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Abstract

A high-performance liquid chromatographic method coupled with fluorimetric detection has been developed for the
determination of atracurium and its major metabolite, laudanosine, in human plasma. The detection is performed at 240 nm
for excitation and 320 nm for emission. Verapamil was used as the internal standard. The proposed technique, involving the
direct precipitation of plasma proteins is reproducible, selective and sensitive. Linear detector responses were observed for
the calibration curve standards in the range of 40 to 2000 ng/ml. Precision, expressed as CV., was in the range 1 to 14%.
The limit of quantification for both atracurium and laudanosine was 40 ng/ml. The method has been validated and stability
tests under various conditions have been performed. This method has been used to determine the pharmacokinetic profile of
atracurium and laudanosine in patients with acute respiratory distress syndrome. [ 1999 Elsevier Science BV. All rights

reserved.
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1. Introduction

Atracurium  besylate, 2,2'-[1,5-pentanediylbis-
[oxy(30x0-3,1-propane diyD]]big1-[(3,4-dimeth-
oxyphenyl)-methyl]-1, 2, 3, 4-tetrahydro-6, 7-dimeth-
oxy-2-methylisoquinolinium] dibenzene sulphonate
(Fig. 1) is a highly selective competitive (non-de-
polarizing) neuromuscular blocking agent used in
anesthesiology. Moreover, it is highly suitable for

*Corresponding author. Tel.: +33-4-6754-8075; fax: +33-4-6779-
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endotracheal intubation, especially where subsequent
muscle relaxation is required [1]. This drug is used
in 3—17% of criticaly ill patients with acute respira-
tory distress syndrome, which necessitates the use of
neuromuscular blocking drugs over severa days to
facilitate mechanical ventilation [2]. In contrast to
surgical anaesthesia, the pharmacokinetic/ pharmaco-
dynamic profile of atracurium in intensive care unit
patients is poorly documented. Nevertheless, in these
patients, the volume of distribution is often in-
creased, and the metabolism and elimination pro-
cesses are often adversely affected.
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Fig. 1. Structural formulae of atracurium, laudanosine and ver-
apamil.

Under physiological conditions (temperature and
pH), atracurium undergoes relatively rapid hydrol-
ysis by non-specific esterases and by nonenzymatic
decomposition (Hoffmann elimination) to give
laudanosine (Fig. 1) and pentamethylene-1,5
diacrylate [3-5]. Hoffmann elimination is enhanced
by alkalosis and temperature, inhibited by acidosis.
A less important route of metabolism (ester hy-
drolysis) involves the formation of a monoquaternary
alcohol and acid, which are eventualy degraded to
laudanosine by a Hoffmann reaction [3,6]. It is
unlikely that the contribution of these metabolites to
the neuromuscular blocking effect is of pharmaco-
logical importance [7].

Severa high-performance liquid chromatographic
(HPLC) methods have been reported for the de-
termination of atracurium alone [8,9] or in combina-
tion with its metabolites in human plasma [10-13].
According to the authors, strong cation-exchange
column [8,11,12] or reversed-phase columns

[9,10,13] were used. A method for the determination
of atracurium in human plasma by second-derivative
UV absorption spectrophotometry was also described
[14]. These methods require solid-phase extraction
[8,9,11,13,14], liquid—liquid extraction [12] or sim-
ple protein precipitation [10]. However, most of the
published methods either did not report assay valida-
tion [8,11,12] or reported assay validations that were
incomplete [9,13]; they could not perform the
simultaneous determination of atracurium and
laudanosine [8,9] or had difficulties in being adapted
as a routine analytica method. Nehmer [15] has
studied the influence of the composition (acetonitrile
and buffer concentrations) and the pH of the mobile
phase on the separation of atracurium from its
metabolites and concluded that hydrophobic and
silanophilic interactions contribute to the retention of
the compounds investigated; however, concentrations
greatly exceeding those expected in a clinical setting
were used.

The present paper describes an isocratic reversed-
phase HPLC method for the rapid separation and
simultaneous measurement of atracurium and its
metabolite, laudanosine, in human plasma. Verapamil
was used as the interna standard. This method was
validated with respect to accuracy, precision, selec-
tivity, and limits of quantitation and of detection
according to Good Laboratory Practice Guidelines
[16-18]. Moreover, stability tests under various
conditions have been performed.

2. Experimental
2.1. Chemicals and reagents

Atracurium besylate and laudanosine were kindly
supplied by Glaxo-Wellcome Laboratories (Becken-
ham, UK). These drugs were stored in a refrigerator
(@bout 4°C) and a 20°C with light protection,
respectively. The internal standard (verapamil) was
obtained from Sigma (St. Louis, MO, USA) and was
stored with light protection at room temperature
(20°C). The structures of the three compounds are
shown in Fig. 1.

Solvents of HPLC grade (acetonitrile and metha-
nol) were purchased from Carlo Erba (Va de Reuil,



C. Farenc et al. / J. Chromatogr. B 724 (1999) 117-126 119

France); potassium dihydrogen phosphate, ortho-
phosphoric acid and sulphuric acid were obtained
from UCB (Brussels, Belgium), Labos (Paris,
France) and Aldrich (Milwaukee, WI, USA), respec-
tively. All solvents were used without further purifi-
cation.

The phosphate buffer solution consisted of 0.04 M
potassium dihydrogen phosphate (5.4 g) in distilled
water (1 1).

For validation of the method, human plasma was
obtained from pooled blood samples collected from
healthy volunteers. Coagulation was prevented by
adding EDTA-sodium salt, then the blood was
centrifuged at 2000 g for 10 min. Blood plasma
samples were stored at —30°C before use. Prior to
storage or anaysis, drug-free plasma, which was
used for the preparation of standards and quality
control (QC) samples, was acidified (pH 4.2) with
0.5 M sulphuric acid (40 wl for 1-ml plasma sample)
before the addition of atracurium (and laudanosine).

Blood plasma samples collected during phar-
macokinetic studies were acidified before storage, as
performed for QC samples.

2.2, Sock solutions and standards

Stock solutions of atracurium and laudanosine (0.2
mg/ml) were prepared in a 6.25x10 * M sulphuric
acid solution (pH 3.0). These solutions were appro-
priately diluted extemporaneously in the same acidic
medium to obtain working standards. A stock solu-
tion of verapamil (internal standard) was prepared at
0.2 mg/ml in acetonitrile—distilled water (1:100,
v/v) for solubility reasons. This solution was diluted
20-fold extemporaneoudly in distilled water before
use. All stock solutions were stored at 4°C. Stock
solution stabilities were studied over 15 days. For
this, these solutions, after appropriate dilution, were
repeatedly (n=3) injected into the chromatograph
immediately after preparation (time 0) and also after
every 48 h of storage.

An unextracted working acid solution (pH 3.0)
containing the two drugs to be analyzed, a a
concentration of 500 ng/ml, and the internal stan-
dard, at a concentration of 500 ng/ml, was prepared
daily to check the resolution of the chromatographic
system.

2.3, Chromatographic system and conditions

The apparatus used for the HPLC analysis was a
Hewlett-Packard multisolvent delivery system HP
1100 (Hewlett-Packard, Les Ulis, France) equipped
with an autosampler, an oven and a Model 1046A
fluorescence detector (Hewlett-Packard) set at exci-
tation and emission wavelengths of 240 and 320 nm,
respectively (dlit width, 2X2 mm; time constant, 0.03
ms). Data acquisition and treatment was performed
with an IBM computer using the ChemStation
G2170 AA (Hewlett-Packard). Separation was car-
ried out at 50°C on a C,, ‘end-capped’ Nucleosi
column (2503 mm |.D.; 5 wm particle size; 50 A
pore size, Machery-Nagel, Durén, Germany). A
guard column (LiChrospher 100 RP-18, 4X4 mm
I.D., 5 wm particle size; Merck, Darmstadt, Ger-
many) was placed just before the inlet of the
analytical column to reduce contamination of the
analytical column. The HPLC €eluent (acetonitrile—
methanol —phosphate buffer; 400:43:500, v/v/v) was
prepared daily and the final pH was adjusted to 5
with orthophosphoric acid. This mixture was filtered
through a 0.45-pum HV filter (Millipore, Bedford,
MA, USA). Prior to use, it was degassed by vacuum
then with a stream of helium during use. The
isocratic separation was performed at a flow-rate of
0.5 ml/min, which corresponds to a pressure of
about 11.0 MPa (110 bar).

2.4. Sample processing

To a 5-ml screw-capped glass centrifuge tube, 0.5
ml of acidified plasma sample (unknown or QC
samples), 100 wl of internal standard (verapamil,
0.01 mg/ml) and 1 ml of acetonitrile were added and
vortex-mixed for 30 s. The tubes were then cen-
trifuged for 15 min at 3000 g. The supernatant was
drawn off and put into another 5-ml glass tube then
acetonitrile was evaporated under a stream of nitro-
gen at 30°C to a fina volume of 0.5 ml. A 100-u.l
aliquot was injected onto the HPLC column.

2.5. Instrument calibration
Specific volumes of the working solutions were

used to spike acidified drug-free plasma samples
prior to sample pretreatment. The concentrations
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used for the calibration curves were 40, 100, 200,
500, 1000 and 2000 ng/ml plasma for atracurium
and laudanosine. The volume added was aways
smaller than or equal to 2% of the total volume of
the samples, so that the integrity of the biological
samples was maintained. The assay procedure was
performed as described above.

A standard curve, including a blank matrix, was
generated for each analytical run and was used to
determine the sample concentrations in the unknown
samples. For each run, QCs (one QC for five
unknown samples) were included and analyzed.

2.6. Data analysis

Cadlibration curves for atracurium and laudanosine
were generated by unweighted least-squares linear
regression of the analyte/internal standard peak-area
ratio versus the theoretical concentration. The re-
sulting slopes and intercepts were used to obtain
concentration values for that day’s quality control
samples and unknown samples.

The linearity of the method was confirmed by
comparing the slopes and the intercepts of the linear
calibration curves with zero, and the correlation
coefficients with one. Moreover, the Kolmogorov-
Smirnov test [19] was used to compare the dis-
tribution of the residuals (difference between nomi-
nal and back-calculated concentrations) to the ex-
pected one [N(0,1)].

2.7. SHectivity

The selectivity of the method was verified against
endogenous compounds due to the matrices. Several
blank plasma from different healthy subjects were
tested for the absence of interfering compounds. The
retention times of endogenous compounds in the
matrix were compared with those of atracurium,
laudanosine and the interna standard.

2.8 Precision and accuracy

QC samples were prepared by spiking acidified
drug-free plasma samples with atracurium and
laudanosine to achieve three different concentrations,
the first high (1500 ng/ml), the second middle (800
ng/ml) and the third low (75 ng/ml). Severa

aliquots of each sample were tested on the same day
(n=6) to determine the intra-day reproducibility.
Aliquots of the same sample were tested once a day
on different days (n=6) to determine inter-day
reproducibility.

The accuracy was expressed as percent error
[(mean of measured—mean of added)/mean of
added] X 100, while the precision was given by the
inter-day and intra-day coefficients of variation.

2.9. Determination of the limits of quantitation
(LOQ) and detection (LOD)

The LOQ was defined as the lowest concentration
that could be determined with an accuracy of be-
tween 80 and 120% and a precision =20% on a
day-to-day basis [16-18]. To determine the ana
Iytical error in the LOQ, spiked samples were used.

The LOD was defined as the sample concentration
of each analyte that provides a detector response
with a signal-to-noise ratio of at least 3:1.

2.10. Recovery study

The extraction recovery was estimated using
spiked plasma samples at concentrations of 75, 800
and 1500 ng/ml for atracurium and laudanosine.
These samples were treated as described above,
except that the internal standard was added to the
supernatant before evaporation. In addition, drug-free
human plasma was also treated, then the supernatant
was supplemented with the two analytes along with
the internal standard. The recovery was determined
by comparing peak areas from plasma samples
spiked with known amounts of drugs before protein
precipitation versus peak areas of the same con-
centrations added to the supernatant after protein
precipitation.

The extraction recovery was also determined for
the internal standard using spiked plasma samples at
a concentration of 2000 ng/ml.

2.11. Sability of the two drugs in plasma

For stability studies, QC samples in acidified
plasma, representing the low (75 ng/ml), middle
(800 ng/ml) and high (1500 ng/ml) concentrations
were used. QC samples were analyzed immediately
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after preparation (reference values) and after storage.
Each determination was performed in triplicate.
Concentrations of each anayte were determined
from a calibration curve.

The short-term stability of atracurium and its
metabolite was assessed at 1, 2, 4, 6 and 24 h after
bench-top storage at ambient laboratory temperature
(20°C) and after storage in the refrigerator at 4°C.

The long-term stability of the two analytes was
assessed at —30°C after 15, 30 and 60 days of
storage. Prior to their analyses, samples were brought
to room temperature and vortex-mixed.

The freeze—thaw stability was also determined.
Spiked samples were analyzed on a daily basis after
repeated freeze/thaw cycles at —30°C on three
consecutive days.

The stability of the two analytes in the pretreated
samples on the autosampler was studied over a 24-h
period at ambient temperature (20°C).

2.12. Pharmacokinetic study

This method was used for the quantification of
atracurium and laudanosine in plasma during a
pharmacokinetic study. The pharmacokinetic para-
meters were evauated in 12 patients with acute
respiratory distress syndrome without hepatic (serum
bilirubin >100 wM) and/or renal (serum creatinine
>150 wM) dysfunction. In these patients, the use of
muscle relaxants facilitates mechanical ventilation.
Neuromuscular blockage was assessed at the same
times as those of plasma sampling. The study
protocol was reviewed and approved by the institu-
tional review board. Atracurium was administered as
a bolus (1 mg/kg) given over 5 min followed by a
72-h continuous infusion (1 mg/kg/h). Special atten-
tion was paid to sample handling. Acidification of
plasma samples considerably reduced the degrada-
tion of atracurium, but at a pH of about 3 or less,
ester hydrolysis could take place [20]. Therefore,
blood samples were drawn in EDTA-coated tubes
(Venoject”, Terumo, Leuven, Belgium) before drug
administration (TO), at the end of the loading dose
(T5 min), during the infusion (T1, T24, T48 and T72
h), and at frequent intervals for up to 96 h after the
end of infusion. Blood samples were immediately
chilled in an ice water bath, then centrifuged at 4°C.
A 1-ml volume of plasma was transferred to another

tube containing 40 wl of 0.5 M sulphuric acid.
Pharmacokinetic parameters were calculated using
the Pk-fit software [21].

3. Results
3.1. Chromatography

Under the chromatographic conditions used, the
number of theoretical plates was approximately
4500. The precolumn was exchanged every 100
sample runs and the column was replaced when the
number of theoretical plates had decreased below
3000. Fig. 2 shows chromatograms obtained after
pretreatment of the plasma used for the measurement
of atracurium and laudanosine concentrations. There
was clear resolution of the compounds of interest
(separation factors: a, ,=2.2; a,,=1.9). Retention
times were 5.5 min (inter-day CV.s=3%) for atra-
curium, 8.4 min (inter-day CV.s=4%) for verapamil
and 3.6 min (inter-day CV.s=2%) for laudanosine.
The retention factors (k) of the components investi-
gated were 1.65, 3.08 and 0.75, respectively. The
total HPLC run time for atracurium and laudanosine
was less than 10 min.

In blank plasma samples, no interfering peak was
found a the retention times of atracurium,
laudanosine and verapamil. Extraction and chromato-
graphic analysis of six separate blank plasma sam-
ples confirmed that there were no endogenous sub-
stances that interfered with the assay. A representa-
tive chromatogram obtained from drug-free plasmais
presented in Fig. 2a

3.2 Linearity

The regression analysis between peak-area ratios
of atracurium and laudanosine over the interna
standard and plasma concentration revealed that the
method is linear. The correlation coefficients (r) for
calibration curves were equal to or better than 0.996.
Intra-assay reproducibility was determined for cali-
bration curves prepared the same day in replicate
(n=5) using the same stock solutions. Inter-assay
reproducibility was determined for calibration curves
prepared on different days (one calibration curve per
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Fig. 2. Chromatograms of blank plasma (a), plasma spiked with 40 ng/ml of atracurium and laudanosine (b), plasma spiked with 2000
ng/ml of atracurium and laudanosine (c) and plasma of a patient treated with atracurium (atracurium, 1875 ng/ml; laudanosine, 1990 ng/ml)
(d). Peak 1 is laudanosine, peak 2 is atracurium, peak 3 is verapamil (internal standard). For chromatographic conditions, see Section 2.3.
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Table 1
Assay linearity for atracurium and laudanosine
Atracurium Laudanosine
Correlation coefficient of b a Correlation coefficient b a
the linear regression Slope=SD Intercept+SD of the linear Slope=SD Intercept+SD
andysis® regression anaysis®
(r+=SD) (r=SD)

Intra-day 0.998+1.7x107° 4X107+2.98x107°
reproducibility ~ CV.=0.17% CV.=7.5%

(n=5)

Inter-day 0.999+8.9x10™* 4x10"*+7.65x10°

reproducibility ~ CV.=0.09%
(n=6)

CV.=18%

-0.0115+0.0080  0.997+2.2x10°°

—0.0057£0.0084  0.9987+15%x107°

6.6X10**+1.78x107°  0.135+0.239
CV.=0.21% CV.=2.7%
6.2X10 **+51%x107°
CV.=8.2%

0.009+0.014
CV.=0.15%

r=correlation coefficient.
Linear unweighted regression, formula: y=a+bx.

day over six days). The mean regression equations
are given in Table 1. For each point on the cali-
bration curve, the concentrations were back-calcu-
lated from the equation of the linear regression
curves (calculated concentrations) and the coeffi-
cients of variation (CV.%) were computed. Table 2
reports the theoretical and calculated concentrations
for each point of the calibration curve in different
runs. A linear regression of the back-calculated
concentrations versus the nominal ones provided a
unit slope and an intercept equal to zero (Student’s
t-test). Moreover, the residuals (difference between
nominal and back-calculated concentrations) were
normally distributed and centered around zero (Kol-
mogorov-Smirnov test).

3.3, Precision and accuracy

For concentrations of calibration standards, the
precision around the mean value ranged from 0.9 to
14% (Table 2).

For the QC samples, the results of the accuracy
and precision (intra-day and inter-day) of the method
are given in Table 2, and are =13%, which is an
acceptable range for validated HPLC methods.

3.4. Extraction recovery, limit of quantitation and
limit of detection

The extraction recoveries (n=9) averaged
99=+11% for atracurium and 98+11% for its metabo-

lite. The extraction efficiency was not statistically
different over the range of concentrations studied.

For the interna standard, the extraction recovery
was 109+6.5% (n=4).

The limit of quantitation was 40 ng/ml for
atracurium and laudanosine. The limit of detection
was 20 ng/ml for atracurium and 10 ng/ml for
laudanosine.

35 Sability

All stock solutions were stable at +4°C for at least
15 days without measurable decomposition.

At room temperature (20°C) with light exposure
and in the refrigerator (4°C), for al of the con-
centrations studied (75, 800 and 1500 ng/ml),
laudanosine was stable over 24 h in acidified plasma;
the percentage recovery was equal to or higher than
94%. At concentrations of 800 and 1500 ng/ml,
atracurium was stable over 24 h at 20°C and at 4°C
(percentage recoveries, 92-109%); at each time
study, no dtatistical difference appeared by com-
parison with the reference values. At the lowest
concentration (75 ng/ml), atracurium was stable for
6 and 24 h, at 20 and 4°C, respectively. The
percentage recovery averaged 80% after 24 h of
storage at 20°C.

When stored at —30°C for 60 days in acidified
plasma, laudanosine, at concentration of 75, 800 and
1500 ng/ml, and atracurium, at concentrations of



Table 2

Intra- and inter-assay reproducibilities of the HPLC analysis for atracurium and laudanosine®

Theoretical Atracurium Laudanosine

concentration L L . .

(ng/m) Intra-assay reproducibility CV. Mean Inter-assay reproducibility CV. Mean Intra-assay reproducibility CV. Mean Inter-assay reproducibility CV. Mean
Calculated (%) recovery Calculated (%) recovery Calculated (%) recovery Calculated (%) recovery
concentration (%) concentration concentration (%) concentration (%)
(ng/ml) (ng/ml) (ng/ml) (ng/ml)

(Mean, n=>5) (Mean, n=6) (Mean, n=>5) (Mean, n=6)

Human plasma

40 399 138 99.7 40.6 78 102 415 120 104 40.7 120 102

75 80.8 35 108 79.1 6.4 105 718 33 95.7 816 89 109
100 103 78 103 99.7 12 9.7 98.3 84 98.3 104 9.7 104
200 198 32 98.9 204 48 102 19 71 9.1 208 6.3 104
500 469 6.0 938 479 71 95.8 499 35 99.7 499 37 99.8
800 761 12.0 95.1 832 46 104 757 09 94.7 842 6.3 105

1000 1014 61 101 1013 32 101 1029 56 103 1007 49 101

1500 1388 6.2 925 1476 71 984 1464 22 97.6 1609 6.4 107

2000 2001 14 100 1998 09 99.9 2002 19 100 1996 14 99.8

“Calibration standards: 40, 100, 200, 500, 1000 and 2000 ng/ml; quality control samples: 75, 800 and 1500 ng/ml.
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800 and 1500 ng/ml, did not reveal any appreciable
degradation, with al samples retaining more than
96% of their original concentration values. When
frozen at —30°C at a concentration of 75 ng/ml,
atracurium was stable for 30 days, with a mean
percentage recovery of 95%; after 60 days of stor-
age, relative to the nominal value, the percent
recovery averaged 56+ 1%.

It is of interest that, after sample pretreatment, the
analytes were stable at the various concentrations
tested for at least 24 h.

At least three freeze—thaw cycles can be tolerated
with losses no higher than 10%.

3.6. Pharmacokinetic study

Fig. 3 shows the plasma concentration versus time
profile of atracurium and laudanosine in a representa-
tive patient. The elimination half-lives were 0.35 h
for atracurium (CV., 4.5%) and 1.6 h (CV., 14%) for
its metabolite. For atracurium; the volume of dis-

10.00
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F e [ ] [ ]
% 1.00
E
g
=}
T
:
< 010
e.01 v —
[} 10 20 30 40 50 [+ ] 70 80
Time (Hours)
10
b)
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E !
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=
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0.01 v v v v
0 10 20 30 0 50 60 70 80
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Fig. 3. Plasma concentration—time profile of atracurium (a) and laudanosine (b) after intravenous infusion of atracurium (1 mg/kg given
over 5 min followed by a 72-h continuous infusion, 1 mg/kg/h) to a patient with acute respiratory distress syndrome.
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tribution was 21.4 | (CV., 5.3%) and the tota
clearance was 49 I/h (CV., 5%).

4. Discussion and conclusion

The HPLC method for atracurium and laudanosine
presented here requires small sample volumes (0.5
ml) and enables rapid analysis of these two drugs in
plasma. The advantages of the present method are (i)
that it requires a simple protein precipitation accord-
ing to the method published by Varin et al. [10], (ii)
its ease and speed of execution without sacrifice of
selectivity and (iii) its low cost. Moreover, the
chromatographic system uses isocratic elution rather
than a gradient. The use of an internal standard
allows the control of minor variations in the recovery
during the pretreatment step. Since there is no
extraction involved in our method, the loss of
analytes through degradation is minimized. In con-
trast, methods involving solid-phase extraction for
sample preparation are time-consuming, less easy to
perform and are more costly. The method described
in this paper may be useful in clinical laboratories.

Quaternary ammonium compounds are irreversibly
bound to the free silanol groups of reversed-phase
columns; thus, in this study, we used a C,; ‘end-
capped’ Nucleosil column to minimize such interac-
tions. Moreover, the use of a mobile phase with an
acidic pH enhances separation, stabilizes the analytes
and overcomes the retardive or ion-exchange interac-
tions of the quaternary bases with the silanol groups
on the C,,; column. Assay performance was assessed
both on the basis of the statistical characteristics of
individual calibration lines and from the results of
quality control samples.

The method described was found to be suitable for
the analysis of al samples collected during phar-
macokinetic investigations in humans.
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