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Abstract A method is described for liquid chromatogra-
phy—mass spectrometry analysis of the cardio glycosides
digoxin and digitoxin in biological samples. The method
was optimized for use in the forensic field and, therefore,
comprises the determination from whole blood and tissue
samples. Sample cleanup by solid phase extraction (SPE)
on a functionalized polymeric phase was sufficient to limit
matrix suppression to <10% for all analytes. Chromato-
graphic separation was achieved using an RP-8 column.
Detection of the cardio glycosides was performed with
electrospray ionization in the positive mode. The system
was run in single ion monitoring mode, measuring the
sodium adducts (M+Na)" of the analyte and of the internal
standard, respectively. The method was fully validated for
the analysis of blood samples and was also successfully
applied in forensic cases. The method was accurate and
precise over a linear concentration range up to 50 ng/g
blood. Lower limit of quantitation was 0.2 ng/g for digoxin
and 2 ng/g for digitoxin, respectively. As deuterated analyte
was used as internal standard, we also present a new
microwave-enhanced method for the fast preparation of the
labelled analyte within 20 min.
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Introduction

Digitalis glycosides are used for the treatment of conges-
tive heart failure. Clinical digoxin therapy requires strict
drug monitoring due to its narrow therapeutic range of 0.5—
2 ng/ml (digitoxin 10-35 ng/g). Because of this toxicity, it
is also of forensic importance to know whether sample
concentrations are within the therapeutic or toxic blood
level [1, 2].

Several immunoassays are established methods in the
clinical field, although the problem of cross-reactivity is
well known [3, 4]. High-performance liquid chromatogra-
phy (HPLC) coupled with mass spectrometry has been
proven to be a specific and sensitive instrument for the
determination of large molecules such as terpenoids [5] and
cardenolides [6]. Several liquid chromatography—mass
spectrometry (LC-MS) and LC-MS/MS methods are
reported [7-9], but generally, they deal with the determi-
nation from serum or plasma samples. This matrix is often
used in clinical screenings; in forensic cases, however, this
material is normally not available. Determination has to be
made out of blood or tissue samples. Only few publications
concerning the determination of cardio glycosides deal with
these complex matrices and their problems of sample
cleanup [10, 11].

An easy method for the determination of cardio glyco-
sides from blood samples was developed and is presented
in this work. A simple cleanup procedure with the use of
solid phase extraction (SPE) provides clean extracts. We
also present a microwave-enhanced method for the prepa-
ration of labelled cardio glycosides, which were used as
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internal standard (IS). This method proved its applicability
in forensic cases.

Experimental
Chemicals and material

Chemicals used were digoxin, European Pharmacopoeia
Chemical Reference Substance (EP CRS, purity 99.8%),
and digitoxin, EP CRS (purity 99%) from Promochem
(Wesel, Germany). A stock solution of 1 mg/ml was
prepared in methanol and diluted for further use. For the
preparation of the labelled analyte, digoxin (95%) from
Sigma (Taufkirchen, Germany) and digitoxin (99%) from
Fluka (Buchs, Switzerland) were used.

The labelled analytes were stored as solid substances in
HPLC vials (100 pg each) and were diluted in methanol
before use. The IS working solution contained labelled
digoxin (50 ng/ml) and labelled digitoxin (500 ng/ml). All
stock and working solutions as well as the IS substances
were stored at —18°C.

Sodium acetate, acetic acid, and formic acid were
obtained from Merck (Darmstadt, Germany), aqua bidest.
from Waldeck (Miinster, Germany). Isopropyl alcohol,
acetone, and methanol, all of analytical grade, were from
Lab Scan (Dublin, Ireland). SPE was performed on a
functionalized polymeric phase (Bond Elut PPL, 100 mg)
from Varian (Darmstadt, Germany). Acetate buffer for
sample preparation consisted of 0.1 M sodium acetate,
adjusted to pH=7.0 with acetic acid.

Chemicals used for the deuterations: 1,4-dioxane
(99.5%), deuterium oxide (Uvasolv) from Merck, tetrahy-
drofuran (p.a.), and triethylamine (p.a.) from Fluka.

Blood samples/authentic samples

To assess validation data, blank blood samples were
collected from seven healthy volunteers and spiked with
the analytes, respectively. Blood, serum, urine, and gastric
content from forensic cases with assumed cardio glycoside
intoxications were determined with this method.

Apparatus
Microwave settings

A CEM Discover microwave (CEM, Matthews, NC) was
used for the deuteration of the cardio glycosides. The
closed vessel system allowed a maximum pressure up to
20 bars. The amount of energy (maximum 220 W) was
regulated by a standard program (temperature set at 70°C).
The run time was 20 min.

@ Springer

The successful hydrogen isotope exchange was verified
by 'H nuclear magnetic resonance ('H-NMR) data (di-
methyl sulfoxide-d6 [DMSO-d6]), which was attained
using a Varian Mercury 400 plus spectrometer (400 MHz).

HPLC conditions and detector settings

A Waters Alliance 2695 separations module coupled to a
Micromass Quattro micro with a Z-spray ion interface was
used for all analyses (Table 1).

Chromatographic separation was achieved with a Waters
X-Terra MS-Cg analytical column (150%2.1 mm, 3.5 um)
and a corresponding pre-column. The chromatography was
performed isocratically at a flow rate of 0.2 ml/min at 40°C
column temperature. Mobile phase consisted of 0.1%
formic acid in a mixture of 55% methanol and 45% water.
Total run time was 30 min for each injection.

Materials and methods
Preparation of labelled glycosides

Substances and reagents were used as published by Kaiser
et al. [12]: 1 mg glycoside was dissolved in a mixture of
1 ml 1,4-dioxane, 1 ml tetrahydrofuran, 1 ml deuterium
oxide, and 0.5 ml triethylamine and stirred in a 10 ml
pressurized microwave vial. During 20-min run time, the
temperature of the vial did not exceed 70°C. After this
procedure, the solution was cooled and portioned into
HPLC vials (each 100 pg) and completely evaporated
under a stream of nitrogen for storage. Before use, the
deuterated substances were reconstituted in methanol.

Sample preparation
Blood, plasma, urine, and gastric content (each 0.5 g) were

mixed with 2 ml 0.1 M sodium acetate buffer pH=7 and
homogenized. After the addition of 50 ul IS working

Table 1 Method and ionization parameters using electrospray in the
positive ionization mode

Compound (M+Na)" m/z* (M+Na)" m/z°
Compound Internal Standard

Digoxin 803.4 807.4

Digitoxin 787.3 791.3

Capillary 33 kV

Cone 60 V

Source temperature 120°C

Desolvation gas (N,) 350°C, 300 I/h

# Adduct of the C12 isotope
® Adduct of the C13 isotope
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solution (d3-digoxin 50 ng/ml, d3-digitoxin 500 ng/ml), the
mixture was homogenized and centrifuged at 4,000xg for
10 min.

Before the extraction, the SPE columns were condi-
tioned with 3 ml methanol, 2 ml water, and 1 ml sodium
acetate buffer. The sample supernatants were loaded on the
activated columns and passed through under atmospheric
pressure. The sample was washed with 3 ml sodium acetate
buffer and dried under vacuum for 3 min. A second wash
step with 2 ml of 20% isopropyl alcohol and 3 min drying
followed. After adding 50 pl acetone, the columns were
allowed to dry under vacuum for 10 min. The analyte was
eluted with two aliquots of 1 ml acetone. Eluents were
pooled and evaporated to dryness under a stream of
nitrogen at 40°C. The dried residue was reconstituted with
100 pl of the mobile phase. A 10 ul aliquot of the sample
was injected onto the LC—MS.

Validation procedure

Before the analysis of the forensic samples, the assay was
validated with whole blood samples. Blood samples (0.5 g)
were spiked with the required amount of analyte and
prepared as described above. The data obtained were used
to assess the calibration curve, accuracy and precision, limit
of detection (LOD) and quantitation. Specificity was
determined by testing six blank blood samples from
different individuals without IS and two blank blood
samples with IS according to forensic guidelines [13].

Ion suppression test and recovery

For the determination of matrix effects (ME), a systematic
procedure according to Matuszewski et al. [14] was used.
ME was evaluated by comparing analyte peak areas of neat
standards prepared in the mobile phase (sample set A) with
analyte peak areas of extracted blood samples spiked with
the analyte after SPE (sample set B) at an equivalent
concentration. The ME was expressed as a percentage
(ME %) of the mean area of the neat samples (n=5). This
method was also used to determine the recovery. For that
purpose, analyte peak areas of extracted spiked samples
(sample set C) were compared to the areas of sample set B.
The recovery was expressed as a percentage of the mean
area of sample set B.

Results
Synthesis and characterization of labelled glycosides

Recent advances in microwave-assisted synthesis revealed
the possibility for quick and simple hydrogen isotope

exchanges [15, 16]. Successful methods for the synthesis
of deuterated digoxin and digitoxin have been described
before [12, 17]. These former methods needed a reaction
time of at least 24 h. We adopted the basic procedure and
combined it with a microwave-enhanced process. We were
able to shorten the reaction time to just 20 min and present,
therefore, an extremely fast way to obtain a deuterated IS.

After evaporation, the labelled substances were recon-
stituted in mobile phase and directly injected into the MS.
A chromatographic LC-MS run at higher concentrations
revealed that less than 1% of all glycosides remained
unlabelled. Nevertheless, this amount was not detectable in
samples, which were spiked with the IS (2.5 ng d3-digoxin,
25 ng d3-digitoxin).

"H-NMR data were used to determine the exact position
of the deuterium. To allow a re-exchange of unstable
deuterium bonds, the substance was reconstituted and
evaporated to dryness in methanol. NMR spectra of
labelled and unlabelled digoxin were measured in DMSO-
d6 and compared to literature data [18]. The recording
showed that a double substitution at position 21 (H21=
4.89, H21'=4.80) and a single substitution at position 22
(H22=5.79) in the unsaturated lactone ring (Fig. 1) had
taken place.

Stability of labelled glycosides

The labelled analytes were stored as dry substances and
also dissolved in methanol at —18°C and showed no
measurable deuterium re-exchange under these conditions
for 6 months. It was, however, noticed that under thermic
stress (such as evaporation at 40°C) in combination with a
protic solvent (such as methanol) a measurable re-exchange
was possible. We were also able to observe a re-exchange
during extraction studies at pH>9. This can be explained

Fig. 1 Structure of digoxin. The arrows point out the positions where
a deuterium exchange has taken place
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by the chemical properties of the labelled cardenolid ring of
the analytes [19].

For these reasons, we chose an extraction procedure at
pH=7 and used acetone for the SPE elution.

Specificity

The blank blood samples and the blank samples spiked with
IS did not show any interference in the signals of the
analytes. Blanks with IS were also tested before each run as
part of a calibration and to assure the stability of the IS.

Calibration curve and linearity

Calibration curves were constructed by plotting peak area
ratio (y) of the cardio glycosides to the respective IS vs the
glycoside concentration (x). An eight-point calibration was
measured in duplicates for all analytes. The concentrations
were chosen to cover the therapeutic as well as the toxic
concentration range. The digoxin calibration curve was
found to be linear over a range of 0.1-10 ng/g as well as
digitoxin in a range from 0.5-50 ng/g. Correlation
coefficients were R*=0.999 for both substances.

The deuterated glycosides were mainly triply labelled.
Therefore, initially, the masses M+3 amu (in that case 806,
790, and 820 m/z) were consequently measured. Due to the
isotope distribution of the cardio glycosides [20] (Fig. 2),
the standard substance was able to simulate IS at those
masses (spectral overlap), and no linear correlation was
found. For that reason, we eventually chose to measure the
M+4 amu isotope of the substances.

Fig. 2 Isotope distribution of

digoxin. Even though the signal Digoxin Scan

Accuracy and precision

To determine the intra-assay accuracy and precision, five
replicate analyses were performed with spiked blood
samples at 0.2, 2.0, and 6 ng/g for digoxin and at 2.0, 20,
and 40 ng/g for digitoxin. IS was added, and the samples
were extracted and analyzed within 1 day. Inter-assay
accuracy and precision were determined by repeating this
procedure at the same concentrations on three different
days. Data thus obtained were evaluated in reference to the
IS (Table 2). Acceptable precisions were coefficients of
variation (% CV) below 15% at every concentration except
for the lower limit of quantitation (LLQ) where 20% CV
was acceptable [21, 22]. The method was found to be
precise with a CV<9% for all substances as well as
accurate with less than 9% deviation from the nominal
concentration.

LLQ and LOD

According to Food and Drug Administration guidelines
[22], the signal at the LOQ should be identifiable, discrete,
and reproducible with a precision of 20% and accuracy of
80-120%. As seen in the intra- and inter-assay precision
experiments, the LLQ with 0.2 ng/g digoxin (Table 2,
Fig. 3) and 2 ng/g digitoxin were acceptable.

The LOD of digoxin was determined empirically at a
concentration of 0.1 ng/ml (S/N=15), meeting the Interna-
tional Conference on Harmonisation [13] recommendation
for a S/N Ratio of at least 2-3. Lower concentrations have
been measured and have not yielded in an acceptable S/N

intensity of m/z 806 is small 803.4 Scan ES+
.. . 100

compared to the main isotope, it 3.66e4
was able to interfere with a
linear response

% 1 804.4
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Table 2 Precision and accuracy for the determination of digoxin and digitoxin
Concentration added (ng/g blood)
Digoxin Digitoxin
0.2 2.0 6.0 2 20 40
Determined concentration (ng/g blood)
Series 1 (n=5) 0.19 2.0 6.0 1.9 20.5 39.4
Series 2 (n=5) 0.21 2.0 6.0 2.0 20.1 399
Series 3 (n=5) 0.20 1.9 6.0 2.0 20.1 40.0
Mean value 0.2 2.0 6.0 2.0 20.2 39.7
Intra-assay precision (CV %)
Series 1 8.4 1.9 1.1 2.8 0.9 1.1
Series 2 52 1.6 0.7 1.4 1.0 0.7
Series 3 5.0 1.3 1.6 1.3 1.2 0.8
Inter-assay precision
(CV %) 2.7 3.7 0.4 1.7 1.5 2.1
Intra-assay accuracy (bias)
Series 1 -3.0 2.3 0.7 2.3 2.4 -1.5
Series 2 5.0 0.1 0.3 -14 0.7 -0.2
Series 3 2.0 -3.1 0.8 -1.8 0.4 0
Inter-assay accuracy
Bias 8.3% 0.8% —0.1% —2.8% 2.0 -1.2

ratio. The empirical determination of the LOD was chosen
because, in this case, it led to more realistic LOD values
than extrapolation.

Ion suppression and recovery

Due to the thorough extraction procedure, the MEs
observed were no more than 10%. Nevertheless, ion

5.15 1: SIR of 4 Channels ES+
100 803.4
3.84e3
%
50 g e Timne
5.00 7.50 10.00

Fig. 3 SIM Chromatograms of a spiked sample concentration of 0.2
ng/g Digoxin (RT 5.15 min) and a blank sample (superimposed, 15%)

suppression and enhancement were still present. These
MEs have to be taken into account for the evaluation of the
recovery. For this reason, the approach of Matuszewski et
al. [14] was chosen to determine both parameters (Table 3).

Forensic samples

The developed method was applied in two forensic cases
with known digoxin intoxications and in one case with
digitoxin intoxication. The measurements were compared
with formerly made immunoassays and showed a good
correlation.

Discussion

A simple LC-MS method for the determination of cardio
glycosides was developed for the forensic use. Only small
sample amounts are needed, and results are obtained within
one working day. A complete validation was done with
whole blood samples. Good results were also obtained with
serum. A comparison with immunoassay data, good

Table 3 SPE recovery and matrix effects

Compound Recovery % n=5 ME % n=5
Digoxin 1 ng/g 2 ng/g 3 ng/g 2 ng/g

89 89 82 96
Digitoxin 10 ng/g 20 ng/g 40 ng/g 20 ng/g

87 94 84 110
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precision, and accuracy as well as high sensitivity also
demonstrate the applicability of this method for the clinical
field.

We chose the selected ion monitoring mode (SIM),
although the instrumental setup provided the possibility to
perform multiple reaction monitoring (MRM) experiments
[7] and could, therefore, achieve a higher selectivity. In our
experiments, sensitivity obtained in the MRM mode was
not sufficient. This was obviously due to the formation of
the stable sodium adduct of the analytes. Any attempts to
suppress this formation were not successful. Even if a
mobile phase containing ammonium ions was applied, the
main fraction of the analytes remained as sodium adduct.
For this reason, the sodium adducts were chosen for the
detection in the SIM mode. Due to the stability of these
adducts, the detection of further fragment ions or transitions
as recommended, e.g., by the European commission [21]
was not possible. This disadvantage was accepted in favor
of an enhanced sensitivity.

We were able to enhance a deuteration process for the
cardio glycosides. The use of a microwave provides quick
and satisfactory results. The IS can be prepared directly
before use in just 20 min. With "H-NMR data, we were able
to identify the deuterium position in these labelled
substances.

Despite a sophisticated extraction method and chroma-
tography, MEs could not completely be avoided. For this
reason, the use of a suitable IS that can compensate these
effects to a certain degree is of utmost importance.
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