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Abstract

Gadobenate dimeglumine (Gd-BOPTA-Dimeg) is currently under evaluation as an intravascular paramagnetic
contrast agent for magnetic resonance imaging. The anion Gd-BOPTA®™ is the moiety of Gd-BOPTA-Dimeg
responsible for contrast enhancement. An HPLC method for assaying gadobenate (Gd-BOPTA®") in plasma, urine
and bile samples is described. The analysis is based on the reversed-phase chromatographic separation of the ion
pair Gd-BOPTA® —tetrabutylammonium from the endogenous components of biological fluids and its detection by
UV absorption at 210 nm. The mean accuracy and precision of the method were in the range —3.4 to +5.0% and
0.2-3.5%, respectively. The method detection limits for Gd-BOPTA®” in plasma (0.8 ml), urine (0.2 ml) and bile
(1.0 ml) were 1.1, 7.6 and 1.7 M (corresponding to 0.73, 5.1 and 1.1 pg/ml), respectively.

1. Introduction

Gadobenate  dimeglumine (Gd-BOPTA-
Dimeg) is (4R,S)-{{4-carboxy-5,8,11-tris(car-
boxymethyl)-1-phenyl-2-oxa- 5,8,11- triazatride-
can-13-o0ato(5-)] gadolinate (2-)} dihydrogen
compound with  1-deoxy-1-(methylamino)-p-
glucitol (1:2) (Fig. 1). This compound is current-
ly under evaluation as an intravascular para-
magnetic contrast agent for magnetic resonance
imaging [1,2]. The anion Gd-BOPTA™ is the
moiety of Gd-BOPTA-Dimeg responsible for
contrast enhancement.

Concentrations of diagnostic agents containing
gadolinium in biological samples can be deter-
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mined by assaying the total gadolinium content
by radiochemical methods [3] and spectrometric
techniques such as atomic absorption spec-
trometry (AAS) [4], inductively coupled plasma
atomic emission spectrometry (1CP-AES) [5,6]
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Fig. 1. Structure formula of gadobenate dimeglumine (Gd-
BOPTA-Dimeg). Gd-BOPTA-Dimeg molecular mass,
1058.17 u; Gd-BOPTA’™ motecular mass, 665.72 u.
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and X-ray fluorescence (XRF) spectrometry [7].
Despite their reliability, these techniques are not
specific; they are unable to distinguish the vari-
ous chemical species of gadolinium present in the
sample (parent compound and metabolites) and
therefore provide no precise information on the
fate of the compound in the organism.

The high-performance liquid chromatographic
(HPLC) method described here permits the
selective determination of Gd-BOPTA® —tetra-
butylammonium from the endogenous compo-
nents of the biological fluids and its detection
during elution by UV light absorption at 210 nm.

For plasma and bile assays, which required
sample pretreatment, an internal standard meth-
od of calibration was employed. For assays on
urine an external standard method was adopted.

2. Experimental
2.1. Apparatus

The assays were performed on a Merck-
Hitachi (Tokyo, Japan) liquid chromatograph
which consisted of a Model 655A-11 pump
controlled by an L-5000 LC gradient pro-
grammer. The chromatographic system was
fitted with a L-4250 variable-wavelength UV-Vis
detector (5 mm flow cell path length) linked to a
Model 450 MT?2 data system (Kontron, Munich,
Germany). Analyses were performed on a Hy-
persil-ODS reversed-phase column (20 ¢cm X 4.6
mm I.D., particle size 5 pm) (Hewlett-Packard,
Waldbronn, Germany) housed in a thermostated
oven. A LiChrosorb RP-8 precolumn (3 cm X 4
mm 1.D., particle size 7 pm) (Merck, Darm-
stadt, Germany) was used to prevent degrada-
tion of the analytical column.

2.2. Materials

Gd-BOPTA-Dimeg and (1'R,S) - {[1 - (1’ -
carboxy - 2’ - phenoxyethyl) - 4,7,10 - tris(car-
boxymethyl) - 1,4,7,10 - tetraazacyclodode-
cane(4-)]gadolinate(1-)} hydrogen compound
with  1-deoxy-1-methylamino-p-glucitol  (1:1)
{coded B19106/7 and used as an internal stan-

dard) were synthesized by Bracco (Milan, Italy).
B19106 (M, 677.80) is the code for the anion in
B19106/7 (M, 874.02).

Purified water was obtained with a Millipore
(Bedford, MA, USA) Milli-Q water-purification
systcm. Tetrabutylammonium dihydrogenphos-
phate was obtained under the name of PIC A
Reagent from Millipore—Waters (Milford, MA,
USA). HPL.C-grade acetonitrile and analytical-
reagent grade glacial acetic acid and chloroform
were obtained from Merck. Heparin solution
(5000 U/ml) was obtained under the name of
Liquemin from Hoffman-La Roche (Wyhlen,
Germany).

2.3. Biological samples

Samples of human plasma and urine and
rabbit bile were prepared. Samples of blank
human plasma and urine were obtained from
healthy subjects maintained on a normal diet.
Test samples of human plasma and urine were
taken from subjects previously administered a
solution of .25 M Gd-BOPTA-Dimeg at a dose
of 0.2 mmol/kg (0.13 g/kg). The plasma samples
in both instances were prepared by collection of
whole blood in test-tubes containing heparin
solution (5000 U/ml) in a ratio of 10:1 (v/v) and
subsequent centrifugation (10 min at 3500 g).
The bile samples were obtained from control
HY/Cr rabbits (Charles River, Como, Italy) and
from HY/Cr rabbits to which a (.25 M solution
of Gd-BOPTA-Dimeg had been administered at
a dose of 0.1 mmol/kg (0.067 g/kg). The sam-
ples were obtained in both instances after cannu-
lation of the bile duct.

Method development and stability studies of
gadobenate in biological fluids were carried out
on plasma, urine and bile samples taken from
rabbits.

2.4, Stock standard solutions

Gd-BOPTA*" stock standard solutions for
assays in each biological fluid were prepared by
diluting a 0.25 M Gd-BOPTA-Dimeg solution
in purified water. For assays in plasma and bile
the stock Gd-BOPTA®™ concentration range was
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0.30-37 mM (0.20-25 mg/ml); for assays in
urine the range was 1.0-88 mM (0.67-59 mg/
ml}.

Aqueous solutions of B19106/7 at concentra-
tions of 7.7 and 15 mM were prepared by
diluting a 0.5 M solution. These were used as
internal standards for the assay in plasma and
bile, respectively. Stock standard solutions and
biological samples were stored in the dark at
4°C. Under these conditions, they were stable
for at least 1 month.

2.3, Preparation of plasma samples

Each calibration standard solution was pre-
pared by adding 0.1 ml of the desired Gd-
BOPTA"" stock standard solution and 0.1 ml of
7.7 mM aqueous B19106~ (internal standard) to
0.8 ml of blank plasma taken from healthy
subjects. To this sample 0.9 ml of acetonitrile
was added to precipitate plasma proteins. After
agitation and subsequent centrifugation (10 min
at 2800 g), 20 ul of the clear supernatant were
injected into the chromatograph. To determine
the Gd-BOPTA’ content in the plasma of
healthy volunteers trecated with Gd-BOPTA-
Dimeg (0.2 mmol/kg}, 0.1 ml of purified water
rather than the equivalent volume of Gd-
BOPTA®" stock standard solution and 0.1 m! of
the internal standard solution were added to 0.8
ml of plasma. The sample was then processed as
described above.

2.6. Preparation of urine samples

Urine was filtered through Millipore HAWP
filters (0.45 um pore size) and 0.2 ml thereof was
diluted to 1 ml with purified water. Each cali-
bration standard solution was prepared by add-
ing 0.1 ml of the desired Gd-BOPTA*>™ stock
standard solution to 1 ml of diluted urine. A
10-u!1 volume of the clear solution was used for
chromatographic analysis. To determine the Gd-
BOPTA’" content in urine from healthy vol-
unteers treated with Gd-BOPTA-Dimeg (0.2
mmol/kg}, 0.1 ml of purified water rather than
the equivalent volume of Gd-BOPTA?™ was

added to 1 ml of filtered and diluted urine as
described above,

2.7. Preparation of bile samples

Each calibration standard solution was pre-
pared by adding 0.1 ml of the desired Gd-
BOPTA’” stock standard solution and 0.1 ml of
15 mM aqueous B19106" (internal standard) to
1 ml of bile. To this sample (0.2 m! of glacial
acetic acid and 1.5 ml of chloroform were added.
The mixtures were shaken for 30 min at room
temperature (20-22°C} and then centrifuged (10
min at 2800 g). Samples of 10 u! of the aqueous
layer were taken for chromatographic analysis.
To determine the Gd-BOPTA®  content of bile
from animals treated with Gd-BOPTA-Dimeg
(0.1 mmol/kg), 0.1 ml of purified water rather
than the equivalent volume of Gd-BOPTA’"
stock standard solution was added to 1 ml of bile
plus 0.1 ml of internal standard. The sample was
then processed as described above.

2.8. Chromatographic conditions

The chromatographic conditions were the
same for all samples. Elution was carried out
isocratically with a 74:26 (v/v) mixturec of a 6.8-
10> M agueous solution of tetrabutylammonium
dihydrogenphosphate and acetonitrile at a flow-
rate of 1 ml/min. The mobile phase was filtered
by passing it through a 0.45-pm Millipare filter
and degassed before use. The temperature of the
thermostated oven containing the column was set
at 40°C. The UV detection wavelength was 210
nm.

2.9, Smability

The stability of Gd-BOPTA-Dimeg was test-
ed in plasma, urine and bile over the range of
concentrations of pharmacokinetic relevance.
Blank plasma, urine and bile samples were
spiked with Gd-BOPTA-Dimeg stock standard
solutions to give Gd-BOPTA?™ concentrations
ranging from 0.075 to 2.5 mM (0.050-1.7 mg/
mi).

The conditions tested were storage for 1 day in
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light at 20°C, storage for 1 and 7 days in
darkness at 4°C, storage for 1 month in darkness
at 4°C and storage for 3 months in darkness at
—1%°C. The Gd-BOPTA’” concentrations in the
stored samples were compared with those in
freshly prepared solutions.

2.10. Data processing

For plasma and bile analyses, the ratio of the
Gd-BOPTA’ peak area to the internal standard
(B19106 ) peak area was calculated and plotted
for cach calibration standard solution and a
least-squares linear regression was perfarmed.
For urine analysis the peak area of Gd-
BOPTA’" was calculated and plotted for each
calibration standard solution and a least-squares
linear rcgression was performed. Linearity was
assessed by performing an analysis of variance
and test of linearity on the calibration standard
data. As the value of the y-intercept was not
statistically different from zero, the data were
fitted by origin-crossing lines. Sample concen-
trations werc determined by interpolation from
such origin-crossing calibration graphs.

The selectivity of the chromatographic method
was evaluated by checking for interferences due
to drug-free plasma, urine and bile. Further, the
selectivity was verified from the peak purity
analysis, which was performed by comparison of
three UV spectra recorded at the beginning,
apex and end of the Gd-BOPTA® " peak present
in the samples.

The evaluation of the precision and accuracy
of the method was performed using two standard
solutions for each biological fluid: 0.10 and 2.0
mM in plasma, 2.5 and 13 mM in urine and
0.075 and 1.6 mM in bile. The assays were
repeated five times. The accuracy of the method
was calculated from the percentage difference
between the mean calculated concentrations and
the known Gd-BOPTA® content of the solu-
tions. Precision was determined from the relative
standard deviation expressed as a percentage of
the mean.

The method detection limits were determined
by analysing fifteen replicate samples containing
0.012 mM (8.0 pg/ml) Gd-BOPTA?", corre-

sponding to a concentration near the instrumen-
tal detection limit. For each biological fluid the
mean concentration and the standard deviation
(S,) were calculated. Method detection limits
(MDL) were estimated as described by Inman
and Rickard [8] by the equation

MDL = ——K;\ﬁ—ﬁ S ¢}
replicates
where K is a constant corresponding to the
Student’s ¢ distribution for the 95% confidence
level and S is the standard deviation of the
method, expressed as concentration. The value
of 7, 1aes Was fixed at 2 because in routine
analyses the assay was performed in duplicate.
The stability of Gd-BOPTA-Dimeg was as-
sessed by means of the statistical procedure of
Timm er al. [9], which is based on the percentage
difference in concentration between stored and
freshly prepared samples in terms of variability.
A degradation of 10% is considered pharmaco-
kinetically relevant.

3. Results
3.1. Assay of Gd-BOPTA* in plasma

Fig. 2 shows representative chromatograms of
{a) blank human plasma, (b) a spiked sample
(calibration standard) of human plasma (0.8 m!)
containing 0.40 mM (0.27 mg/ml) Gd-BOPTA®"
and (c) a plasma sample from a healthy volunteer
to which Gd-BOPTA~Dimeg had been adminis-
tered. The mean retention times * standard
deviation for Gd-BOPTA’™ and the internal
standard (B191067) obtained from determina-
tions conducted on three days (n=20) were
87x+0.1 and 4.5*+0.1 min, respectively. Al-
though the region of the internal standard (peak
6 bis) is not clear in the blank chromatogram,
integration of several blank samples indicated
the peak area of interference (peak 6) to be
relatively small and constant. As the concen-
tration of B19106~ was also constant, it was
considered justifiable to take the combined chro-
matographic signal arising from both B19106
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Fig. 2. High-performance liquid chromatograms of human plasma extract monitored at 210 nm. Peaks 1-6 are due to undefined
substances remaining in plasma after sample preparation. Peak 6 bis is due to B19106™ (internal standard) and peak 7 is
Gd-BOPTA’". (a) Human plasma extract from a healthy subject maintained on a normal diet; (b) human plasma extract spiked
with B19106” and Gd-BOPTA®™ (0.27 mg/ml); (c} extract of a plasma sample from a healthy volunteer 6 h after intravenous
administration of Gd-BOPTA/dimeg (dose 0.13 g/kg body mass). Gd-BOPTA®™ concentration (0.047 mg/ml) was calculated by

interpolation on the calibration graph.

and the interference as the internal standard.
The best correlation between the peak-area ratio
(Gd-BOPTA’" to internal standard) and the
analyte concentration was obtained over the
range 0.037-4.6 mM (0.025-3.1 mg/ml). The
coefficient of determination (r?) and the regres-
sion coefficient (b) of the calibration graphs,
which were fitted to data on three different days,
are given in Table 1. Table 2 reports data for the
precision and accuracy of the method for analy-
scs performed on three different days. A method
detection limit of 1.1 uM (0.73 pg/ml) was
calculated for plasma (=0.8 ml) after introducing
the values S, =0.49 uM (0.33 pg/ml) and K =
2.145 into Eq. 1. The stability study demon-
strated no significant degradation of Gd-
BOPTA’™ in plasma under any of the conditions
tested.

Table 1
Linearity of Gd-BOPTA®™ calibration graphs

Biological fluid Day bxg ” rt*
Plasma 1 0.7517 = 0.0010 1.0000
2 0.7553 £ 0.0008 1.0000
3 0.7962 + 0.0007 1.0000
Urine 1 2.632£0.010 0.9997
2 2.698 £ 0.004 1.0000
3 2.752 = 0.008 0.9998
Bile 1 0.4924 = 0.0014 0.9959
2 0.4715 £ 0.0014 (0.9999
3 0.4985 = 0.0015 0.9999

“Equation from linear regression y = bx: regression coeffi-
cient = standard error.
® Coefficient of determination.
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Table 2
Variability of precision and accuracy in the assay of Gd-
BOPTA®™ in plasma

Concentration tested Day  Precision Accuracy
(CV.,n =5} (%)

mM mg/ml (%)

1 3.10 +0.04
0.10 0.067 2 2.36 +0.60

3 3.50 +0.50

1 0.77 -0.24
2.0 1.3 2 0.77 -0.20

3 0.51 +0.78

3.2, Assay of Gd-BOPTA®" in urine

Fig. 3 shows the chromatograms of (a) blank
human urine, (b) a spiked sample (calibration

standard) of human urine (0.2 ml) containing 13
mM (8.6 mg/ml) Gd-BOPTA’ and (c) urine
from a healthy volunteer to whom Gd-BOPTA-
Dimeg had been administered. The mean re-
tention time = standard deviation of Gd-
BOPTA® was 8.0%0.2 min (n =20). The best
correlation between the peak area of Gd-
BOPTA’™ and the analyte concentration was
obtained over the range 0.50-44 mM (0.33-29
mg/ml). The determination and regression co-
efficients of the calibration graphs are given in
Table 1. Table 3 reports data for the precision
and accuracy of the method for analyses per-
formed on three different days. For urine (=0.2
ml), a method detection limit of 7.6 puM (5.1
pg/mly was calculated using Eq. 1. The values
for S, and K were 3.52 pM (2.3 pg/ml) and
2.145, respectively. There was no significant
degradation of Gd-BOPTA®™ in urine under any
of the conditions tested.
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Fig. 3. High-performance liquid chromatograms of human urine monitored at 210 nm. Peaks 1-7 are due to undefined substances
in the urine. Peak 8 is Gd-BOPTA®". (a) Human urine from a healthy subject maintained on a normal diet; (b) human urine
spiked with Gd-BOPTA’™ (8.6 mg/ml); (c) urine sample from a healthy volunteer 6 h after intravenous administration of
Gd-BOPTA-Dimeg (dose 0.13 g/kg body mass). Gd-BOPTA?" concentration (0.66 mg/ml) was calculated by interpelation on

the calibration graph.
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Variability of precision and accuracy in the assay of Gd-

BOPTA®™ in urine

Concentration tested Day  Precision Accuracy
(CV.,n=5) (%)
mM mg/ml (%)
1 0.89 —0.04
25 1.7 2 1.39 -2.52
3 3.06 +5.02
1 0.70 +2.74
13 8.6 0.82 +0.32
3 1.49 +0.82

3.3. Assay of Gd-BOPTA"" in bile

Fig. 4 shows the chromatograms of (a) blank
rabbit bile, (b) a spiked sample (calibration
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standard) of rabbit bile (1 ml) containing 0.32
mM (0.21 mg/ml) Gd-BOPTA’™ and (c) bile
from a rabbit to which Gd-BOPTA-Dimeg had
been administered. The mean retention times +
standard deviation for Gd-BOPTA™™ and the
internal standard (B191067) obtained from de-
terminations conducted on three days (n =20)
were 6.4 =0.1 and 5.1 £ 0.0 min, respectively.
The best correlation between the peak-area
ratio (Gd-BOPTA"™ to B191067) and the ana-
lyte concentration was obtained over the range
(.030-3.7 mM (0.020-2.5 mg/ml). The determi-
nation and regression coefficients of the cali-
bration graphs are given in Table 1. Table 4
reports data for the precision and accuracy of the
method for analyses performed on three differ-
ent days. A method detection limit of 1.7 M
(1.1 pg/ml) for bile (=1 ml) was calculated as
described above. The values for §, and K were
0.79 uM (0.53 pg/ml) and 2.145, respectively.
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Fig. 4. High performance liquid chromatograms of rabbit bile monitored at 210 nm. Peaks 1-3 are due to undefined substances
remaining in bile after sample preparation. Peak 4 is due to B19106” (internal standard) and peak 5 is Gd-BOPTA”". (a) Rabbit
bile extract; (b} rabbit hile extract spiked with B19106~ and Gd-BOPTA2™ (0.21 mg/ml); (c) extract of a bile sample from a
rabbit 6 h after intravenous administration of Gd-BOPTA~Dimeg (dose 0.067 g/kg body mass). Gd-BOPTA’ concentration
(0.093 mg/ml) was calculated by interpolation on the calibration graph.
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Table 4
Variability of precision and accuracy in the assay of Gd-
BOPTA™ in bile

Concentration tested  Day Precision Accuracy
(CV.,n=3) (%)

mM welml (%)

1 2.37 +0.24
0.075 0.050 2 1.45 -3.38

3 2.15 -3.42

1 0.15 +0.88
1.6 1.1 2 0.51 +0.32

3 0.49 +0.64

There was no significant degradation of Gd-
BOPTA’" in bile under any of the conditions
tested.

4. Discussion

As the chromatographic peak of Gd-
BOPTA®" is completely separated from all other
peaks in plasma, urine and bile samples, the
described assays have excellent specificity.

Although with plasma the blank chromato-
gram in the region of the internal standard peak
is not clean, the interference can be considered
negligible in the determination of Gd-BOPTA™"
concentration.

The precision, accuracy and detection limits of
the described methods are satisfactory for phar-
macokinetic studies of Gd-BOPTA-Dimeg in
large animals and man at clinically relevant
doses. The methods are also suitable for similar

studies in smaller animals but the amount of
plasma and bile required limits the number of
data points obtainable from individual animals.
The fact that the proposed techniques can be
performed on readily available equipment and
are rapid makes them suitable for routine use.

5. Acknowledgement

We are grateful to Professor C. de Haén for
his kind encouragement and helpful discussions.

6. References

i1] E. Felder, F. Uggeri, L. Fumagalli and G. Vittadini, US
Pat., 4 916 246 (1990); fral. Par. 19236A/86 (1986).

[2] F. Cavagna, P. Tirone, E. Felder and C. de Haén, in J.T.
Ferrucci and D.D. Stark (Editors), Liver Imaging: Cur-
rent Trends and New Techniques, Andover Medical,
Boston, 1991, p. 384.

[3] B.L. Engelstad, D.L. White, J.P. Huberty, C.S. Wynne,
M.T. McNamara and H.I. Goldberg, Invest. Radiol., 22
(1987) 232.

[4] L. Liang, P.C. D’Haese, LV. Lambens, F.L. Van de
Vyver and M.E. De Broe, Anal. Chem., 63 (1991) 423.

[5] J.G. Crock and F.E. Lichte, Anal. Chem., 54 (1982)
1329.

{6] K. Yoshida and H. Haraguchi, Anal. Chem., 56 (1984)
2580,

[7) M. Lal, RK. Choudhury and R.M. Agrawal, X-Ray
Spectrom., 16 (1987) 23,

[8] E.L. Inman and E.C. Rickard, J. Chromatogr., 447
(198R) 1.

[9] U. Timm, M. Wall and D. Dell, J. Pharm. Sci., 74 (1985)
972.



