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1. Introduction

digitoxin) have been used for
inotropic effects and for
,atrial flutter, and parox-
by far the most prescribed

toxicity.

Immunoassays are commonly used in clinical laboratories for
determination of serum or plasma digoxin concentrations. Unfor-
tunately, digoxin immunoassays are affected by both endogenous
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and exogenous compounds. Endogenous compounds are termed
digoxin-like immunoreactive substances (DLIS), which are found
in elevated concentrations in volume-expanded patients [4,5].
In addition, biological activities of some metabolites of digoxin
(e.g., digoxigenin) are low relative to the parent compound; how-
ever, their immunoreactivities in some digoxin immunoassays
may be greater than that of digoxin [6,7]. Thus, the immunoas-
says could result in false positives [8]. Because of the high
sensitivity, specificity and without interfering form DLIS, LC-MS
technique is developed for the determination of digoxin [9-12].
However, the previously published methods require either large
plasma volumes or a tandem mass spectrometer. Some meth-
ods utilizing solid-phase column extraction were expensive and
time-consuming [13-15]. In addition, only one recent LC-MS
method to determine digoxin in human urine has been published
[16].

In order to fill this methodological gap, we developed a sensi-
tive and selective LC-MS method for the determination of digoxin
in human plasma and urine. The method was applied to a phar-
macokinetic study in healthy subjects following single intravenous
administration of 0.5 mg digoxin.
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2. Experimental
2.1. Chemicals

Solvents used were of HPLC quality and chemicals were of
analytical grade. Methanol and acetonitrile were purchased from
Baker (Gross-Gerau, Germany), ammonium acetate, acetic acid,
isopropanol, chloroform and ammonium chloride from Merck
(Darmstadt, Germany). Digoxin was obtained from Sigma. The
internal standard (IS) d5-dihydrodigoxin (Fig. 1) was synthesized
and provided by Dr. Margarete Fischer-Bosch Institute of Clinical
Pharmacology (Stuttgart, Germany).

2.2. Standard solutions

The stock standard solutions of digoxin and IS d5-
dihydrodigoxin (1 mg/mL) were prepared in methanol. Calibration
standards were prepared by dilution of the stock solutions with
methanol.

2.3. Sample preparation

Samples (2 mL of plasma or 0.2 mL of urine) were spiked with
15 L of IS (0.4ng/wL) and 500 pL of ammonium chloride solu-
tion and extracted for 10 min with 7 mL of chloroform-isopropanol
(95:5, v/v) at pH 9.5. After centrifugation 4000 x g for 10 min, the
upper phase was discarded and the organic phase transferred to
another vial and evaporated to dryness in a stream of nitrogen. The
residue was dissolved in 50 p.L of methanol-5 mmol/L ammoni
acetate—acetic acid (79:20:1, v/v/v). An aliquot of 40 L was
for LC-MS analysis.

2.4. LC-MS analysis

A HP Series 1100 LC-mass-selective de
tem (Agilent, Waldbronn, Germany) with Rind

trile. The digoxin and
phase at a flow rate o
following gradient was

10.4-10.5m 4.5-min post-run interval
at 28% B
The m ned with the autotune procedure

Chemstation software (Rev. A.06.01). Electro-
ere as follows: capillary voltage 5000V, drying
gas flow 11 L/min pgen, drying gas temperature 350 °C, nebu-
lizer pressure 60 poul¥s per square in. gauge (psig) and fragmentor
160V. Peak width was set at 0.25 min. The mass spectrometer was
operated in the selected ion monitoring mode (SIM resolution high)
using the respective [M+K]* ions, mass-to-charge (m/z) 819.4 for
digoxin and m/z 826.4 for d5-dihydrodigoxin.

2.5. Standardisation and validation

Drug-free plasma and urine were obtained from healthy volun-
teers who had not taken any medication at least 3 days before blood
and urine collection. Standard curves were prepared by adding
10 L of standard solutions with increasing amounts of digoxin to

2 mL of drug-free plasma or 0.2 mL of urine and extracting the sam-
ples as described above. The final concentrations obtained were
0.12, 0.20, 0.78, 1.96, 7.80 and 19.60 ng/mL in plasma for digoxin
and 1.2,2.0,7.8,19.6, 78.0 and 196.0 ng/mL in urine. Standard curves
were evaluated by weighted (1/x) linear regression based on inter-
nal standard calibration and were obtained by plotting peak-area
ratios against the concentration of digoxin. The concentration of
digoxin in unknown samples was obtained from the regression line.

After the successful validation of the assay for plasma was devel-
oped and validated, an abbreviated validation strategy for urine
would be used in the study.

The reproducibility and accuracy of t
by analysing quality control samples
amounts of digoxin to 20 mL of drug
which were divided into aliqu

)L of urine

ples were always extrac
The intra-assay pigci

ries were determined by comparing the peak
standards in human plasma to the peak areas
ards at three different quality control samples
ng/mL).

The stability of digoxin in plasma was evaluated with four
tudies: a short-term stability study, a long-term stability study,
a freeze-thaw study and stability in processed sample. Plasma
blank samples were spiked with digoxin at concentration of 0.35,
1.96 and 7.80ng/mL and each concentration was measured five
times. Plasma samples were extracted and subsequent HPLC anal-
ysis was carried out as described previously. Short-term stability
test was performed at room temperature. Plasma samples spiked
with digoxin were kept at room temperature for 12 h, extracted
and then analyzed. The long-term stability study was carried out
with plasma blank samples spiked with digoxin, which were stored
at —80°C for 1 month. For freeze-thaw stability spiked samples
were analyzed immediately after preparation and on a daily basis
after repeated freeze-thaw cycles at —80 °C on 3 consecutive days.
Finally, the processed quality control samples ready for injection
were kept at ambient temperature for 8 h before analysis.

2.7. Matrix effects

The matrix effects were investigated using six independent
sources of plasma. The peak areas of extracted blank plasma sam-
ples which were spiked with standard solution at three final
concentrations (0.35, 1.96 and 7.80ng/mL) and IS (15pL of a
0.4ng/L) were compared with peak areas of the same concen-
tration of standard solution diluted in methanol. In addition, the
matrix effects were investigated using six independent sources of
urine. The three final digoxin concentrations using extracted blank
urine were 3.5, 19.6 and 78.0 ng/mL and IS (15 wL of a 0.4 ng/uL).
The matrix effects were evaluated according to the ratios of peak
areas of digoxin or IS in spiked plasma or urine post-extraction to
those in methanol.



S. Shi et al. /J. Chromatogr. B 875 (2008) 405-410 407

0.9 R O
R R
OH OH
CH; o) CH, [e)
(o} H o H
CH; o CH;' o
O|OH O|OH
CH; §
O|OH
HO
OH

(A) Digoxin
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The LC-MS assay developed was used to investigate the dosing for digoxin. Urine was collected before
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Fig. 2. Production mass-spectra of [M+K]* of (A) digoxin and (B) d5-dihydrodigoxin (IS).
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College, Huazhong University of Science and Technology, Wuhan,
China). All volunteers gave their written informed consent prior to
participation in the study.

Pharmacokinetic parameters were calculated from plasma
concentration-time data by non-compartmental methods. The
maximum plasma concentrations (Cpax) were obtained from
observed data. The area under the plasma concentration versus
time curve (AUC) from O to the last measurable concentration
(Ct), AUCy_¢, was calculated with the linear trapezoidal rule. The
area under the plasma concentration versus time curve from 0
to infinity (AUCy_.,) was calculated as AUCy_;+ Ct/Az, where A,
is the slope of the log-linear regression of the terminal con-
centration data points. The terminal elimination half-life (T,)
was calculated as (In2)/A,. Total clearance (CLiy,) Was calcu-
lated as dose/AUCy_,. Renal clearance (CL;) was calculated as
Aeg_12n/AUCy_¢, where Aeg_1pp, is the cumulative amount of drug
excreted in the urine in the 12h following intravenous admin-
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istration of digoxin. Nonrenal clearance (CL,;) was calculated as
CLiota1 — CL;. The Drug and Statistics Software (DAS, Version 2.0)
(Mathematical Pharmacology Professional Committee of China,
China) was used.

3. Results and discussion

3.1. Sample preparation

[13-15] has been described for the deteg
have used liquid-liquid extraction wji
(95:5, v/v), the mean extraction
digoxin (0.35, 1.96 and 7.80n
%, respec-
tively.
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Fig. 3. Typical chromatograms obtained from human plasma samples: (A) blank plasma; (B) blank plasma spiked with standard solution (LOQ); (C) plasma sample from a
subject 0.75 h after intravenous infusion of 0.5 mg digoxin with concentration of 7.51 ng/mL.
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Table 1
Intra- and inter-assay precision and accuracy for the determination of digoxin in human plasma.

Concentration added (ng/mL) Intra-assay (n=6) Inter-assay (each of 3 days, n=6)

Concentration found (ng/mL) (mean 4 SD) CV (%) Bias (%) Concentration found (ng/mL) (mean + SD) CV (%) Bias (%)

0.12 0.12 + 0.01 11.1 -3.0 0.11 + 0.01 12.5 -5.7
0.35 0.34 + 0.03 8.6 -0.7 0.35 + 0.03 7.8 -16
1.96 2.02 + 0.06 3.2 3.7 2.01 + 0.10 5.1 2.8
7.80 8.11 + 0.26 3.2 3.9 8.07 + 0.29 3.6 35
3.2. LC-MS analysis 200 1

The positive ion electrospray mass spectra of digoxin and IS
show the protonated molecular ion [M+K]* as the base peak (Fig. 2),
m/z 819.4 for digoxin and m/z 826.4 for IS.

HPLC separation was achieved in a total runtime of 15 min on
a Spherisorb ODS2 column with ammonium acetate (5 mmol/L) in
water with 1% acetic acid-acetonitrile gradient (Fig. 3C). Because
of the highly selective detection method, there were no inter-
fering peaks present in more than 6 blank samples investigated
from healthy volunteers. An example of a blank plasma sample is
shown in Fig. 3A, the lowest quality control sample (0.12 ng/mL) in
Fig. 3B. 00

- =
fesd ] (=]
[=] o [=]

L 1 L

Plasma concentration (ng/mL)
n
(=]

3.3. Assay validation

The linearity of the standard curves showed to be good over the
entire concentration range measured: 0.12-19.60 ng/mL for dlgoxm
in plasma and 1.2-196.0 ng/mL in urine. The correlation coef
(r?) ranged between 0.9968 and 0.9999 for digoxin in plas
0.9989-0.9994 in urine.

Accuracy and precision of the method were determmed
quallty control samples as described above The

7.80 ng/mL) were 95.4, 96.7 and 97.8%, respectively. The
atrix effects in urine at three concentrations were from
96.3 to 99.1%. The mean matrix effects for IS in plasma or urine
were (96.1 +2.1)%and (97.2 & 1.3)%, respectively. Matrix effects val-
ues less than 100% and those more than 100% express ionization
suppression and ionization enhancement, respectively. The results
showed that the analysis of digoxin and IS were not interfered with
by endogenous substances in plasma or urine.

the method with an intra- and inter-
at the LOQ (0.12ng/mL). The intr

in urine. 3.5. Assay application

The stability of digoxi ined under various o .
The assay presented allowed for the determination of digoxin

in human plasma and urine in a pharmacokinetic study. Mean
plasma concentration-time curves of 8 volunteers following single
intravenous administration of 0.5 mg digoxin are shown in Fig. 4.
The corresponding pharmacokinetic parameters are summarized

Table 3
ceze—thaw cyc]es and mean recovery Pharmacokinetic parameters (mean + SD) of digoxin after intravenous infusion of

97.8%. Finally, the stability in the processed sample 0.5mg digoxin in 8 healthy volunteers.
was also determined. Result showed that three Parameter Mean + SD
Ples were stable at least for 8 h with CVs below

was found td
ready for injec
quality control sa

N AUCy_13 (ng h/mL) 20.39 + 4.17
9.1%. AUCo_, (ngh/mL) 25.74 + 8.00
Cimax (ng/mL) 13.81 + 3.53
Typ2 (h) 3110 + 12.75
Aeg_1n (1.8) 203.80 + 24.77
Table 2 Aeo_72n (1E) 316.47 + 36.11
Intra-assay precision and accuracy for the determination of digoxin in human urine CLioral (ML/min) 343.05 + 73.37
(n=6). CL; (mL/min) 170.69 + 32.69
Concentration Concentration found CV (%) Bias (%) Clo (mL/min) 17235 & 5002
added (ng/mL) (ng/mL) (mean + SD) Parameters: AUC, area under the plasma concentration-time curve; Cpax, maximum
plasma concentration; Ty, terminal elimination half-life; Aeg_2p, the cumulative
3.5 3.56 £ 0.11 3.0 1.8 : R ) .
amount of drug excreted in the urine (0-12 h); Aeg_72p, the cumulative amount of
Bl A0 O3 L5 v drug excreted in the urine (0-72 h); CL, total clearance; CL;, renal clearance; CL,
78.0 83.63 + 2.29 2.7 72 & - otal, e T

nonrenal clearance.
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in Table 3. The total cumulative urinary excretion rate of digoxin
up to 72 h was (63.3 £ 7.2)% of the administered dose, which indi-
cated that CL; was an important component of the total clearance
of digoxin. In addition, digoxin had a relatively long half-life of over
30 h. The pharmacokinetic profile of digoxin in this study was sim-
ilar to the previously published reports [17,18]. However, the Cpax
after intravenous administration with the same dosage was slightly
higher (13.8 ng/mL) in this study than reported (9.1 ng/mL) in the
literature [19], which could be explained by an infusion duration of
30 min instead of the 1 h used in this study.

4. Conclusions

A method has been developed for determination of digoxin
in human plasma and urine using liquid-liquid extraction
and HPLC-mass spectrometry. Sensitivity, selectivity and repro-
ducibility allow for the application in pharmacokinetic studies.
In 8 volunteers the most relevant pharmacokinetic param-
eters of digoxin have been evaluated following intravenous
dosing.
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