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a b s t r a c t

A highly sensitive and specific LC–MS method was developed and validated for the quantification
of digoxin in human plasma and urine using d5-dihydrodigoxin as internal standard (IS). The assay
procedure involved extraction of digoxin and IS from human plasma with chloroform–isopropanol
(95:5, v/v). Chromatogrphic separation was achieved on a Spherisorb ODS2 column using a gradient
mobile phase with 5 mmol/L ammonium acetate in water with 1% acetic acid and acetonitrile. The
mass spectrometer was operated in the selected ion monitoring mode using the respective [M+K]+

ions, m/z 819.4 for digoxin and m/z 826.4 for IS. The method was proved to be accurate and pre-
cise at linearity range of 0.12–19.60 ng/mL in plasma with a correlation coefficient (r2) of ≥0.9968
and 1.2–196.0 ng/mL in urine. The limit of quantification achieved with this method was 0.12 ng/mL in

CTED
Urine
Pharmacokinetic study

plasma and 1.2 ng/mL in urine. The intra- and inter-assay precision and accuracy values were found to be
within the assay variability limits as per the FDA guidelines. The developed assay method was success-
fully applied to a pharmacokinetic study in human volunteers following intravenous administration of
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. Introduction

Cardiac glycosides (digoxin and digitoxin) have been used for
ore than 200 years for their positive inotropic effects and for

reatment of heart failure, atrial fibrillation, atrial flutter, and parox-
smal atrial tachycardia [1]. Digoxin is by far the most prescribed
ardiac glycoside in the world, however, it has narrow therapeutic
argin and there are many factors that may increase the sensi-

ivity of a patient to toxic side effects such as age, hypokalaemia,
ypomagnesaemia, renal or liver failure and the dosing of other
rugs [2,3]. Therefore, therapeutic drug monitoring for digoxin is

ETR

ssential in clinical practice for efficacy as well as avoiding digoxin
oxicity.

Immunoassays are commonly used in clinical laboratories for
etermination of serum or plasma digoxin concentrations. Unfor-
unately, digoxin immunoassays are affected by both endogenous

∗ Corresponding author. Tel.: +86 27 8572 6073; fax: +86 27 8572 6192.
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nd exogenous compounds. Endogenous compounds are termed
igoxin-like immunoreactive substances (DLIS), which are found

n elevated concentrations in volume-expanded patients [4,5].
n addition, biological activities of some metabolites of digoxin
e.g., digoxigenin) are low relative to the parent compound; how-
ver, their immunoreactivities in some digoxin immunoassays
ay be greater than that of digoxin [6,7]. Thus, the immunoas-

ays could result in false positives [8]. Because of the high
ensitivity, specificity and without interfering form DLIS, LC–MS
echnique is developed for the determination of digoxin [9–12].
owever, the previously published methods require either large
lasma volumes or a tandem mass spectrometer. Some meth-
ds utilizing solid-phase column extraction were expensive and
ime-consuming [13–15]. In addition, only one recent LC–MS

ethod to determine digoxin in human urine has been published
16].
In order to fill this methodological gap, we developed a sensi-
ive and selective LC–MS method for the determination of digoxin
n human plasma and urine. The method was applied to a phar-

acokinetic study in healthy subjects following single intravenous
dministration of 0.5 mg digoxin.

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:sjshicn@163.com
dx.doi.org/10.1016/j.jchromb.2008.09.016
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. Experimental

.1. Chemicals

Solvents used were of HPLC quality and chemicals were of
nalytical grade. Methanol and acetonitrile were purchased from
aker (Gross-Gerau, Germany), ammonium acetate, acetic acid,

sopropanol, chloroform and ammonium chloride from Merck
Darmstadt, Germany). Digoxin was obtained from Sigma. The
nternal standard (IS) d5-dihydrodigoxin (Fig. 1) was synthesized
nd provided by Dr. Margarete Fischer-Bosch Institute of Clinical
harmacology (Stuttgart, Germany).

.2. Standard solutions

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

.3. Sample preparation

Samples (2 mL of plasma or 0.2 mL of urine) were spiked with
5 �L of IS (0.4 ng/�L) and 500 �L of ammonium chloride solu-
ion and extracted for 10 min with 7 mL of chloroform–isopropanol
95:5, v/v) at pH 9.5. After centrifugation 4000 × g for 10 min, the
pper phase was discarded and the organic phase transferred to
nother vial and evaporated to dryness in a stream of nitrogen. The
esidue was dissolved in 50 �L of methanol–5 mmol/L ammonium
cetate–acetic acid (79:20:1, v/v/v). An aliquot of 40 �L was used
or LC–MS analysis.

.4. LC–MS analysis

A HP Series 1100 LC–mass-selective detection (MSD) sys-
em (Agilent, Waldbronn, Germany) with binary pump, degasser,
utosampler and mass selective detector equipped with an elec-
rospray ion source was used. Chromatographic separation was
chieved on a Spherisorb ODS2 column (3 mm × 150 mm (i.d.), par-
icle size 5 �m, Waters, Milford, MA, USA) maintained at 40 ◦C in
column oven. The mobile phases for HPLC were: (A) 5 mmol/L

mmonium acetate in water with 1% acetic acid and (B) acetoni-
rile. The digoxin and IS were separated with a gradient mobile
hase at a flow rate of 0.4 mL/min with a run time of 15 min. The
ollowing gradient was used: 0–3.0 min, 28–60% B; 3.0–7.5 min,
0% B; 7.5–8.0 min, 60–80% B; 8.0–10.4 min, 80% B (0.7 mL/min);
0.4–10.5 min, 80–28% B, followed by a 4.5-min post-run interval
t 28% B until the next sample was injected.

The mass spectrometer was tuned with the autotune procedure
rovided by the HP Chemstation software (Rev. A.06.01). Electro-
pray parameters were as follows: capillary voltage 5000 V, drying
as flow 11 L/min nitrogen, drying gas temperature 350 ◦C, nebu-
izer pressure 60 pounds per square in. gauge (psig) and fragmentor
60 V. Peak width was set at 0.25 min. The mass spectrometer was
perated in the selected ion monitoring mode (SIM resolution high)
sing the respective [M+K]+ ions, mass-to-charge (m/z) 819.4 for
igoxin and m/z 826.4 for d5-dihydrodigoxin.

.5. Standardisation and validation

RETR
Drug-free plasma and urine were obtained from healthy volun-
eers who had not taken any medication at least 3 days before blood
nd urine collection. Standard curves were prepared by adding
0 �L of standard solutions with increasing amounts of digoxin to
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mL of drug-free plasma or 0.2 mL of urine and extracting the sam-
les as described above. The final concentrations obtained were
.12, 0.20, 0.78, 1.96, 7.80 and 19.60 ng/mL in plasma for digoxin
nd 1.2, 2.0, 7.8, 19.6, 78.0 and 196.0 ng/mL in urine. Standard curves
ere evaluated by weighted (1/x) linear regression based on inter-
al standard calibration and were obtained by plotting peak–area
atios against the concentration of digoxin. The concentration of
igoxin in unknown samples was obtained from the regression line.

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

The reproducibility and accuracy of the method was established
y analysing quality control samples, prepared by adding known
mounts of digoxin to 20 mL of drug-free plasma or 2 mL of urine
hich were divided into aliquots and stored at −20 ◦C. The final

oncentrations were 0.12, 0.35, 1.96 and 7.80 ng/mL in plasma for
igoxin and 3.5, 19.6 and 78.0 ng/mL in urine. Quality control sam-
les were always extracted and analyzed together with the samples.

The intra-assay precision and accuracy was assessed by mea-
uring the concentration of digoxin in six aliquots of the different
uality control samples extracted and analyzed on a single day.
nter-assay precision and accuracy was determined from the results
f the different quality control samples which were extracted and
nalyzed sixfold on 3 different days. The limit of quantification
LOQ) was determined as the lowest concentration with a coef-
cient of variation (CV) and a bias of <20% (n = 6).

Extraction recoveries were determined by comparing the peak
reas from extracted standards in human plasma to the peak areas
f unextracted standards at three different quality control samples
0.35, 1.96 and 7.80 ng/mL).

.6. Stability

The stability of digoxin in plasma was evaluated with four
tudies: a short-term stability study, a long-term stability study,

freeze–thaw study and stability in processed sample. Plasma
lank samples were spiked with digoxin at concentration of 0.35,
.96 and 7.80 ng/mL and each concentration was measured five
imes. Plasma samples were extracted and subsequent HPLC anal-
sis was carried out as described previously. Short-term stability
est was performed at room temperature. Plasma samples spiked
ith digoxin were kept at room temperature for 12 h, extracted

nd then analyzed. The long-term stability study was carried out
ith plasma blank samples spiked with digoxin, which were stored

t −80 ◦C for 1 month. For freeze–thaw stability spiked samples
ere analyzed immediately after preparation and on a daily basis

fter repeated freeze–thaw cycles at −80 ◦C on 3 consecutive days.
inally, the processed quality control samples ready for injection
ere kept at ambient temperature for 8 h before analysis.

.7. Matrix effects

The matrix effects were investigated using six independent
ources of plasma. The peak areas of extracted blank plasma sam-
les which were spiked with standard solution at three final
oncentrations (0.35, 1.96 and 7.80 ng/mL) and IS (15 �L of a
.4 ng/�L) were compared with peak areas of the same concen-
ration of standard solution diluted in methanol. In addition, the

atrix effects were investigated using six independent sources of

CTED
rine. The three final digoxin concentrations using extracted blank
rine were 3.5, 19.6 and 78.0 ng/mL and IS (15 �L of a 0.4 ng/�L).
he matrix effects were evaluated according to the ratios of peak
reas of digoxin or IS in spiked plasma or urine post-extraction to
hose in methanol.
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Fig. 1. Chemical structures for (A)
.8. Pharmacokinetic study

The LC–MS assay developed was used to investigate the
harmacokinetic parameters in 8 healthy volunteers after sin-
le intravenous administration of 0.5 mg digoxin over a period of

3
f
5
d
h

Fig. 2. Production mass-spectra of [M+K]+ of (A

RETRA

in and (B) d5-dihydrodigoxin (IS).

E

0 min. Blood samples were drawn before drug intake and at dif-
erent time points (10, 20, 30, 40, 45 min and 1, 1.25, 1.5, 2, 3, 4,
, 7, 9, 12 h) after dosing for digoxin. Urine was collected before
rug administration and at 0–72 h after administration. The study
ad been approved by the local ethics committee (Tongji Medical

) digoxin and (B) d5-dihydrodigoxin (IS).
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ollege, Huazhong University of Science and Technology, Wuhan,
hina). All volunteers gave their written informed consent prior to
articipation in the study.

Pharmacokinetic parameters were calculated from plasma
oncentration–time data by non-compartmental methods. The
aximum plasma concentrations (Cmax) were obtained from

bserved data. The area under the plasma concentration versus
ime curve (AUC) from 0 to the last measurable concentration
Ct), AUC0–t, was calculated with the linear trapezoidal rule. The
rea under the plasma concentration versus time curve from 0
o infinity (AUC0–∞) was calculated as AUC0–t + Ct/�z, where �z

s the slope of the log-linear regression of the terminal con-

entration data points. The terminal elimination half-life (T1/2)
as calculated as (ln 2)/�z. Total clearance (CLtotal) was calcu-

ated as dose/AUC0–∞. Renal clearance (CLr) was calculated as
e0–12h/AUC0–t, where Ae0–12h is the cumulative amount of drug
xcreted in the urine in the 12 h following intravenous admin-

h
(
d
(
t

ig. 3. Typical chromatograms obtained from human plasma samples: (A) blank plasma;
ubject 0.75 h after intravenous infusion of 0.5 mg digoxin with concentration of 7.51 ng/m

RETRA
875 (2008) 405–410

stration of digoxin. Nonrenal clearance (CLnr) was calculated as
Ltotal − CLr. The Drug and Statistics Software (DAS, Version 2.0)
Mathematical Pharmacology Professional Committee of China,
hina) was used.

. Results and discussion

.1. Sample preparation

Liquid–liquid extraction [9–11] or solid-phase extraction (SPE)
13–15] has been described for the determination of digoxin. We

ave used liquid–liquid extraction with chloroform–isopropanol
95:5, v/v), the mean extraction efficacies from plasma for
igoxin (0.35, 1.96 and 7.80 ng/mL) and IS were found to be
81.7 ± 3.5)%, (85.6 ± 6.9)%, (83.0 ± 3.8)% and (87.2 ± 4.4)%, respec-
ively.

(B) blank plasma spiked with standard solution (LOQ); (C) plasma sample from a
L.

CTED
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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 ± SD) CV (%) Bias (%) Concentration found (ng/mL) (mean ± SD) CV (%) Bias (%)

0 1.1 −3.0 0.11 ± 0.01 12.5 −5.7
0 8.6 −0.7 0.35 ± 0.03 7.8 −1.6
1 3.2 3.7 2.01 ± 0.10 5.1 2.8
7 3.2 3.9 8.07 ± 0.29 3.6 3.5
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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
Pharmacokinetic parameters (mean ± SD) of digoxin after intravenous infusion of
0.5 mg digoxin in 8 healthy volunteers.

A
ED
.12 0.12 ± 0.01 1

.35 0.34 ± 0.03

.96 2.02 ± 0.06

.80 8.11 ± 0.26

.2. LC–MS analysis

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

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

.3. Assay validation

The linearity of the standard curves showed to be good over the
ntire concentration range measured: 0.12–19.60 ng/mL for digoxin
n plasma and 1.2–196.0 ng/mL in urine. The correlation coefficients
r2) ranged between 0.9968 and 0.9999 for digoxin in plasma and
.9989–0.9994 in urine.

Accuracy and precision of the method were determined with
uality control samples as described above. The relative standard
eviation (RSD) and mean values of the deviation from the amount
dded (% bias) were calculated. The results for plasma are given
n Table 1, for urine in Table 2. The data show good precision of
he method with an intra- and inter-assay RSD of below 15% even
t the LOQ (0.12 ng/mL). The intra- and inter-assay accuracy as
xpressed by the bias ranged between −5.7 and 3.9% for digoxin.
ntra-assay precision and accuracy of the method were within 7.4%
n urine.

The stability of digoxin in plasma was determined under various
onditions according to the procedure described above. Short-term
tability test performed at room temperature showed that three
uality control samples were stable for 12 h (mean recoveries were
6.0, 102.5 and 98.9%, respectively). The long-term stability results

ndicated that digoxin samples were stable during 1 month, with an
verage recovery of 97.6, 101.5 and 102.6%, respectively. No signifi-
ant change of digoxin concentration in plasma was detected after
xposing samples to three freeze–thaw cycles and mean recovery

ETR

as found to be 97.8%. Finally, the stability in the processed sample

eady for injection was also determined. Result showed that three
uality control samples were stable at least for 8 h with CVs below
.1%.

able 2
ntra-assay precision and accuracy for the determination of digoxin in human urine
n = 6).

oncentration
dded (ng/mL)

Concentration found
(ng/mL) (mean ± SD)

CV (%) Bias (%)

3.5 3.56 ± 0.11 3.0 1.8
19.6 20.94 ± 0.39 1.8 7.4
8.0 83.63 ± 2.29 2.7 7.2

P

A
A
C
T
A
A
C
C
C

P
p
a
d
n

R

ig. 4. Mean (±SD) plasma concentration-time profile of digoxin after intravenous
nfusion of 0.5 mg digoxin in 8 healthy volunteers.

.4. Matrix effects

The mean matrix effects in plasma at three concentrations (0.35,
.96 and 7.80 ng/mL) were 95.4, 96.7 and 97.8%, respectively. The
ean matrix effects in urine at three concentrations were from

6.3 to 99.1%. The mean matrix effects for IS in plasma or urine
ere (96.1 ± 2.1)% and (97.2 ± 1.3)%, respectively. Matrix effects val-
es less than 100% and those more than 100% express ionization
uppression and ionization enhancement, respectively. The results
howed that the analysis of digoxin and IS were not interfered with
y endogenous substances in plasma or urine.

.5. Assay application

The assay presented allowed for the determination of digoxin

CT
arameter Mean ± SD

UC0–12 (ng h/mL) 20.39 ± 4.17
UC0–∞ (ng h/mL) 25.74 ± 8.00
max (ng/mL) 13.81 ± 3.53
1/2 (h) 31.10 ± 12.75
e0–12h (�g) 203.80 ± 24.77
e0–72h (�g) 316.47 ± 36.11
Ltotal (mL/min) 343.05 ± 73.37
Lr (mL/min) 170.69 ± 32.69
Lnr (mL/min) 172.35 ± 50.02

arameters: AUC, area under the plasma concentration–time curve; Cmax, maximum
lasma concentration; T1/2, terminal elimination half-life; Ae0–12h, the cumulative
mount of drug excreted in the urine (0–12 h); Ae0–72h, the cumulative amount of
rug excreted in the urine (0–72 h); CLtotal, total clearance; CLr, renal clearance; CLnr,
onrenal clearance.
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n Table 3. The total cumulative urinary excretion rate of digoxin
p to 72 h was (63.3 ± 7.2)% of the administered dose, which indi-
ated that CLr was an important component of the total clearance
f digoxin. In addition, digoxin had a relatively long half-life of over
0 h. The pharmacokinetic profile of digoxin in this study was sim-

lar to the previously published reports [17,18]. However, the Cmax

fter intravenous administration with the same dosage was slightly
igher (13.8 ng/mL) in this study than reported (9.1 ng/mL) in the

iterature [19], which could be explained by an infusion duration of
0 min instead of the 1 h used in this study.

. Conclusions

A method has been developed for determination of digoxin
n human plasma and urine using liquid–liquid extraction
nd HPLC–mass spectrometry. Sensitivity, selectivity and repro-
ucibility allow for the application in pharmacokinetic studies.

n 8 volunteers the most relevant pharmacokinetic param-
ters of digoxin have been evaluated following intravenous
osing.
cknowledgments

The technical assistance of Monika Seiler (Dr. Margarete Fischer-
osch-Institute of Clinical Pharmacology, Stuttgart, Germany) is
ratefully acknowledged.

[

[

RETRA
875 (2008) 405–410

eferences

[1] P. Manunta, M. Ferrandi, Hypertension 47 (2006) 343.
[2] M.M. Matzuk, M. Shlomchik, L.M. Shaw, Ther. Drug Monit. 13 (1991) 215.
[3] M. Barclay, E. Begg, N. Z. Med. J. 116 (2003) U704.
[4] A. Dasgupta, Am. J. Clin. Pathol. 118 (2002) 132.
[5] A. Dasgupta, Toxicol. Rev. 25 (2006) 273.
[6] J.J. Miller, R.W. Straub, R. Valdes Jr., Clin. Chem. 40 (1994) 1898.
[7] B. Bednarczyk, S.J. Soldin, I. Gasinka, M. D’Costa, L. Perrot, Clin. Chem. 34 (1988)

393.
[8] R. Valdes Jr., Clin. Chem. 31 (1985) 1526.
[9] A. Tracqui, P. Kintz, B. Ludes, P. Mangin, J. Chromatogr. B Biomed. Sci. Appl. 692

(1997) 101.
10] M. Yao, H. Zhang, S. Chong, M. Zhu, R.A. Morrison, J. Pharm. Biomed. Anal. 32

(2003) 1189.
11] J. Smalley, A.M. Marino, B. Xin, T. Olah, P.V. Balimane, J. Chromatogr. B Analyt.

Technol. Biomed. Life Sci. 854 (2007) 260.
12] J. Ni, H. Ouyang, M. Aiello, C. Seto, L. Borbridge, T. Sakuma, R. Ellis, D. Welty, A.

Acheampong, Pharm. Res. 25 (2008) 1572.
13] K. Mitamura, A. Horikawa, Y. Yamane, Y. Ikeda, Y. Fujii, K. Shimada, Biol. Pharm.

Bull. 30 (2007) 1653.
14] L. Frommherz, H. Köhler, B. Brinkmann, M. Lehr, J. Beike, Int. J. Legal Med. 122

(2008) 109.
15] Y. Hashimoto, K. Shibakawa, S. Nakade, Y. Miyata, J. Chromatogr. B Analyt. Tech-

nol. Biomed. Life Sci. 869 (2008) 126.
16] B.J. Kirby, T. Kalhorn, M. Hebert, T. Easterling, J.D. Unadkat, Biomed. Chromatogr.

22 (2008) 712.
17] B.J. Gurley, A. Swain, G.W. Barone, D.K. Williams, P. Breen, C.R. Yates, L.B. Stuart,

D

M.A. Hubbard, Y. Tong, S. Cheboyina, Drug Metab. Dispos. 35 (2007) 240.

18] M. Feuring, Y. Lee, L.H. Orlowski, N. Michiels, M. De Smet, A.K. Majumdar, K.J.
Petty, M.R. Goldberg, M.G. Murphy, K.M. Gottesdiener, M. Hesney, L.E. Brackett,
M. Wehling, J. Clin. Pharmacol. 43 (2003) 912.

19] K. Tsutsumi, T. Kotegawa, M. Kuranari, Y. Otani, T. Morimoto, S. Matsuki, S.
Nakano, J. Clin. Pharmacol. 42 (2002) 1159.CTE


	Development and validation of an LC-MS method with electrospray ionization for quantitation of digoxin in human plasma and urine: Application to a pharmacokinetic study
	Introduction
	Experimental
	Chemicals
	Standard solutions
	Sample preparation
	LC-MS analysis
	Standardisation and validation
	Stability
	Matrix effects
	Pharmacokinetic study

	Results and discussion
	Sample preparation
	LC-MS analysis
	Assay validation
	Matrix effects
	Assay application

	Conclusions
	Acknowledgments
	References


