metabolic phenotype to the subject which
was consistent with the results from the off-line study.

4. Conclusions

The immobilization of �-glucuronidase on mono-
lithic support was described and the developed reactor
was coupled with an analytical column for the sepa-
ration and quantitation of total DOMe and DOH. The
use of monolithic material lead to a better performance
of immobilized �-glucuronidase and to a very stable
bioreactor. Nevertheless the glucuronide hydrolysis of
DOH is still a rate-limiting step as the hydrolysis of
the glucuronate was not complete. It was interesting
to observe a linear correlation (r2 = 0.944) between
the measured levels of DOH with the two methods in-
dicating that in the explored substrate concentration
range the saturation of the enzyme was not reached.
Further developments will include the optimization of
the experimental conditions and of the immobilization
reaction in order to increase the hydrolysis yield.

The proposed method is of interest as it could po-
tentially simplify the determination of phenotype by
using a direct urine injection. Unfortunately, the ex-
perimental cohort did not contain a poor metabolizer
and therefore the full validation of the application for
clinical purpose will require a more extensive data set.
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