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Abstract: A modified differential radioimmunoassay (RIA) technique for the measurement of morphine and its active
metabolite, morphine-6-glucuronide (M6G), in plasma is described. Plasma samples were assayed following appropriate
dilution, using a morphine specific antiserum and the results subtracted from those obtained with an antiserum which
cross-reacts with both morphine and M6G. The sensitivity of measurement for morphine and M6G was .88 and 0.27
nmol 17", respectively and inter-assay variation ranged from 3.4 to 11.0%. Recovery of morphine and M6G was
quantitative over a range of concentrations (1~5000 nmol 1-'). The presence of either M6G or morphine-3-glucuronide
(M3G) did not affect the recovery of morphine. M6G was quantitatively recovered in the presence of morphine but high
concentrations (>1:20) of M3G caused some overestimation of M6G. Results obtained by differential RIA for both
morphine and M6G correlated well with the results of HPLC analysis. The assay has been applied to the measurement of

M6G in plasma following its administration to human volunteers.
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Introduction

Due to its widespread clinical use, and the
need for a sensitive analytical technique for its
quantitation, morphine was one of the first
drug molecules for which radioimmunoassays
(RIA) were developed. The major advantages
of RIA over classical physico-chemical
methods are its sensitivity, speed of throughput
and simplicity of operation. The major draw-
back with all immunoassays is the potential for
interference from structurally related com-
pounds. This is a particular problem with drug
RIAs if, like morphine, the parent compound
is subjected to extensive metabolism, and the
success of these assays is largely dependent
upon the specificity of the antiserum used.
Since the first RIA for morphine was
described in 1970 [1], a number of anti-
morphine antisera have been raised to a range
of different immunogens. Predictably, these
antisera were found to cross-react by varying
degrees with the metabolites of morphine,
notably morphine-3-glucuronide (M3G) and

morphine-6-glucuronide (M6G) [2]. In an
effort to minimize interference from M3G, the
major metabolite, antisera were raised against
6-substituted morphine immunogens {3, 4]. As
expected, these antisera exhibited low cross-
reactivity with M3G, but cross-reacted with
M6G by 100% or more. At the time, it was
widely believed that M6G was present in
negligible quantities [5], but the findings of
more recent studies have shown it to be an
important metabolite of morphine, especially
after oral morphine administration [6, 7].
When these results are considered in the light
of information concerning the analgesic and
sedative potency of M6G [8, 9], it is apparent
that there is a need for the pharmacokinetics to
be re-investigated, with particular reference to
the formation of M6G and its contribution to
the analgesia experienced following treatment
with morphine. To assist with these investi-
gations, a specific and robust analytical method
capable of analysing low levels of morphine
and M6G in plasma is required. Currently, the
method of choice is HPLC [6, 10], but this
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procedure is not without problems being highly
labour intensive and having limited sensitivity.
A differential RIA for the determination of
morphine, M3G and M6G has been described
previously [11]. Results from the analysis of
spiked samples provided validation for the
potential of this technique but the recovery of
M6G from spiked samples in the presence of
morphine and M3G was not reported.

This report describes the development and
validation of a modified differential RIA tech-
nique for the analysis of morphine and M6G in
human plasma, using two morphine antisera
available in our laboratory, and its subsequent
application to the investigation of the pharma-
cokinetics of systematically administered M6G
in healthy volunteers.

Materials and Methods

Chemicals

Morphine alkaloid and other opioid stan-
dards were purchased from MacFarlan Smith
Ltd (Edinburgh). Morphine-3,8-D-glucuronide
was purchased from Sigma Chemical Co. Ltd
(Poole, Dorset) and morphine-6,B8-D-glucur-
onide from Salford Ultrafine Chemicals Ltd
(Manchester). Activated charcoal (Norit A)
and Iodogen were both supplied by Sigma, and
Dextran T-20 was from Pharmacia/LKB
(Milton Keynes). All other RIA reagents were
of analytical grade and were purchased from
BDH Chemicals Ltd (Poole, Dorset).

[*H]-Morphine (27 Ci mmol~') was obtained
from Amersham International (Amersham,
Bucks); Na['?I] was supplied by ICN Flow
Laboratories (High Wycombe, Bucks). Opti-
phase ‘Safe’ liquid scintillation fluid was pur-
chased from Pharmacia/LKB.

For the RIA, the assay buffer was a 0.05 M
phosphate buffer (pH 7.4) containing 6.0 g
NaCl, 1.0 g gelatin and 13.0 mg thiomersal per
litre of distilled water.

Stock standards of morphine alkaloid and
M6G were prepared as 3.30 mmol 17" in
absolute ethanol and 2.01 mmol I™! in distilled
water, respectively. These were then diluted
1:1000 in assay buffer and stored in 100 wl
aliquots at —20°C for up to 2 months.

The charcoal suspension contained 10 g of
Norit A and 1g Dextran T-70 per 400 ml
0.05 M phosphate buffer (pH 7.4).

Synthesis of ['*’1]-morphine and ['*°1]-M6G
These radiolabels were prepared according
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to the method used by Moore and colleagues to
synthesize ['**I]-morphine [12]. In both cases,
the three methanolic fractions with the highest
counts were combined and stored for up to 2
months at 4°C. Before use, these fractions
were diluted in assay buffer to give 25,000 cpm
nominal; i.e. the dilution corresponding to
25,000 cpm/assay tube on the day of prep-
aration of the label.

Production of anti-morphine antisera

Antiserum A (code: HP/S/844 1la) was
raised in a sheep in response to an N-succinyl-
normorphine-bovine serum albumin (BSA)
conjugate [13], and stored at 4°C. The initial
antiserum dilution (that which gave rise to 50%
binding of [*H]-morphine at zero dose) was
1:1000 in assay buffer.

Antiserum B (code: GG1 Vlla) was raised in
a goat in response to a 6-succinylmorphine—
BSA conjugate [4], and stored at 4°C. The
initial dilutions of this antiserum were 1:2700
and 1:11000, giving rise to 50% binding of ['*]-
morphine and ['**1]-M6G. respectively. Both
antisera can be obtained from Guildhay Anti-
sera Ltd (Guildford).

RIA procedure

The previously published RIA protocol [4]
was modified slightly. For use with antiserum
A. [*H]-morphine was diluted in assay buffer
so as to give 2500 cpm/100 pi (equivalent to
0.15 pmol/tube). Following incubation for 1 h
at 4°C and phase separation using dextran-
coated charcoal suspension, a 500 ul aliquot of
supernatant (bound fraction) was added to
4.5 m! of scintillation fluid. Each vial was
counted for 4 min in an LKB 1216 Rackbeta
liquid scintillation counter. When iodinated
radiolabels were in use with antiserum B, the
supernatant was aspirated and the charcoal
pellet (free fraction) counted for 100 s in a 12-
channel LKB Multigamma II counter. The
percentage binding was calculated for the
standard samples and data reduction was
carried out using a smoothed spline plot and
the results calculated by interpolation. M6G
concentrations were determined using the
following equation:

[M6G] nmol I”' = (result using antiserum B)
— (result using antiserum A).

The cross-reactivity profile for each anti-
serum was assessed by comparing the ability of
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a range of structurally related analogues to
displace 50% antibody-bound radiolabel [14].
Theoretical assay sensitivity was defined as
being 2 SDs from the mean of 15 replicate tests
of the zero standard. Inter-assay variation was
assessed by the repeat analysis of quality
control samples prepared by pooling patient
plasma containing a range of concentrations of
morphine, M3G and M6G.

The accuracy of the assays was assessed by
determining the recovery of morphine and
M6G from artificial mixtures containing
morphine, M6G and/or M3G spiked in at
levels that might be expected in clinical
samples. Percentage recoveries for morphine
and M6G were calculated by dividing the
actual result by the expected result, i.e. the
result that would be predicted taking into
consideration the known specificity character-
istics of the antiserum in use.

Comparison of HPLC and RIA results for
morphine and M6G in plasma

A random selection of plasma samples
obtained from healthy volunteers recruited at
the Department of Medical Oncology,
Homerton Hospital. London were analysed.
These subjects had received a single dose of
morphine sulphate, and plasma levels of
morphine, M6G and M3G measured using a
specific HPLC method [10]. These chromato-
graphic results were compared with those
obtained using the RIA procedures described
in this section.

M6G pharmacokinetics

Approval for these studies was' obtained
from the Ethical Committee of St Bartholo-
mew'’s Hospital, London. Six healthy volun-
teers were dosed with 1 mg/70 kg M6G as an
intravenous bolus and serial plasma samples
were collected over a 12-h period. These
samples were stored at —20°C prior to analysis
for levels of morphine and M6G by differential
RIA. The plasma M6G concentration—time
profiles were analysed using an interactive
curve-stripping program, using weighted non-
linear least-squares regression [15].

Results

Antiserum A

Specificity  characteristics.  The  cross-
reactivity of this antiserum with a range of
structural analogues is shown in Table 1.
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Table 1
Percentage molar cross-reactivities of
antiserum A

Cross-reactivity

Opioid (%)
Morphine 100
M6G <0.1
M3G <0.1
Normorphine 32.1
Codeine <0.01
Diamorphine <0.1
Naxolone <0.1
Buprenorphine <0.1
Pethidine <0.1
%B/Bo
00
8or 1
sof }\ :
40}
207 1

0 1 2 3 4 5 8 7
[Morphine] nmol/}

Figure 1
Mean (£SD) of seven separate RIA standard curves using
antiserum A and *H-morphine.

Negligible interference was evident with these
compounds, with the exception of nor-
morphine.

RIA performance. The inter-assay variation
(mean + SD) for each point (0.33-6.60 nmol
I”') for seven separate standard curves is
shown in Fig. 1. The overall mean relative
standard deviation (RSD) for this calibration
range was 10.4% (2.3-16.1). Non-specific
binding was always <6% of the total amount of
radioactivity added and the theoretical assay
sensitivity was calculated to be 0.88 nmol 1.
Analysis of quality control samples revealed
inter-assay RSDs of 3.4 and 5.8% at levels of
37.1 and 347.0 nmol 17", respectively (n = 15).
No matrix effects were observed with the
addition of up to 100 ul plasma, and clinical
samples diluted in parallel to the standard
curve displayed no systematic bias.
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Analytical recovery. The recovery of mor-
phine alone and in the presence of increasing
concentrations of either M3G or M6G is shown
in Tables 2 and 3.

Comparison of HPLC and RIA results for

morphine. There was a significant correlation
between results obtained using the two
methods (r = 0.9777; n = 40). Linear re-
gression analysis of the data gave the equation
y=115x — 0.85 (where y = RIA; x =
HPLC). These data are presented in Fig. 2.

Antiserum B

Specificity characteristics. The ability of a
range of structurally related analogues to dis-
place 50% antibody-bound ['**I]-morphine or
['**1]-M6G is shown in Table 4. The cross-
reactivity of this antiserum with morphine and
M6G approached 100% and substantial inter-
ference from codeine and diamorphine was
also observed. Significantly, cross-reaction
with M3G was low (1-2%).

Table 2
Recovery of morphine added to control drug-free plasma
using RIA with antiserum A

[Morphinej(nmol 17"} Mean % recovery

1 80.7%+ 5.5

5 101.0+ 2.0
10 105.8 4.2
50 105.9 % 10.0
100 1199+ 75
500 1043 £ 33

Mean * SD; (n = 4).

Table 3
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RIA result (nmol/i)
200 )

y = 1.15x - 0.85.
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Figure 2

Correlation of morphine concentrations in plasma (n = 40)
obtained by HPLC and by RIA using antiserum A and *H-
morphine.

RIA performance. The inter-assay variation
for each point (0.20-4.02 nmol 17') for seven
separate standard curves using M6G as the
standard and radiolabel is shown in Fig. 3.
Similar curves were obtained using morphine
as the standard and radiolabel. The overall
mean RSD was 6.1% (2.2-9.8). Theoretical
assay sensitivity was calculated to be 0.27 nmol
I7'. Analysis of quality control samples re-
vealed inter-assay RSDs of 11.0, 7.5 and 5.4%
at levels of 19.1, 215.4 and 303.4 nmol 17,
respectively (n = 10). No matrix effects were

Recovery of morphine in the presence of M6G or M3G added to control drug-
free plasma using RIA with antiserum A

Molar ratio
morphine-metabolite
(1 = 100 nmol 17")

% Recovery + M6G

% Recovery + M3G

0:1 ND

1:0 101.2
1:0.1 100.5
1:0.2 97.5
1:0.5 93.2
1:1 99.9
1:2 96.5
1:5 97.5
1:10 98.6
1:25 96.6
1:50 107.0
1:100 107.5

M
X NO NS = B

ND
3 111.3 £ 9.9
7 —
0 —
5 J—
4 94.1 + 7.7
0 —_
1 108.3 £ 15.0
2 112.3 £ 13.0
3 —
3 104.7 = 8.8
2 134.6 £ 19.0

*Mean * SD; (n = 4).
ND = none detected.
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Table 4

Percentage molar cross-reactivities of antiserum B using

morphine and M6G radiolabels

[***T]-morphine

['*1]-M6G
(%)

Opioid (%)
Morphinc 100
M6G 314
M3G 1.0
Normorphine 0.4
Codeine 40.0
Diamorphine 75.2
Naloxone <(0.01
Buprenorphine <0.1
Pethidine <0.1

79.2

observed with the addition of up to 100-pl of
human plasma and clinical samples diluted in
parallel with either the morphine or M6G

standard curves and displayed no systematic

bias.

Analytical recovery. The recovery of mor-
phine, M6G or M3G, and M6G in the presence

of increasing quantities of M3G, is shown in

Table 5

%B/Bo
100
80 i
80} N\ .
N\
40 E
201 1
o L : .
0 1 2 3 4 5

IM6GI] nmoi/I

Figure 3
Mean (* SD) of seven separate RIA standard curves using
antiserum B and '**I-M6G.

Tables S and 6. The recoveries of morphine,
M6G or M3G alone were similar regardless of

Recovery of morphine. M6G or M3G from control drug-free plasma using RIA with antiserum B and M6G as standard

and radiolabel

Conc. added

5000 —

(nmol 17"} Mean % recovery of morphine Mean % recovery of M6G Mean % recovery of M3G
1 120.7 = 18.0 1220 £ 8.5 —
5 927 82 119.0 £ 10.0 —
10 1053+ 7.4 110.0 £ 4.0 —

50 97.7%+ 83 104.3 £ 12.0

100 87.3 + 5.1 97.3 %+ 4.0 1.7
500 99.3 + 6.1 104.7 £ 9.1 1.2
1000 —_ — 1.2
2500 —_ — 1.0
0.8
1.0

10000 —

Mean * SD; (n = 4). Mean of three results.

Table 6

Recovery of M6G in the presence of increasing concentrations of M3G added to
control drug-free plasma using RIA with antiserum B and M6G as standard and

radiolabel

M6G:M3G ratio Result (amol I7") Mean % recovery using M6G
(I = 100 nmol 17')

1:0 96.9 + 13 100 (100)
1:1 101.1 £ 9.7 104 (103)
1:5 4.1 + 4.4 118 (135)
1:10 118.3 £ 6.0 122 (138)
1:20 146.2 = 8.7 151 (174)
1:40 164.3 £ 9.1 169 (221)
1:50 184.0 £ 7.5 190 (237)
1:100 240 69 248 (379)

Mean of four results * SD.
Results in parentheses are those obtained for the same spiked samples when
RIA with antiserum B with morphine as standard and radiolabel.
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whether morphine or M6G was used as the
standard and radiolabel but. for the sake of
brevity, only the data obtained using M6G as
the standard and radiolabel are included in
Table 5. For the purposes of comparison, data
obtained using both morphine and M6G as the
standard and radiolabel are shown in Table 6.

Comparison of HPLC and RIA results for
M6G. There was a significant correlation
between the M6G results obtained on 35
plasma samples using the differential RIA
technique described here and those measured
by HPLC. Correlation coefficients of 0.9733
and 0.9012, and linear regression equations
y = 143x +3.27andy = 1.08x + 5.94 (where

a) RIA resuit (nmol/1)
140 - - .- - - -

120
100 -
80} 7
x o
7
60 . )/ o
40 N
20 2
|
P A e s
0 10 20 30 40 50 60 70 80

HPLC result (nmol/1)

k) RIA result (nmoV/l)

100
a0 //’
~ b // ¥
60 .. L -
>
4o}
- b N
-
20 S
. ~
Loy
[} 10 20 30 4 S0 6 70 80

HPLC result (nmol/l)

Figure 4

Correlations of M6G plasma concentrations (n = 35)
obtained by HPLC and by (a) differential RIA using
morphine standardization and '**I-morphine and (b) dif-
ferential RIA using M6G standardization and '*I-M6G.

Table 7
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vy = RIA; x = HPLC)., were obtained when
morphine and M6G were used as the standards
and radiolabel respectively. These results are
illustrated in Fig. 4.

M6G pharmacokinetics. The mean (£SEM)
M6G plasma concentration—time profile for
the six volunteers who received 1 mg/70 kg
M6G i.v. is shown in Fig. 5 and are similar to
those obtained by HPLC analysis [19]. M6G
exhibited a bi-exponential decline comprising a
rapid distribution phase followed by a more
prolonged elimination phase. The mean half-
life in the elimination phase was 1.7 £ 0.07 h
(mean + SEM). Low levels of M6G were still
detectable in all subjects 12 h after dosing
(results not shown). Mean pharmacokinetic
parameters calculated following this treatment
are included in Table 7. Morphine was un-
detectable in all the samples taken from these
subjects.

B3] (nmol/h

:

50 9\ {

(M
53‘:%
L

oo

i @\%
[ A3
o
: %
5 .
4 0 v 2 a3 a4 5 8
Time ‘hours;
Figure 5

M6G plasma concentrations (mean £ SEM) determined
by differential RIA following i.v. administration of | mg/
70 kg M6G to healthy volunteers (n = 6).

Plasma pharmacokinetic data following administration of 1 mg/70 kg i.v. M6G to healthy volunteers

Subject Dose Crn T.
ID (mg) (nmol 17") (h)
A 243 3840 1.77
B 1.71 279.2 1.48
C 2.29 402.0 1.71
D 1.73 124.0 1.88
E 2.35 374.0 1.85
F 1.63 308.0 1.51
Mean 2.02 361.9 1.70
(+SEM) (0.15) (23.0) (0.07)

cl v, AUC (0-)
(ml min~ ") n (nmoll " h™"h
108.9 17.0 453.0

64.6 8.4 376.9

80.1 1.2 546.7

59.3 9.7 4.5

128.3 19.7 355.7

60).5 8.0 363.1

83.6 12.3 418.3

(11.7) (2.0) (29.7)
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Discussion

In order to make confident use of the
specificity characteristics of a particular anti-
serum in a differential RIA technique such as
that described here, a thorough investigation
of the properties of the antiserum is required.
For this reason, in addition to employing the
accepted criteria for the assessment of anti-
serum specificity [14], the recovery of mor-
phine and M6G from a wide range of recovery
standards was also determined for both anti-
sera, and morphine and M6G results obtained
were compared with those measured using a
specific HPLC method.

The characterization of antiserum A (HP/S/
844 11a) using [*H]-morphine and its use in an
RIA for morphine is described. Cross-
reactivity of this antiserum with M3G and
M6G was negligible. Interference from nor-
morphine was to be expected, taking into
consideration the structure of the immunogen
used. However, although N-demethylation is a
recognized metabolic pathway, significant
quantities of normorphine have not been
found. even after chronic oral morphine
administration [7]. The recovery of morphine
over a wide range of concentrations using this
assay was excellent, even when relatively high
levels of M3G or M6G were also present; and
results obtained using the RIA correlated well
with those obtained by HPLC. This assay is
robust, reliable, reproducible and offers an
attractive alternative to other RIAs currently
available for the analysis of morphine. In
addition, the ability of the method to analyse
directly small volumes of plasma, in the
absence of any sample pretreatment, and its
capacity for a large sample throughput, makes
it an excellent overall choice for use in studies
investigating  the  pharmacokinetics  of
morphine.

The characteristics of antiserum B (GGl
Vl1la) using ['**I]-morphine and ['*1]-M6G
radiolabels are also described. Cross-reaction
with M3G was low (1-2%). but significant
interference was observed from codeine and
diamorphine. However, concomitant adminis-
tration of these compounds with morphine is
rare and, although codeine is a recognized
metabolite of morphine, negligible quantities
are produced [16]. Hand et al. [11] reported the
use of an equivalent antiserum that was found
to cross-react with M6G by more than 100%.
In an attempt to correct for this, they divided
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each result by a ‘cross-reactivity factor’, calcu-
lated for each assay. Similar cross-reactivity
data were obtained in the present study. It
should be remembered that cross-reactivity is
conventionally determined in the absence of
the analyte, a situation which does not gener-
ally occur in the analysis of samples. Our data
indicate that both morphine and M6G were
accurately recovered over a wide range of
concentrations using this assay (regardless of
whether morphine or M6G was used as the
standard and radiolabel). The results of the
recovery of M6G in the presence of morphine
and M3G showed that the use of a ‘cross-
reactivity factor’ was not necessary using the
present assay. Furthermore. the use of a cross-
reactivity factor does not take into consider-
ation the variability in the cross-reactivity of
M6G within individual samples, a value that is
likely to vary depending on the levels of
morphine and M3G present.

In the present study. M6G levels determined
by the assay employing morphine as the stan-
dard and radiolabel correlated well with those
obtained by HPLC, but were consistently
higher. Our recovery data show that, although
interference from high levels of M3G alone
was negligible, the presence of high concen-
trations of M3G, relative to M6G in the same
sample (M3G-M6G > 20:1) can lead to an
apparent increase in the recovery of M6G. This
possibility was noted in another study employ-
ing a similar antiserum [17]. M3G-M&6G ratios
between 6:1 and 10:1 have been reported
following chronic dosing with oral morphine
[7]. This potential interference is likely to be
less of a problem in vivo when morphine is also
present. In our modified assay using antiserum
B, we used M6G as a standard in place of
morphine and for the preparation of the
radiolabel. Comparison of the M6G data using
these two approaches revealed that this
modification alleviated the problem of M3G
interference to some extent, and also gave rise
to M6G results which showed closer agreement
to those obtained by HPLC. We believe that
these improvements were due to the standard-
ization of our assay with the metabolite, rather
than the less abundant parent drug. Never-
theless, a degree of caution still needs to be
introduced when interpreting M6G results
obtained using this differential RIA. The find-
ings discussed so far confirm our belief that, in
a situation where a mixture of compounds are
competing for binding sites on antibodies with
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varying degrees of avidity, traditional methods
of assessing cross-reactivity alone are not suf-
ficient. In these situations, extensive character-
ization of the antiserum is required in the form
of recovery assessments such as those con-
ducted in this study. This information is of
particular importance if the antiserum is being
considered as a candidate for use in a differen-
tial RIA technique.

The differential RIA technique described in
this report was used to follow plasma concen-
trations of M6G in six healthy volunteers,
treated with a potentially therapeutic i.v. dose
of M6G, for up to 12 h. The pharmacokinetic
data observed for i.v. M6G in this study
provide evidence for the high initial plasma
concentrations, small volume of distribution,
and low clearance of M6G. In addition, the
terminal half-life (1.7 h) of i.v. M6G is not
significantly different from that measured for
morphine and metabolically formed M6G in an
earlier study [18]. It was also of interest to note
the absence of morphine following the systemic
administration of M6G in these subjects. These
findings are in agreement with those obtained
in two studies investigating the kinetics of M6G
in patients with normal renal function, in which
HPLC was used as the analytical tool {9, 19].

In summary, this report describes the valid-
ation of a modified differential RIA technique
for the determination of morphine and M6G in
samples of human plasma, using two morphine
antisera available in our laboratory. Potential
problems associated with the original method
proposed by Hand et al. [11] have been
highlighted, and the assay improved by the use
of M6G in place of morphine as the assay
standard and radiolabel. In the absence of a
specific antiserum for M6G, differential RIA
remains the only immunoassay technique
currently available for the determination of
M6G, and the advantages of RIA as an
analytical tool makes this assay a useful alter-
native to existing methodologies. A specific
M6G antiserum for use in an immunoassay has
now been produced in our laboratory [20], and
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the development and validation of immuno-
assays suitable for M6G pharmacokinetic
studies will be described in a later paper.
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