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Almtract 

A precolumn tluorescence derivatization high pcrtbrmancc liquid chromatographic method has been 
developed t\~r the simultaneous dctcrtnination of digoxin and its metabolites digoxigenin bisdigitoxoside. 
digoxigenin monodigitoxosidc digoxigcnin, and dihydrodigoxin (20-R and 20-S epirners) in human serum. 
Digoxin and its mctabolitcs were extracted from serum samples (containing digitoxin as internal standard) 
with a cyclodcxtrin solid-phase extraction (SI'E) column. Fluorescent derivatives were formed by reaction of 
the analytes with I-naphthoyl chloride in the presence of 4-dimethylaminopyridine under a nitrogen 
atmosphere in a glove box with controlled relative humidity (26'¼. r.h. or less). The derivatives were isolated 
using cyclodextrin and CI SPI- columns seqtlenti:dly, and determined by t lPLC using silica column 
separation and I1uorescence detection. Calibration curves were linear over the concentration range from 0.25 
to 4.0 ng ml "~ Recoveries of digoxin and its metabolites from serum ranged from 62 to 86%, and 
coefficients of variation from repetitive analyses ranged from 6.9 to 20.9'¼, and from 5.8 to 12.2% at 
0.5 ng ntl t and 2.0 ng ml - J, respectively. This method has been shown capable of specifically determining 
digoxin and its major metabolites in serum, and has been successfully used in the determination of digoxin 
and its metabolites in serum samples collected from patients undergoing digoxin therapy. This method thus 
permits the investigation of digoxin metabolism and pharmacokinetics after the administration of commer- 
cial dosage forms. 

K e y ,  ords: Cyclodextrin solid-phase; Digoxin; Digoxin metabolites; Fluorescence derivatization; HPLC; 
tluman serum 

!. Introduction 

The cardiac glycoside digoxin (D3) has been 
widely used in the treatment of congestive heart 
failure and certain cardiac arrhythmias. This 
drug is characterized by a narrow therapeutic 
range (typically 0.5-2 ng ml - t in serum), wide 
individual variability in dosage requirements. 
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and complex metabolic pathways. Metabolism 
includes the hydrolysis of glycoside bonds to 
form cardioactive metabolites (i.e. digoxigenin 
bisdigitoxoside (D,), digoxigenin monodigi- 
toxoside (DI). and digoxigenin (Du)), reduction 
of the lactone ring to form a cardioinactive 
metabolite [(20-R]-dihydrodigoxin (R-DHD3)), 
and conjugation reactions [1]. 

The most commonly used methods for the 
determination of digoxin in serum are im- 
munoassays including radioimmunoassay and 

reserved 
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fluorescence polarization immunoassay. These 
methods are limited to varying degrees by 
non-specific interference from endogenous 
digoxin-like factors which are present in the 
serum of patients with certain diseases and 
interference from digoxin metabolites with 
varying degrees of cardioactivities [1-4]. 
More specific methods that combine the spe- 
cificity of high performance liquid chromatog- 
raphy (HPLC) with the sensitivity of 
immunoassay [5-8] or radio-isotope detection 
[9.10] have the disadvantages of diverse cross- 
reactivities of metabolites with antibodies of 
different immunoassay methods [2.5.1 II or the 
requirement of administering radiolabeled 
drug to patients. 

An alternative approach combining the spe- 
cificity of HPLC and the enhanced sensitivity 
of precolunm or postcolumn chemical deriva- 
tization has attracted more recent attention 
[12-18]. Precolumn derivatization to t+orm 
UV absorbing derivatives has been shown to 
be adequ,lte for the deternunation of digoxin 
;.tnd its metabolitcs in a standard mixtt, rc [121 
and in urine s,mq'fles [131. The tbrtnation of 
fluorescent derivatives offers the potcnti:tl for 
the determination of digoxin at serum con- 
ccntrations less than Ing  ml ~ and has betel 
used in the determination of digoxin and its 
mctabolites in urine and feces [14,151 . Post- 
column derivatization, in which flttorescent 
degradation products of digoxin and its 
mct:tbolitcs arc forrned in the presence of 
acid, wits reported for the determination of 
digoxin from 0.5 to 4 n g m l  t in 3ml plasma 
sltmplcs [16-181. 

The lack of spccitic analytical methods hits 
limited the investigation of digoxin 
metabolism and pharmacokinctics. Conse- 
quently, the metabolism of digoxir! remains 
controversial [6,19-21] and little information 
h,ts bccn provided to develop an understand- 
ing of the inlluence of v:trious disease states 
on the metabolism [1]. 

This paper describes a precolumn fluores- 
cence dcrivatization t lPLC method for the 
simultaneous determination of digoxin and its 
major met;tbolites in serum. It is an extension 
of a previous report [14] which hits been used 
for the determination of digoxin and its 
metabolites in urine and fecal samples [15]. 
The procedure involves the use of solid-phase 
extraction (SPE) on fl-cyclodextrin colttmns 
to extract digoxin and its mctabolites from 
serum samples, treatment of the extract with 

l-naphthoy[ chloride to form fluorescent 
derivatives, and HPLC to separate and mea- 
sure the fluorescence of the resulting deriva- 
tives. This method maintains the specificity of 
HPLC while providing a detection limit com- 
parable to that of immunoassay, and has 
been successfully used for the determination 
of digoxin and its metabolites in serum of 
patients on digoxin therapy. 

2. Experimental 

2.1. Reagents  and materials  

Methylene chloride, chloroform, iso- 
propanol, acetonitrile, and methanol were all 
HPLC gntde. Water wits HPLC grade except 
that used to rinse glassware. Hcxane wits UV 
grade and toluene wits analytical reagent 
grade. The reagent used to prepare fluores- 
cent ester derivatives, I-naphtl|oyl chloride (I- 
NC; purum grade; l'luka, Ronkonkoma, 
NY), was distilled twice under vacuum, scaled 
in ampoules, and stored in a dessicator in the 
dark until used. The dcrivatization catalyst, 
4-dimethylatninopyridine (DMPA; Aldrich 
Chemical Co. Inc., Milwaukee, WI) was 
purilicd by passing a sohttion of DMAP in 
acetonitrile (30'¼,, w/v) through a lllter funnel 
containing i. layer of silica gel powder cov- 
ered with a ktyer of activated charcoal. The 
filtrate was evaporated under vacuum and the 
dried residue was stored in a desiccator until 
used. The /l-cyclodextrin SPE coh, mns (Cy- 
clobond ~ I, I ml reservoir) were from Astec 
(Whippany, N J), and the CI SPE columns 
(Bond Elut ++. 1 ml reservoir) were from Ana- 
lytichem International (Harbor City, CA). 

2.2. Drug stamhu'ds 

Analytical standards of Do, Dr, D:. D, 
DHD., (a mixture containing approximately 
75% [20-R]-DHD~ and 25% [20-S]-DHD3 
[13]) and digitoxin (DT 3) were obtained fi'om 
Burroughs Wellcome Co. (Research Triangle 
Park. NC). Stock solutions ( lOlagml-t)  of 
these standards in isospropanol were pre- 
pared. Working stock solutions (100 or 
IOngml-a)  were made by diluting the stock 
solutions with methylene chloride. All solu- 
tions were stored in a refrigerator ( - 4 ° C)  un- 
til used. 
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2.3. Ghtssware 

Glass culture tubes with PTFE-lined screw 
caps (Coming Glass Co., Coming.  NY) were 
used for all procedures. All glassware was im- 
mersed for at least 24 h in sulfuric acid-ni tr ic  
acid (4:1, v,,v), washed with water, treated with 
a 1% (vv)  solution of  Surfasil ~ (Pierce Chemi- 
cal Co.. Rockford. IL) in toluene, rinsed thor- 
oughly with double-distilled water, and dried in 
an oven before use. 

2.4. b t s t r u m e n t a t i o n  u n d  c h r o m a t o g r a p h i c  

condi t iot ls  

The HPLC system consisted of a solvent 
delivery system (Kratos Spectroflow 400. 
Kratos Analytical Instruments. Ramscy, NJ or 
Varian model 2010, Varian Instrument Group,  
Walnut Creek, CA), a fluorescence detector 
(Kratos Spectrotlow 980, Kratos Analytical Irt- 
struments) with a deuterium lamp, and a pro- 
grammable integrator (Spectra-Physics. 
Piscataway, N J). Tile excitation wavelength 
was set at 217 nm and Iluorcscencc was moni- 
tored using a 340 nm emission tilter. Sitmplc 
injections were made using a 20 rll sample loop 
(model 7125, Rheodyne Inc., Berkeley, CA). 

Separations were performed on a 
150 m m x  4.6 mm i.d., 3 I.tm Spherisorb "~ silica 
column (Metachcm Tcchnologics Inc., Tor- 
rance, CA), protected by a disposable 
15 mm × 3.2 mm i.d., 7 I.tm silica guard column 
(Applied Biosystcms Inc., San Jose, CA). The 
mobile phase wits hexane-  methylene chlor ide-  
acetonitr i le-methanol (36:6.3:5.4:0.2, v/v/v/v) 
at a flow rate of  1.6ml rain t All chro- 
matograpahic studies were carried out at room 
temperature. 

column was dried for 5 min under vacuum, 
washed with ten 100-1al aliquots of  methylene 
chloride, and dried for 5 min under vacuum. 
Digoxin and metabolites were eluted from the 
column with I ml of  isopropanol, and the elu- 
ate was evaporated in a stream of filtered nitro- 
gen at ambient temperature. 

2.6. Derivatire Jormation 

Fluorescent l-naphthoate esters of  digoxin 
and its metabolites were prepared by sequential 
addition of 50 I.tl of  10% (w/v) DMAP in ace- 
tonitrile and 50 I.tl of  4% (v/v) I -NC in aceto- 
nitrile to the dried residue in each tube tinder a 
nitrogen atmosphere in a glove box. The rela- 
tive humidity of the atmosphere in the glove 
box was maintained at 26% or less at 20°C by 
sweeping the glove box with a constant stream 
of dry nitrogen. Thc tubes were capped and the 
reaction mixtures thoroughly mixed. The tubes 
were thcn removed from the glove box and 
placcd in a heating block (Tcehnc Dri-Block 
tlcatcrs) at 50°C for 1 h. The tubes wcrc cen- 
trifuged briclly ;,tilt[ the reaction mixture was 
cvaporatcd under nitrogen. Excess reagent was 
removed by hydrolysis with 2 ml of 5% (w/v) 
sodium bicarbonate solution (pll  10.0). The 
mixtures were shaken for I m i n  and 2ml  of 
chlorol\~rm wcrc added to extract the glycoside 
derivatives. The tubes were shakcn by hand, 
ccntrifugcd, and the aqueous laycr was aspi- 
rated and discarded. The chloroform solution 
wits wvshcd once wth 2 ml of  5% sodium bicar- 
bonate solution and then twice with 2 ml of  
0.05 N HCI; the chlorolbrm solution was evap- 
orated under nitrogen at room temperature. 

2. 7. lsohtthm t~ fluorescent derivatim~" 

2.5 Extraction of digoxht Ji'om serum samph's 

A 1.0 ml aliquot of  serum was pipctted into 
a test tube containing 10.0 ng of digitoxin as 
the internal standard. The serum was diluted 
with a I ml of  water and applied to a cyclo- 
dextrin SPE column which had been washed 
st,ccessively with 2 ml each of methanol, ace- 
tonitrilc, isopropanol, and water immediately 
before use. After application of the diluted 
serum, the column wits washed successively 
with 2 ml of water, I ml of  20"/, (v/v) methanol 
in phosphate buffer (pH 7.0:7.5 mM monoba-  
sic potassium phosphate), 3 ml of  water, and 
I ml of  10'V,, (v/v) isopropanol in water. The 

The residue remaining alter derivative for- 
mation was dissolved in 200 I.tl of  methylene 
chloride and applied to a cyclodextrin SPE 
column which had been rinsed successively 
with 2 ml each of methanol, acetonitrile, and 
methylene chloride immediately before use. Af- 
ter application, tile colunm was rinsed with 
eight 100-I.d aliquots of  methylene chloride to 
elute interfering substances. The glycoside 
derivatives were then eluted with I ml of  
methanol and the methanol eluatc was evapo- 
rated under dry nitrogen. 

The dried residue was then dissolved in 
250 I.tl of  acetonitrile and applied to a CI SPE 
column which had been rinsed successively 
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with 2 ml each of methanol and acetonitrile 
immediately before use. The tube was rinsed 
with another 2501al aliquot of  acetonitrile 
which was also applied to the column. Another 
500 lal portion of acetonitrile was then applied 
to the column and the combined eluates were 
evaporated under dry nitrogen. The residue 
was dissolved in mobile phase before injection 
into the HPLC. 

2.8. Calibration cur~'es 

Calibrators were prepared by adding known 
amounts of  D~, metabolites, and 10 ng of the 
internal standard (DT:) to 1.0ml aliquots of 
drug-free serum. Calibrators were prepared at 
concentrations of 0.25, 0.50, 1.0, 1.5, 2.0. and 
4.0 ng ml-~ for each of  the analytes (i.e. D,,, 
Dl, D:, D~, and DHD3). The concentration 
range for [20-R]-DHD3 thus extended 
from 0.1875 to 3.0 ng ml -t  since this 
epimcr rcprcsentcd 75% of the total amount of 
DHD~. Calibration curves were prepared by 
plotting peak height ratios against the known 
concentrations. The calibration equation and 
correlation coefficient for each analyte were 
obtained by unwcightcd least-squares linear re- 
gression analysis. A set of calibrators was pre- 
pared and analyzed with each set of test 
samples. 

2.9. D~' ternt i t tut ion o f  tttlttl)'l~, c o n c e t t t r u t i o n s  

Concentrations of digoxin and its metabo- 
lites were determined by calculation of  the 
peak height ratio and interpolation of the re- 
spective calibration curve. Concentrations of 
DHD~ were based on measurement of the litter 
eluting peak for the pair of  peaks due to DHD~ 
since this peak corresponded to the 20-R 
epinaer which is the only epimcr reported from 
human studies [25,26]. 

2.10. Precision atul accuracy 

2. I I. Reco~'erv 

The relative recoveries of digoxin and its 
metabolites from serum by SPE extraction pro- 
cedures were determined by adding D~ and its 
metabolites to drug-free serum and analyzing 
the resulting test samples according to the ex- 
traction and derivatization procedures except 
that the internal standard was added to the 
dried residue just before the derivatization step. 
The relative recovery of each analyte was cal- 
culated by comparing the peak-height ratio of 
the analyte in the extracted test samples to 
those of corresponding unextracted standards. 

2. IZ Optimizathm of ehltion from cvchJde.~'trm 
c o h t m n s  

Various solvents were investigated for their 
ability to elute the glycosides and their deriva- 
tives from cyclodextrin SPE colunms. Recover- 
ies of the glycosides or their derivatives were 
expressed relative to the recoveries observed 
with methanol as elution solvent. 

2.13. Optimization of reaction comfitions 

The effects of  atmospheric moisture as 
rcllccted by the relative humidity, absolute and 
relative amounts of I-NC and DMAP, and 
reaction volume were investigated to optimize 
the conditions for derivative formation. For 
determining the ell'cot of  atmospheric nmoisturc, 
a mixture of digoxin and metabolites was 
derivatized at 26, 36, and 48'¼, relative humid- 
ity (r.h.). Relative humidities of  26% and 36% 
were generated by passing a stream of dry 
filtered nitrogen through a glove box until the 
atmospheric moisture was reduced to 26% and 
36% r.h., respectively. The relative humidity of 
48'¼) was the measured relative humidity in the 
laboratory at an ambient temperature of 20°C. 
Relative humidity was measured with a cer- 
tiffed hygrometer (Fisher Scientific, Pittsburgh. 
PA). 

Drug-free serum aliquots were supplem- 
ented with D~ and its metabolites at con- 
centrations of  0.5 and 2 ngml -~, and deter- 
mined as described above. Five test samples at 
each concentration were analyzed for the deter- 
mination of  within-run assay variability. The 
mean values and coefficients of variation 
(CV%) of the observed concentrations were 
calculated. 

2.14. Determhtation of digoxht #t patient 
samples 

Blood samples were collected from 86 hospi- 
talized patients not undergoing digoxin treat- 
ment. Blood samples were collected into serum 
separator tubes (Autosep, Terumo Medical, 
Elkton, MD) and allowed to clot: serum sam- 
pies were harvested and stored at - 2 0 ° C  until 
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Table I 
Reco,,eries " f'.,) of glycosid~.~s (prederivitization step) or glycoside derivatives (postderivatization stepl from c}clodextrin 
SPE columns ~ith different sol,,ents 

Step Eluent ~' Recover? "t'";,) 

D,, D~ D.. Da DHD,  

Prederb, itization 

Postderivitization 

MeCI: ND ND ND ND ND 
AcCN 24 25 37 36 39 
IPA 73 75 71 79 77 
MeOH 1 O0 I O0 I O0 I O0 I O0 

MeC12 ND ND ND ND ND 
MeCI: 54 56 52 38 39 
AcCN 56 48 47 46 52 
EtOAc 100 100 100 98 97 
M cO H 100 100 I O0 100 100 

Relative to those for methanol based on comparison of  peak heights. 
t, The elution volume was 2 ml except where other*,,,ise indicated. 

Ten aliquots of 100 p,I each. 
Key: MeCI:. methylene chloride; IPA; isopropanol: MeOII: methanol: AcCN. acetonitrile: EtOAc. ethyl acetate; ND. 
none detected. 

analyzed. Sert, m samples were stored tbr lcss 
than 2 months bcfore assay. Digoxin concen- 
trations were determined by the lqPt, C 
method and by an allinity-column-mcdiatcd, 
enzyme-linked immunoassay method (aca '~. 
duPont Instruments, Wihnington, DE). Im- 
mt, noassay determinations of digoxin con- 
centrations were performed in the 
Clinical Chemistry Laboratory of the 
Ohio State University Hospitals (Col- 
umbus, OH) according to the manuhtct- 
urer's instructions and quality control proce- 
dures. This method uscs an 
ant ibody-enzyme complex to bind digoxin in 
serum. The free and bound forms of  the en- 
zyme-ant ibody complex are separated by an 
altinity column [22]. That fraction of  the en- 
zyme-ant ibody complex bound to digoxin is 
not retained on the column. The enzyme ac- 
tivity in the eluate is then measured spec- 
trophotometrically and is proportional to the 
digoxin concentration. 

Serum digoxin concentrations were also 
determined in blood samples collected from 
a patient receiving daily oral doses of 
0.2 mg of digoxin as Lanoxicaps 't (lot 
#6C2891. Burroughs Wellcome, Research 
Triangle Park, NC). Blood samples were 
collected immediately before dose administra- 
tion on day 21 of digoxin therapy and at 2, 
4, 6, 8, 10, 12, and 16 h after the dose. The 
blood samples were allowed to clot. and 
serum was harvested and stored at 20°C un- 
til analyzed. 

3. Results and discussion 

3. I .  Opthnization of extracthm aml 
~h'riratization conditions 

The results of an investigation of elution 
strengths of various solvents for glycosides and 
their derivatives from cyclodextrin SPE 
columns are shown in Table I. The elution 
solvcnt sclcctcd provided an optimal balance 
between high recovery of  digoxin/metabolites 
and low recovery of interfering substances. For 
the extraction of digoxin and its metabolites 
from serum, the relative recoveries of 
glycosides were 70-80% for isopropanol 
compared to methanol. However, isopropanol 
eluted fewer interfering substances than 
methanol and was therefore chosen for the 
elution. For the isolation of derivatives, 
methanol was the strongest elution solvent 
among those tested, with fewer interfering 
substances eluted. Methylene chloride was 
found to be a good wash solvent for both 
prederivatization and postderivatization 
cleanup. In addition, multiple, small volume 
washes with methylene chloride were better 
than one, large volume wash in eluting 
interfering substances without signiticant 
elution of glycoside derivatives (Table I). 

The analytical precision of  this method 
depends not only on the reproducibility of  the 
various isolation steps but also on the 
reproducibility of  the derivatization reaction. A 
notable feature of the present work was the 
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improved derivatization conditions compared 
to our previous method [14] which used a large 
molar excess of derivatization reagent under 
conditions of uncontrolled atmospheric mois- 
ture. In the present study, it was determined 
that the relative humidity was an important 
t2~ctor affecting the absolute yields of the l- 
naphthoate esters of  the glycosides. Fig. ! 
shows chromatograms of a mixture of  digoxin/ 
metabolites derivatized at 26 and 36% relative 
humidities in a glove box. Reaction yields were 
greatly enhanced at lower relative humidity 
(26%. Fig. l(a)) compared to those at higher 
hnmidity (36%. Fig. I(b): or 48%, data not 
shown): this enhancement was more pro- 
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Fig. I. Chromatograms  of  standard mixtures containing 
I ng each of D..  D I, D~, DIID~ and 10 ng of DT~ as their 
naphthoate esters at (a) 26% r.h., and (b) 36% r.h. 
tColumn 150 m m x  4.6 mm i.d.. 3 l.tm Spherisorb ~ silica; 
mobile phsae, hexane methylene chloride-acetonitr i le-  
methanol (36:6.3:5.4:0.2, v v/v'v)" flow rate. 1.6ml rain -~, 
detector. Kratos fluorescence detector model 9g0: excita- 
tion at 217 nm emission lilter. 340 nm.) 

nouned for those glycosides having three sugar 
moieties {i.e. DT3, D~ and DHD3) compared to 
those having two or fewer sugar moieties (i.e. 
D,,. D~. and D:). This effect was attributed to 
the competition between water and the gly- 
cosides for the highly activated salt-like inter- 
mediate formed by the initial attack of  DMAP 
on naphthoyl chloride. Reaction of water with 
the intermediate resulted in the hydrolysis of 
naphthoyl chloride rather than the formation 
of  naphthoate esters of  the glycosides [23,24]. 

Increasing the amount of I-NC from 2 to 
10 I.tl did not improve the overall yields at 26'¼, 
relative humidity, but did increase the yields at 
48% relative humidity. However. more byprod- 
ucts were generated and the reaction was less 
reproducible (i.e. variable yields of  glycoside 
derivatives atnd interfering substances were ob- 
served) at 48'7,, rchttive humidity. Our results 
indicated that the tluorescent yields were more 
reproducible and interfering substanccs lcss 
pronottnced when the reactions were condttctcd 
under conditions of reduced relative humidity 
in at glove box. Therefore. all analytical stttdics 
were conducted in a glove box under condi- 
tions of reduced {i.e. rchttive humidity below 
26%) rchttive humidity. 

The extent of dcriwttive formation was in- 
ferred from results t)l" studies in which thc 
amottnts of I-NC and DMAP were varied 
ttndcr controlled conditions of atmospheric 
moisture (26% rh or less) in a glove box. The 
peak heights of glycoside derivatives were not 
incrcascd by increasing the amount of I-NC 
from 2l.tl (molar ratio, 1 x 10'~:I for I ng of 
D.~) to 10rd (molar ratio, 5× 107:1) o r  of  
DMAP from 5 nag (mohtr ratio, 3.2 x 107:1 for 
I ng of D,) to 25 nag (molar ratio, 1.6 x 10S:l), 
and were reduced whcn less than 1 I.tl of  I-NC 
(molar ratio, 5 x  10":1) or 5mg of  DMAP 
(mohtr ratio, 3.2 x 107:1) are used. 

3.2. CTIromatograpl O" 

The retention times of the naphthoate esters 
of D.. D~, D,, DT 3, D.~, [ 2 0 - S ] - D H D ~  :tnd 
[20-R]-DHD~ were between 4.5 and 11 rain. 
Each derivative yielded a well-resolved peak, 
whereas the derivative of  DHD~ yielded two 
symmetric resolved peaks, which were previ- 
ously shown to be due to the R and S epimers 
(in a mixture of  3.0 to I) at the C-20 position 
in the lactone moiety of dihydrodigoxin 
[13,25,26]. It has also been shown that only the 
R epimer ([20-R]-DHD~) is formed in humans 
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Table 2 
Representative calibration curve equations for serum sam- 
pies containing digoxin and its metabolites at concentra- 
tions ranging from 0.2.1 to .1 .0ngml -~ except for 
[20-R]-DHD~. when they ranged from 0.1875 to 
3.0 ng ml - i 

Anal',te Intercept Slope r 
(ml ng -~ ) 

D. -0.045 0.219 0.9992 
D 1 -0.014 0.153 0.9993 
D. - 0.000 0.146 0.9997 
Dr -0.010 0. I03 0.9997 
[20-R]-DHD~ -0 .012  0.112 0.9960 

PHR = a-¢-b × [analyte 1 where PHR was the peak height 
ratio of  the analyte to digitoxin, a was the intercept, b was 
the slope of the calibration cur'.e, and [analyte] was the 
concentration of analyte in the serum expressed in 
nanograms per millimeter. 

[25,26]. The mobile phase used in this study 
(hexanc-methylene chloride-acetonitr i le-  
methanol (36:6.3:5.4:0.2, v/v/v/v)) was slightly 
different from th,tt previously rcportcd [131 
(i.e. hcxane-mcthylene chloride-acctonitrilc 
(6:1:1, v/v/v)). This mobile phase produced a 
better separation of glycosidc dcrivativcs from 
interfering peaks. In addition, the mobilc phase 
was more stable at this composition, without 
phase separation upon standing. Adjustment of 
the ratio of the components of the mobile 
ph,tsc was occasionally nccdcd to achieve bet- 
ter separation of dihydrodigoxin derivatives 
from interfering substances. 

3.3. Linearity oJ" calibration curves 

The slopes, intercepts, and correlation co- 
efficients for the calibration curves of digoxin 
and each of its metabolitcs are shown in Table 
2. The calibration curves were linear ( r =  
0.9960 or greater) over the concentration range 
from 0.25 to 4 .0ngml  -~ in serum and the 
intercepts were not signiticantly different from 
zero. Chromatograms for digoxin and its 
mctabolites extracted from serum at concentra- 
tions of 2 .0ngml-Z and 0 . 2 5 n g m l - t  respec- 
tively are shown in Fig. 2. 

3.3. PrecLs'ion, accurao ' ,  and recovery 

The precision and accuracy of determina- 
tion, and the recovery of digoxin and its 
metabolites at concentrations of  2.0 and 
0.50 ng ml -~ are summarized in Table 3. The 
precision and accuracy of this method were 

satisfactory, with coefficients of variation rang- 
ing from 6.9% to 20.9% at 0.5 ngml -I and 
from 5.8% to 12.2% at 2.0 ng ml -~. The ob- 
served concentrations were within +20% of 
nominal values at 0 .50ngml - t  and within 
+10% at 2 . 0 n g m l - t .  The recoveries of 
digoxin and metabolites from serum ranged 
from 62% to 86%. The recoveries of D 3 and 
D H D  3 were approximately equivalent to those 
of previous reports using liquid-liquid extrac- 
tion for the determination of digoxin and its 
metabolites in urine and feces [13,14] whereas 
those of Do, Dt and D, were higher with the 

DT3 

LL 

(a) 

I t I t I I I I J I 

0 5 10 15 

DO 

DI 

(b) 

0T3 

10 

Retention Time (rain) 

Fig. 2. Chromatograms of extracts of negative control 
serum samples to which (a) 2.0 ng ml-~. or (b) 
0.25 n g m l - '  o fD . ,  D,. D:, D~. DIID~. and 10ng oFDT~ 
(internal standard) were added. (Column. I50mm x 
4.6 mm i.d., 3 pm Spherisorb '~ silica: mobile phase, hey  
ane-methylene chloride-acetonitr i le-methanol (36:6.3:5.4: 
0,2. v/v/v.v): flow rate, 1 .6mlmin-~;  detector. Kratos 
fluorescence detector model 980: excitation. 217 nm: emis- 
sion cut-off. 340 nm.) The retention time of S-DHD~ is not 
indicated in the figure because only R-DttD~ is formed in 
humans.  

I I I I 1 1 1  I I I  

0 5 15 
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Table 3 
Relative recovery, precision, and accuracy for the determination of digoxin and the metabolites in serum 

Analyte Recover3, .' "¢(%) Concentration observed t,., 

0.5 ng ml - ~ 2.0 ng ml -~ 0.5 ng ml - ~ 2.0 ng ml - z 

D o 76.7 4-2.9 86.0+ 3.3 0.5 (20.9) 1.8 (12.0) 
Di 70.8 4- 7.6 84.2 4- 4.7 0.5 ( 17.9} 1.8 (12.2) 
D 2 79.5 4. 5.3 84.2 4. 4.9 0.6 (6.9) 1.9 (9.3) 
D~ 65.04"9.1 69.1 +6 .4  0.5 (13.4) 1.8 (5.8) 
[20-R]-HDa 69.1 4" 10.6 61.6 4" 6.9 0.5 (14.6) 1.8 (12.2) 

" Mean + standard deviation. 
~' Mean (CV%). 
¢ n ~ 5 .  

current method. The recoveries of digoxin and 
metabolitcs from serum by liquid-liquid ex- 
traction with methylene chloride increased as 
the number of sugar moieties increased, 
whereas for the present study, using cyclodcx- 
trin solid-phase extraction, recoveries increased 
with a decreasing number of sugar moieties. 
The fl-cyclodextrin used for solid-phase extrac- 
tion in this study has a torus-like structure with 
a hydrophilic external surface and a hydropho- 
bic inside cavity [27]. The slightly lower recov- 
eries of D~ and DHD.~ compared to those of 
the sugar-hydrolyzed metabolites may be at- 
tributed to stronger interactions of the sugar 
hydroxy groups with cyclodextrin hydroxyl 
groups on the external surface resulting in less 
elution of these compounds from the column. 
This suggests that the hydroxy groups in the 
sugar moieties are responsible for retention, 
and suggests that polar interactions, possibly 
hydrogen bonding between cyclodextrin and 
the hydroxy groups on the sugar moieties, are 
the predominant factors that control the reten- 
tion of these compounds. 

3.4. Specificity and application to the 
determ&ation of  digoxin in patient serum 
samples 

Serum samples from hospitalized patients 
not undergoing digoxin treatment werre as- 
sayed for digoxin and its metabolites by the 
HPLC method described in this paper and by 
immunoassay. The patients were treated with 
the drugs listed in the appendix on the day of 
blood sample collection. The apparent digoxin 
concentration measured by HPLC was greater 
than 0.30ngml -~ in only 1 of 86 (1.2%) pa- 
tient serum samples and no metabolites were 

detected in any samples. The patient from 
whom this sample was collected was adminis- 
ered dobutamine, nystatin, aspirin, sucralfate, 
calcitriol, docusate sodium, vancomycin, cy- 
clophosphamide, heparin, prednisone, acyc- 
Iovir, and furosemide on the day of sample 
collection. On the other hand, the apparent 
digoxin concentrations measured by affinity- 
column-mediated, enzyme-linked immunoassay 
were greater than 0.30ngml -~ in 24 of 86 
(27.9%) serum samples collected from patients 
not receiving digoxin. The apparent serum 
digoxin concentrations in these samples 
(n = 24) ranged from 0.30 to 1.0 ng ml-~ with a 
mean (+standard deviation (SD)) value of 
0.41 +0.18ngml -t. Furthermore, the appar- 
ent digoxin concentrations were greater than 
0.30 ng ml-~ in 9 of II (81.8%) serum samples 
in a subgroup of these samples collected 
from patients with hepatic failure; the 
apparent serum digoxin concentrations in these 
samples (n = 9) ranged from 0.30 to 
1.0ngml- '  with a mean (+SD) value of 
0.52 +0.24 ngml- t .  These results clearly 
demonstrate the greater specificity of the 
HPLC procedure, particularly when used to 
determine digoxin in samples collected from 
patients with hepatic failure. 

Serum digoxin concentrations were also de- 
termined in samples collected from a patient 
receiving daily oral digoxin doses as Lanoxi- 
caps r~ (0.2 mg, Burroughs Wellcome Company, 
Research Triangle Park, NC) and are shown in 
Fig. 3. Serum concentrations increased from 
0.70 ngml- '  at the beginning of the dosing 
interval on the 21st day of treatment to a 
maximum serum concentration of 1.6 ng ml -~ 
4 h after the dose, and declined to 0.86 ng ml- t 

16 h after the dose. No digoxin metabolites 
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Fig. 3. Serum digoxin concentrations at day 21 in a patient 
receiving daily oral doses of 0.2 mg of digoxin as Lanoxi- 
C;.I p s ~ .  

were detected in the serum samples from this 
patient. 

In conclusion, a sensitive and specific analyt- 
ical method has been developed for the simul- 
taneous determination of digoxin and its major 
metabolites in serum. Concentrations as low :ts 
0.25 ng of both digoxin and its mctabolitcs in 
1.0 ml of serum were determined with accept- 
able precision and accuracy. The sensitivity 
was comparable to that of the immunoassay, 
but the specificity was greater, as is indicated 
by the results of an analysis of serum samples 
from patients not treated with digoxin. This is 
the first specific an:dytical procedure that has 
reported the separation and determination 
of digoxin and its metabolites at serum con- 
centration less than 0.5ngml -~ by HPLC 
without using radioactivity or immuno- 
assay detection. This method therefore 
offers the advantage of unambiguous investiga- 
tion of digoxin metabolism and pharmacoki- 
netics and of the influence of the disease 
state on digoxin metabolism after the adminis- 
tration of commercial dosage forms. It also 
permits the assessment of the specificity of 
current immunoassay methods for serum 
digoxin. 
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Appendix: list of drugs administered to 86 
hospitalized patients who were not receiving 
digoxin treatment 

Acetaminophen lbuprofcn 
Acetazolamide ipratropium bromide 
Acyclovir Isosorbide dinitrate 
AIbutcrol Isradipine 
AIIopurinol Labctalol 
Amiodarone Lidocaine 
Amitrip%linc Lorazepam 
Amoxicillin Lovastatin 
Ampicillin Medroxyprogesterone acetate 
Aspirin Mepcridme 
Atcnolol Mctoclopramide 
Atropine Mctolazonc 
Az:tthioprinc Mctoprolol 
Bumctanidc Midazolam 
Calcitriol Minoxidil 
Captopril Morphine 
Carbamazcpinc Nicotine 
Ccfazolin Nifcdipine 
Ccfopcrazonc Nitroglycerin 
Ccftazidime Norepinephrine 
Ccftizoxime Nystatin 
Ceph:dexin Oxybutynin 
Chlordiazepoxidc Oxycodone 
Ciprolloxacin Pentoxyphylline 
Clavulanic acid Phenytoin 
Clindamycin Piroxicam 
Clonidine Prednisone 
Clotrimazole Procainamide 
Codeine Procaine 
Conjugated estrogens Promcthazine 
Cytoxan Propo×yphene 
Diazepam Ranitidinc 
Diphenhydramine Sotalol 
Dipyridamole Spironolactone 
Dobutamine Sulbactam 
Docusate sodium Sulfamcthoxazole 
Dopamine Sulfisoxazole 
Enalapril Temazcpam 
Erythromycin Tetracycline 
Famotidine T i m o l o l  

Fluconazole Tobramycin 
Furosemide Triamcinolone acetonidc 
Gemfibrozil Triamtercne 
Gcntamicin Trimethoprim 
Glyburide Vancomycin 
Heparin Verapamil 
Hydralazine Warfarin 
Hydrochlorothiazide 
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