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Abstract O The morphine antagonists naltrexone and naloxone were extracted
from plasma and urine, scparated on a chromatographic column, and assayed
by electrochemical detection. Optimum oxidation potentials were 0.65 V for
morphine and 0.75 V for naloxone and naltrexone. Assay sensitivities were
2-5 ng/mL for plasma and 10 ng/mL for urine. The assays were applied to
determine red blood cell partition cocfficients of 1.83 + 0.15 (SD) for nal-
trexone and 1.49 £ 0.27 (SD) for naloxone in a concentration range of 10-
3500 ng/mL. No significant time dependence for the partitioning could be
observed. Plasma protein binding in the same concentration range, determined
by ultracentrifugation, was 27.7% % 2.5% (SD) for naltrexone and 30.1% x
5.1% (SD) for naloxone. The degree of protein binding did not change in the
presence of marphine for morphine-antagonist ratios between 1:10 and 10:1.
No concentration dependencies of red biood cell partitioning or protein binding
were observed.

Keyphrases O Naltrexone—HPLC with electrochemical detection, plasma
and urine, applications to protein binding and red blood cell partitioning O
Naloxone—HPLC with electrochemical detection, plasma and urine, appli-
cations to protein binding and red blood cell partitioning O Protein bind-
ing—naltrexone and naloxone in the presence of morphine, HPLC with
electrochemical detection, red blood cell partitioning O Red blood cell par-
titioning—naltrexone and naloxone in the presence of morphine, HPLC with
electrochemical detection, protein binding

The classical detection methods for high-performance liquid
chromatography (HPLC) by spectrophotometric and fluo-
rescence detection are not useful for some drugs with low ab-
sorptivities or low fluorescence. Electrochemical detection has
been a method of recent choice in selected instances. It com-
bines amperometric titration and liquid chromatography (1)
and has been applied to the assays of catecholamines (2),
phenolic compounds (3), phenothiazines (4, 5), and morphine
(D) (6-8).

The present study describes sensitive and accurate HPLC
assays for the antagonists of morphine, naloxone (II) and
naltrexone (I11) in biological fluids with electrochemical de-
tection. Studies on possible pharmacokinetic interactions be-
tween morphine and its antagonists are needed since naltrexone
or naloxone are given to morphine-overdosed subjects. Pre-
requisites for such studies are specific and sensitive assays that
allow simultaneous determinations of agonist and antagonist
as well as their metabolites.

A facile procedure for the simultaneous determination of
I and 11T or I is described using HPLC with electrochemical
detection. The assay was applied to the determination of the
protein binding of IT and I1I and the influence of [ on their
protein binding. The red blood cell partition properties of both
antagonists were also investigated.

0022-3549/84/0500-0621$01.00/0
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III
EXPERIMENTAL

Materials—The following analytical-grade materials were used: sodium
bicarbonate!, monobasic potassium phosphate!, volumetric concentrates of
hydrochioric acid and sodium hydroxide?, 1-butanol?, and benzene?. Aceto-
nitrile* was HPLC grade. Morphine ()3, naloxone (1), and naltrexone (I11)3
were used as received. Sodium chloride injection USP$, sodium heparin in-
jection’, and disposable syringes® were used in the preparation of red blood
cell suspensions.

Apparatus— For the HPLC assay the following instruments were used:
high-pressure pump?, a six-port injector'9, an electrochemical detector!! with
a working electrode of glassy carbon!?, a strip-chart recorder!3, and an oc-
tadecylsilane column!? with a guard column of the same material.

Plasma protein binding was determined with an ultracentrifuge!s. A lab-
oratory centrifuge'® was used in the separation of organic extracts from
aqueous phases.

Chromatographic Conditions—The mobile phase was a mixture of 0.04 M
monobasic potassium phosphate and acetonitrile (90:10). The flow rate was

! Mallinckrodt, Paris, Ky.
2 Ricca Chemical Co., Arlington, Tex.
3 Burdick & Jackson Laboratories, Muskegon, Mich.
4 Fisher Scientific Co., Fair Lawn, N.J. )
Mds National Institute on Drug Abuse, Research Technology Branch, Rockville,
6 McGaw Laboratories, Irvine, Calif.
7 The Upjohn Co., Kalamazoo, Mich.
8 Monoject, Division of Sherwood Medical, A. Brunswick Co., St. Louis, Mo.
9 Series 3B Microcomputer controlled pump module; Perkin-Elmer, Norwalk,

onn.
10 Mode! 7105; Rheodyne, Cotati, Calif.
1 LC 4A; Bioanalytical Systems, West Lafayette, Ind.
12 TLS; Bioanalytical Systems, West Lafayette, Ind.
13 Series 5000, Fisher Recordall; Fisher Scientific Co., Fair Lawn, N.J.
!4 C, uBondapak column; Waters Associates, Milford, Mass.
15 Ultracentrifuge Modet LS-50 with rotor Ti 50; Beckman Instruments, Norcross,

a.
16 Lab centrifuge; International Centrifuge Equipment Co., Needham, Mass.
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Scheme I—Extraction procedure for plasma and urine.

1.2 mL/min, with a back pressure of 6 MPa. Electrochemical detection was
performed with an applied potential of 0.75 V.

Extraction Procedure from Plasma and Urine—Plasma or urine (1.0 mL)
was placed in a tube containing 0.25 mL of 1 M sodium bicarbonate adjusted
to pH 8.9 with | M NaOH. An appropriate amount of internal standard (1,
I, or 111 depending on the compound assayed) was added to give peak height
ratios between 0.2 and 4. A 2-mL volume of benzene-1-butanol (85:15) was
added, and the mixture was vortexed for 30 s. The phases were scparated by
centrifugation for 10 min at 3000 rpm, and the organic phase was transferred
with a silylated Pasteur pipet into another tube. The extraction was repeated
with 2 mL of fresh solvent.

The aqueous phase can be saved for the analysis of the glucuronides. The
combined organic phases were extracted with 0.5 mL of 1 M HCl and dis-

40+ o
A~

i

Current [nA]

Vottage (V]

Figure 1 —Chromatographic amperogram for [ (0}, I1 (A), III (), and the
background (@} determined by application of different oxidation potentials.
The background arises from oxidation of electroactive impurities in the
mobile phase.
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Figure 2—Determination of optimum oxidation potential by maximization
of the signalfnoise ratio. Noise was measured as the amplitude of the baseline.
The optimum potentials to be applied for detection are 0.65 V for 1 (O) and
075V for I (O} and Il (A).

Signal / Noise Ratio

i i

carded. The acidic aqueous phase was washed with 2 mL of fresh organic
solvent and then neutralized with 0.5 mL of 1 M NaOH. The pH was adjusted
to 8.9 with 1 M sodium bicarbonate buffer, and the solution was twice reex-
tracted with 2 mL of benzene-1-butanol (85:15). The organic phases were
combined in a vial and evaporated under a nitrogen stream at 55°C. The dried
residue was dissolved in 75 uL of mobile phase, and 10-25 uL was injected
into the HPLC system. The extraction procedure is given in Scheme 1.

The aqueous phase saved after the first extraction can be assayed for glu-
curonides of the compounds by the method given for morphine after hydrolysis
of the conjugate (9).

Determination of Plasma Protein Binding by Ultracentrifugation— Fresh
heparinized dog blood was centrifuged for 15 min at 3000 rpm. Plasma ali-
quots (5 mL) were spiked with different amounts of 111 or 11 to give concen-
trations between 10 and 3500 ng/mL of plasma. Plasma (1 mL) was taken
for analysis before ultracentrifugation. After ultracentrifugation at 35,000

A

[Les}
10

Blank

[le)

+ J\«\“J \

VU SO U VA GHULY HUS S TEU s SV GG VI i
0O 2 4 68 O 4 8 12 0 4 8 12 2 6

Minutes

Figure 3—Chromatograms of I, 11, and I11. Key: (A} 500 ng/mL in water,
injection volume 20 uL, (B) | mL of plasma extracted, evaporated to dryness
under nitrogen, and reconstituted in 75 pL of mobile phase. Injection volume
20 uL; (C) 1 mL of plasma containing 100 ng/mL of Il and 111, extracted and
treated as in B; (D) 1 mL of plasma containing 10 ng/mL of 111 extracted with
50 ng/mL of 11 as internal standard; (E) plasma sample of D after ultracen-
trifugation for the determination of protein binding.




Table I—Statistics of Calibration Curves *

Extracted Internal
Compound Mecdium Standard Cis, ng/mL m<sy bk sy s””
Naloxone (11) Plasma 111 30.0 10.73 £ 0.81 211 +2.34 2.35
Naltrexone (11I) Aqueous Solution I 100.0 147.95 + 1.66 2354+ 1.36 1.61
Plasma I 30.0 71.85+5.24 1.84 +2.29 2.29
Urine II 100.0 256.47 £ 4.24 3.57 £ 4,96 6.44

@ Concentrations (C) in ng/mL versus peak height ratios (PHR) relative to the internal standard, C & s, = (m £ 55)PHR + (b £ s) (15). b Standard error of estimate y on

x, concentration in ng/mL, on peak height ratio.

Table Il—Protein Binding of Il by Ultracentrifugation

Cpre, ng/mL Cpost, ng/mL? R¢ Vi, mL9 me 5100, %/
10.0 7.5 0.750 0.050 1.010 25.2
35.0 22.1 0.631 0.175 1.035 37.7
100.0 66.4 0.664 0.050 1.010 338
350.0 259.0 0.740 0.175 1.035 26.7
1000.0 743.6 0.744 0.050 1.010 25.8
3500.0 2418.5 0.691 0.175 1.035 31.6

Mean + SD 30.1 £ 5.1

@ Before ultracentrifugation. ¢ In plasma water after ultracentrifugation. ¢ Ratio between the concentrations after and before ultracentrifugation. 4 Volume of spiked solution
added to S mL of plasma. ¢ Dilution factor (5 + Vg;)/5. / Percentage bound to plasma proteins.

Table III—Protein Binding of I1I by Ultracentrifugation

Cpre, ng/mL.2 Cpost, ng/ml.® Sp100, %°
10.0 7.6 24.2
35.0 25.3 28.4
100.0 73.5 26.7
350.0 253.3 28.3
1000.0 684.2 31.8
3500.0 2592.6 26.6

Mean + SD 27725

@ Before ultracentrifugation. # In plasma water after ultracentrifugation. Vy; was
0.050-0.175 mL; the dilution factor was (5 + Vay)/5. ¢ Percentage bound to plasma
proteins.

rpm for 18 h, | mL of the supernatant plasma water was analyzed for I11 or
[1. The influence of | on the protein binding of both antagonists was studied
inratios 1:10, 1:2, 2:1, and 10:1.

Red Blood Cell Partition Studies-- -Fresh heparinized dog blood was cen-
trifuged for 15 min at 2000 rpm. The plasma was removed and isoosmotic
phosphate buffer (pH 7.4) was added to the erythrocytes. The red blood cells
were gently suspended and centrifuged for 10 min at 2000 rpm; this washing
procedure was repeated three times. Red blood cell suspensions in plasma
water were spiked with 1] or 11 to yield total drug concentrations of 10-3500
ng/mL. The hematocrit was determined routinely using a microcentrifuge
with capillary tubes. The spiked suspensions were allowed to equilibrate for
60 min and then centrifuged for 10 min at 2000 rpm. An aliquot of the su-
pernatant solution was analyzed, and the red blood cell partition coefficient
was calculated.

For the investigation of a time dependency of the red blood cell partitioning,
the procedure was repeated and samples were taken after 4, 6,8, 10, and 15
min after spiking. A minimum of 4 min of centrifugation is necessary to get
a clear supernatant.

To reconfirm the observed red blood cell partition cocfficients, the ratio
between the drug concentrations in whole blood and plasma were determined.
Whole blood (5 mL) was spiked with different amounts of drug to give whole
blood concentrations between 10 and 3500 ng/mL. The blood was allowed
to equilibrate for 60 min and then centrifuged for 10 min at 3000 rpm. An
aliquot of the supernatant plasma was analyzed.

RESULTS AND DISCUSSION

Determination of the Optimum Detection Conditions—Signals for the three
compounds were measured after application of voltages between 0.4 and 1.0
V to determine the optimum conditions for the electrochemical detection (Fig.
1). Background is defined as the Faradaic current arising from the oxidation
of electroactive impurities in the mobile phase, analogous to the background
absorbance in UV detectors. The dctection conditions were optimized to find
the maximal signal/noise ratio for each of the investigated compounds. Usually
measured from peak to peak, the noise is due to pump pulsation, flow hydro-
dynamics, cell surface reactions, power line noise, and electronic amplification
(10). The noise with an electrochemical detector is dependent on the magni-
tude of the background signal; the greater the background, the greater the
noise. The signal/noisc ratios for the threc compounds are shown in Fig. 2.
The maxima of these plots are the optimum potentials to be applied for de-
tection: 0.65 V for I and 0.75 V for 11 and I11.

Chromatographic Separation—With a mobile phase of 0.04 M monobasic
potassium phosphate-acetonitrile (90:10) I-1IT are well separated and can
be assayed simultaneously (Fig. 3A). The chromatographic background after
cxtracting blank plasma is clean, so that low concentrations of the compounds
can be detected (Fig. 3B, C). Statistics for calibration curves of T and I11 after
extraction from plasma and urine are given in Table I. The limit of assay
sensitivity for all compounds was 2-5 ng/mL for plasma and 10 ng/mL for
urine. A chromatogram of a plasma sample containing 10 ng/mL of 11 is
shown in Fig. 3D.

Protein Binding of II and III by Ultracentrifugation-—The protein binding
was determined by the ultracentrifugation method (11) and can be calculated
from:

fo= m(l — R)

“R+m(-R) (Eq. 1)

where f}, is the fraction bound to the plasma proteins, R is the ratio of the drug
concentration (Cpost) in plasma water after ultracentrifugation to the con-
centration (Cpre) in plasma before ultracentrifugation, and m is a dilution
factor to compensate for the slight dilution of plasma on spiking. A chro-
matogram of a plasma sample containing 7.6 ng/mL of plasma water after
ultracentrifugation is shown in Fig. 3E. The results are summarized in Tables

Table [V—Protein Binding of II and IIl in the Presence of I at Different Morphine—Morphine Antagonist Ratios

Antagonist Re Copre, ng/mL? Cpost, ng/mL¢ R4 Vi, mle m/ S 100, %2

Naloxone (11) 0.1 98.0 66.1 0.674 0.100 1.020 330
0.5 98.5 72.0 0.731 0.075 1.015 27.2

2.0 97.1 72.7 0.749 0.150 1.030 25.6

10.0 98.0 70.3 0.717 0.100 1.020 28.7

Naltrexone (111) 0.1 98.0 71.3 0,727 0.100 1.020 271.7
0.5 98.5 69.1 0.702 0.075 1.018 30.1

2.0 97.1 © 720 0.741 0.150 1.030 26.5

10.0 98.0 70.8 0.722 0.100 1.020 28.2

a Ratio of I-antagonist for 100 ng of antagonist/ml. of plasma.  Before ultracentrifugation. ¢ In plasma water after ultracentrifugation. ¢ Ratios between the concentration
after and before ultracentrifugation. ¢ Volume of spike solution added 10 5 mL of plasma. / Dilution factor (5 + Vgi/5). & Percentage bound to plasma proteins.
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Table V—Red Blood Cell Partition Coefficients for I1I at Different
Concentrations

Table VI-—Red Blood Cell Partition Coefficients for 11 at Different
Concentrations

Aot 48° Cpw, ng/mL? Vpw, mL® Hematocrit De Aron, ug° Cpw, ng/mL Db
0.050 7.7 315 0.370 1.82 0.050 9.3 1.30
0.050 7.6 3.08 0.385 1.84 0.175 28.8 1.79
0.175 26.3 3.15 0.370 1.89 0.500 87.9 1.47
0.175 243 3.05 0.390 2.14 1.750 278.1 1.83
0.500 73.1 3.18 0.365 2.00 5.000 955.9 1.16
0.500 78.0 3.00 0.400 1.70 17.500 3166.7 1.41
1.750 284.7 3.70 0.260 1.88 Mcan + SD 1.49 £ 0.27
1.750 261.0 3.00 0.400 1.85
5.000 783.0 3.03 0.395 1.70 @ Total amount of drug added to a 5.0-mi. red blood cell suspension when the volume
5.000 821.6 3.05 0.390 1.56 of plasma water (PW) was 3.45-3.70 mL and the hematocrits were 0.260-0.310. » Red
17.500 2774 8 315 0.370 1.76 blood cell -plasma water partition coefficient.
17.500 2651.5 295 0.410 1.78
Mean + SD 1.83 £ 0.15 is further confirmed by the fact that the more lipophilic derivative of 1, bu-

“ Total amount of drug added to a 5.0-ml. red blood cell suspension. 8 PW = plasma
water. < Red blood cell -plasma water partition cocfficient

IT and t11. Protein binding of both compounds is low, averaging 30.1 + 5.1%
(SD) for I1and 27.7 + 2.5% (SD) for 111, with no observable concentration
dependence. The results are in excellent agreement with a study by Ludden
et al. (12), who reported a concentration-independent protein binding of tri-
tiated [11 in dog plasma of 26% over a concentration range of 1-500 ng/mL,
determincd by equihbrium dialysis. The protein binding of I had been deter-
mined to be concentration independent at 36% (13). The presence of Iin up
to 10-fold higher concentrations than its antagonists does not change the de-
gree of plasma protein binding of 1l or 111 (Table IV).

Determination of the Red Blood Cell Partition Coefficient— The red blood
cell partition coefficient (D) of a drug can be defined (11) as:

D= Cric _ A = Cowlew
Cew  Cow(Ve — Vpw)

where Crpc is the concentration of the drug in the erythrocyte, Cpw 15 the
drug concentration in plasma water, A is the total amount of drug added
to the red blood cell suspension, and Vpw is the volume of plasma water
(calculated from the hematocrit of the erythrocyte suspension).

The red blood cell partition coefficients of 111 were determined for six dif-
ferent concentrations (Table V), averaging 1.83 £ 0.15 (SD). There was no
concentration dependence for the partitioning in the studied concentration
range up to 3.5 ug/mL. This rclatively high partition coefficicnt was confirmed
by comparing the concentration of 111 in blood, Cg, and plasma, Cp, after
spiking whole blood. The ratio of these two concentrations is related to the
degree of protein binding in plasma, expressed as fraction bound (fp). to the
red blood cell partition coefficient D and the hematocrit (H) (14):

5,3=/>H(1 ~-fe)+1-H

Cp
Substitution of the values previously obtained for D and f; gives a blood/
plasma ratio of 1.16 for blood with 1 hematocrit of 0.49. This calculated ratio
agrees with that obtained experimentally (1.21 £ 0.08) in blood in the in-
vestigated concentration range.

The red blood cell partition coefficients of 11 in the same concentration range
are given in Table VI, averaging 1.49 £ 0.25 (SD), also with no concentration
dependence. Both partition coefficients for [H and 11 were significantly higher
than the D = 111 previously reported for I (13), in agrecment with the hy-
pothesis that erythrocyte partitioning is related to the lipophiticity, which is
mirrored by the HPLC retention times on a reverse-phase column. This theory

(Eq.2)

(Eq.3)
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prenorphine, has an extremely high red blood cell partition coefficient!” of
~10.

No time dependence in the red blood cell partitioning could be observed
for either compound. Samples assayed 4-5 min after spiking were not sig-
nificantly different from the samples that were allowed to equilibrate for 60
min, indicating that the partitioning was relatively fast. The lack of correlation
between the protein binding and red blood cell partitioning for the investigated
compounds suggests that these two properties should be studied separately.
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