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ABSTRACT 

Two large-bore capillary columns, one with dimethyl polysiloxane (HP- l@) as the station- 
ary phase and the other with phenyl (50 per cent) methyl (50 per cent) polysiloxane 
(DB-17), were used to develop gas-liquid chromatographic (GLC) assays for measuring 
isosorbide dinitrate (ISDN), glyceryl trinitrate (GTN), and their metabolites. ISDN, 
isosorbide-2-mononitrate (2-ISMN), and isosorbide-5-mononitrate (5-ISMN) in plasma, 
ranging in concentration from 1 to 300 nM, and GTN, glyceryl-l,2-dinitrate (I,2-GDN), 
and glyceryl-1,3-dinitrate (1,3-GDN), ranging in concentration from 3 to 60 nM in 
plasma, were analysed on both columns. GLC analysis yielded baseline resolution of 
the analytes. The method using the dimethyl polysiloxane column gave a lower limit 
of detectability for GTN of 0.75 nM (signalhoise (sh) = 2), and the procedure using 
the phenyl-methyl column provided a lower limit of detectability for ISDN of 81 pM 
(s/n = 2). The large-bore column GLC procedures exhibited shorter retention times 
for both ISDN and GTN than those previously reported for capillary-column assays. 
The chromatographic resolution of analytes and column efficiency of the large-bore 
capillary columns were comparable to the results previously found using capillary-col- 
umn GC. The assays for ISDN and GTN have been shown to be appropriate for pharma- 
cokinetic studies in volunteers and patients. We determined that the HP-I@ column 
is appropriate for the analysis of GTN and metabolites, and the DB-17 column is 
suitable for analysis of ISDN and its metabolites. We conclude that the use of large-bore 
capillary columns provides rapid and reliable GLC assays for organic nitrates. 
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Isosorbide dinitrate and mononitrate 

INTRODUCTION 

Isosorbide dinitrate (ISDN) and glyceryl trinitrate (GTN) are vasodilators com- 
monly used to treat angina, congestive heart failure, and acute myocardial 
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infarction.' The mechanism of action and the therapeutic plasma concentrations 
of these drugs have not yet been established. Studies of these organic nitrates 
have sought to correlate plasma concentrations of the parent drugs and their 
metabolites with their pharmacodynamic effects.2 

In order to conduct these studies, several assays for organic nitrates, including 
gas-liquid chromatographic (GLC),3-5 high performance liquid chromato- 
graphic (HPLC),6 and mass spectrometric  method^,^ were developed. HPLC 
methods for the most part have lacked the required sensitivity and mass spectro- 
metric procedures, though quite specific and sensitive, are very expensive. At 
the present time, gas chromatographic (GC) methods are the most reliable 
and economic choice. 

One of the key components of a GLC procedure is the column. Most of 
the original GLC assays used packed columns to separate GTN and ISDN 
from their metabolites, but the metabolites themselves could not be resolved.2 
Other problems with assays using packed columns include a lack of sensitivity 
at low analyte concentrations, lack of reproducibility, and adsorption of the 
analytes to column components, such as the solid ~ u p p o r t . ~  A major advance 
in organic nitrate assays was achieved with the introduction of capillary col- 
umns. These inert columns have been used successfully to separate ISDN, GTN, 
and their metabolites, and have provided improved sensitivity and column 
effi~iency.~-~,*-'~ However, problems of decreased column capacity, longer 
sample analysis times, discontinuous standard curves, and complex instrumen- 
tation are major disadvantages in the use of capillary  column^.^-^ 

In this study, we have investigated the use of large-bore capillary columns 
in the GLC analysis of organic nitrates. These columns, with internal diameters 
about twice that of conventional capillary columns, can be used directly in 
conventional GLC equipment without the need for special injection ports. With 
the use of this new type of column, our objective was to assess the feasibility 
of using two stationary phases, dimethyl polysiloxane (HP-l@) and phenyl (50 
per cent)-methyl (50 per cent) polysiloxane (DB-17), in GLC assays for the 
quantatition of ISDN, isosorbide-2-mononitrate (2-ISMN) and isosorbide-5- 
mononitrate (5-ISMN), and GTN, glyceryl-1,2-dinitrate (I  ,2-GDN) and gly- 
ceryl-l,3-dinitrate (1,3-GDN). 

MATERIALS AND METHODS 

Chemicals 

ISDN, 2-ISMN, and 5-ISMN were obtained from Stuart Pharmaceuticals 
(Wilmington, Delaware). GTN was obtained as a solution (TridiP, 50 mg ml-I) 
in ethanol, propylene glycol, and water (1 : 1 : 1.33) from DuPont Pharmaceuti- 
cals Scarborough, Ontario. Isoidide dinitrate (IIDN) was a gift from L. Douglas 
Hayward, University of British Columbia, and utilized as the internal standard 
in all assays. Diethyl ether (Assured grade) was obtained from BDH Chemicals 
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(Toronto, Ontario), and distilled at 40" over potassium hydroxide pellets to 
assure purity. The following chemicals were obtained from the indicated 
sources: isomeric hexanes, ACS spectro grade (Caledon Laboratories Ltd, 
Georgetown, Ontario); toluene (Fisher Scientific Co. Ltd, Fairlawn, New Jer- 
sey); SurfaciP (Pierce Chemical Co., Rockford, Illinois); magnesium sulphate, 
Assured grade and potassium hydroxide, Analar (BDH Chemicals, Toronto, 
Ontario); benzene (Caledon Laboratories Ltd, Georgetown, Ontario); and etha- 
nol (Consolidated Alcohols Ltd, Toronto, Ontario). 

1,2-GDN and 1,3-GDN, glyceryl 1- mononitrate (1-GMN), and glyceryl 2- 
mononitrate (2-GMN) were prepared in our laboratory according to the method 
of Crew and Dicarlo,l' and were quantified according to the method of Dean 
and Baun.12 

Glassware was silanized to prevent any adsorption of analyte to the glass. 
The silanization ofthe glassware was conducted using a 10 per cent (v/v) solution 
of SurfaciP in toluene. 

Gases 

Prepurified helium, methane-argon mixture (5 per cent:95 per cent) (certi- 
fied), and prepurified nitrogen were obtained from Canadian Welding Gases, 
Kingston, Ontario. The carrier gas (helium) and the make-up gas (argon- 
methane) were passed through oxygen and moisture traps prior to entry into 
the GC (Chromatographic Specialities, Brockville, Ontario) 

Equipment 

GLC analyses were performed with a Hewlett-Packard Model 5790 gas 
chromatograph, equipped with a 63Ni electron-capture detector. A Hewlett- 
Packard Model 3390 integrator was used to record and integrate the chromato- 
graphic signals. 

Two chromatographic columns were used. Column 1 was a DB-17 fused 
silica Megabore@ column, 30 m x 0-538 mm inside diameter, containing a 1 vm 
thick film of phenyl (50 per cent)-methyl (50 per cent) polysiloxane (J & W 
Scientific, Cordova, California). Column 2 was a HP-l@ fused-silica column, 
15 m x 0.53 mm inside diameter, containing a 2.65 prn thick film of dimethyl 
polysiloxane (Hewlett-Packard, Toronto, Ontario). 

Chromatographic conditions 

ISDN, GTN,-and their metabolites were separated on both columns, using 
isothermal conditions. These conditions are summarized in Table 1 for the 
DB- 17 and for the HP-1@ columns. 

The injection port temperature was set to produce flash vaporization of the 
samples, and the injection port was purged of excess vapour 30 s after sample 
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Table 1. Chromatographic conditions for (a) the DB-17 column, (b) HP-l@column 

Oven Injection port Detector Carrier gas Make-up gas 

"C "C "C (mi min-') (ml min-') 
Analyte temperature temperature temperature flow rate flow rate 

(a> 

2-ISMN, 
5-ISMN 

ISDN 

GTN 
1,2-GDN, 
1,3-GDN 

(b) 
ISDN 
2-ISMN, 
5-ISMN 
GTN 
1,2-GDN, 
1,3-GDN 

150 
150 

140 
95* 

150 
150 

140 
110-t 

155 
155 

155 
155 

155 
155 

155 
155 

225 
225 

225 
225 

225 
225 

225 
225 

22 
22 

21 
16.3 

14.8 
14.8 

8.1 
4.5 

48 
48 

27 
21 

32 
32 

32 
32 

*For the analysis of 1,ZGDN and I,%GDN on the DB-17 column, the oven was maintained 
at 95°C to obtain baseline resolution between the two metabolites. 
?For the analysis of the same two metabolites on the HP-1" column, the oven was maintained 
at 110°C. 

injection to eliminate peak tailing. At the conclusion of each analysis, the 
column oven temperature was raised to 195°C for 90s to purge the column 
of strongly retained contaminants. 

Preparation and handling of samples 

Outdated human plasma was obtained from the Blood Bank at Kingston 
General Hospital. The stock GTN solution (lOP4M) was prepared in ethanol 
from Tridil@ and the 1,2-GDN and 1,3-GDN stock solutions were prepared 
from the separated hydrosylates of GTN. Plasma standard curves for analytes 
were determined in duplicate to cover the concentration range 

- 3 x 10-7M. The two-step extraction procedure uses hexane to remove 
the nonpolar ISDN and GTN, and diethyl ether to remove the polar metabolites 
of both parent drugs. 

Extraction of ISDN and GTN. Two 1 ml aliquots are taken from each plasma 
sample, and loop1 of the internal standard, IIDN (1 X 10-6M) was added 
to each aliquot. Each 1.0ml plasma sample was extracted three times with 
2ml volumes of isomeric hexanes. After addition of the hexanes, the tubes 
were placed in an Eberbach Model 5850 shaker and gently mixed. The three 
extracts of each sample were pooled and evaporated to dryness using a stream 
of nitrogen gas. The residue was dissolved in 1OOpl of benzene and stored 
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at -20" until analysed the next day. The plasma samples were then extracted 
once more with isomeric hexanes and this organic phase discarded. 

Extraction of 2-ISMN, 5-ISMN, 1,3-GDN, and 1,2-GDN. Internal standard 
(1OOpl) was again added to the plasma samples. Each sample was extracted 
three times with 2ml of diethyl ether. The combined extracts were dried with 
magnesium sulfate and then centrifuged at 1000 x g for 5min. The diethyl 
ether extracts were decanted and then evaporated to dryness with a stream 
of nitrogen gas. The residues were dissolved in 100 pl of benzene, and stored 
at -20" until analysed the next day. 

RESULTS AND DISCUSSION 

The efficiencies of the extraction procedure for GTN, 1,2-GDN, 1,3-GDN and 
ISDN, 2-ISMN, and 5-ISMN from plasma were determined by the GLC assay 
using the HP-1@ column and the particular conditions specified for each analyte. 
These results are presented in Table 2. These efficiencies were determined by 
spiking triplicate 1 ml aliquots of plasma with each drug alone, at two concen- 
trations (7 x M and 8 x lo-* M). Each sample was extracted as previously 
described and standards for each drug, at the same concentrations as those 
extracted, were made up in benzene in triplicate. 

Table 2. Recovery of GTN, 1,2-GDN, 1,3-GDN, ISDN, 2- 
ISMN, and 5-ISMN from spiked plasma. Each value represents 
the mean f SD (n = 3) 

Concentration 
Drug added (molar) Per cent recovery 

GTN 7 x 10-9 

1,ZGDN 7 x 10-9 

1,3-GDN 7 x 10-9 

ISDN 7 x 10-9 

2-ISMN 7 x 10-9 

5-ISMN 7 x 10-9 

8 x 

8 x 

8 x 

8 x 

8 x 

8 x lo-* 

90.1 f 9.9 
94.2 f 2.3 
77.0 f 1.8 
67.0 f 8.9 
72.7 f 9.1 
61.9 f 10.2 

104.2 & 12.2 
85.6 f 4.1 
79.8 f 6-0 
74.9 f 9.2 
74.3 f 7.2 
65.7 f 5.7 

The within-day precision of the extraction method was determined by spiking 
five 1 ml aliquots of plasma with each drug alone and then extracting and 
quantifying by GLC as previously described. To determine the day-to-day coef- 
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ficients of variation, GTN, 1,2-GDN, 1,3-GDN and ISDN, 2-ISMN and 5- 
ISMN were analysed using the HP-1' column on each of five consecutive days. 
The within-day coefficients of variation for GTN, 1,2-GDN, and 1,3-GDN 
at 8 x 10-8M were 7.3, 13.9, and 13.2 per cent, respectively. The day-to-day 
coefficients of variation for GTN, 1,2-GDN, and 1,3-GDN at 8 X lo-* M were 
4-0, 12-3, and 14.1 per cent, respectively. The within-day coefficients of varia- 
tions for ISDN, 2-ISMN, and 5-ISMN at 8 x 10-8M were 5.4, 6.7, and 8.6 
per cent, respectively. The day-to-day coefficients of variations for ISDN, 2- 
ISMN, and 5-ISMN at 8 X lops M were 2-4,7.7, and 9.2 per cent, respectively. 

Figure 1A presents the ISDN, 2-ISMN, and 5-ISMN standard curves 
obtained with the GLC assays using the DB-17 and HP-1 columns, and Figure 
1B shows the standard curves for GTN, 1,2-GDN, and 1,3-GDN obtained with 
the same two columns. The detector response was linear for the analyte concen- 
tration ranges that were examined, as indicated by the correlation coefficients. 

Figure 2 shows typical chromatograms for ISDN and its two metabolites, 
2-ISMN and 5-ISMN, on the DB-17 column (Figure 2A) and the HP-1 column 
(Figure 2B). Baseline resolution was achieved between ISDN and the internal 
standard, IIDN (top), and among 2-ISMN, 5-ISMN, and the internal standard 
(bottom), with both columns, thereby allowing easy identification and quanti- 
tation. However, shorter retention times were achieved on the HP-l@ column 
than on the DB-17 column (2.99, 1.61, and 2.47 min for ISDN, 2-ISMN, and 
5-ISMN, respectively, on the HP-1' column, compared to 6.97,2.49, and 5.06 
with the DB-17) and this resulted in an overall shorter analysis time (8.3min 
on the HP-l', compared to 14.7 min on the DB-17). Furthermore, the HP-l@ 
required a slower carrier gas flow rate than the DB-17 column (14*8mlmin-' 
and 22 ml min-I respectively). 

Figure 3 shows the chromatograms of the plasma blanks for ISDN (top) 
and the two metabolites (bottom) on both columns. The plasma blank chroma- 
tograms on the DB-17 column (Figure 3A) display chromatographic peaks 
that correspond to the same retention times as ISDN and 5-ISMN, which 
indicates that some plasma entity elutes at the same time, and would interfere 
with the quantitation of these analytes. These interfering chromatographic sig- 
quently, the assay employing this column can reliably quantify only con- 
centrations of ISDN and 5-ISMN that are greater than the values of these inter- 
ference signals. We define the lower limit of detectability as signalhoise = 2. 
Thus the lower limit of detectability of ISDN on this column is 1.9 nM, and of 
5-ISMNis 1.76 nM. Figure 3Bshows thechromatogramsoftheplasmablanksob- 
tained on the HP-1' column. With this column, an interfering chromatographic 
signal occurred at the ISDN retention time, and was equivalent to nals are 
equivalent to 1.9 nM ISDN and 1.76 nM 5-ISMN, respectively. Conse5.6 nM; 
no interference peaks were found at the 2-ISMN and 5-ISMN retention times. 
In many studies, ISDN is the analyte of major interest; in this case, the greater 
sensitivity with the DB-17 for ISDN to concentrations than the HP-1' column, 
despite the fact that the latter makes this a better choice for the measurement 
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Figure 2. (A) Chromatograms of plasma spiked with 70 nM of ISDN (top), and 70 nM 2-ISMN 
and 5-ISMN (bottom) on the DB-17 column. The retention times are 6.97, 2.49, and 5.06min, 
respectively. (B) Chromatograms of plasma spiked with 70 nM of ISDN (top) and 30 nM of 2-ISMN 
and 5-ISMN (bottom) on the HP-I" column. The retention times are 2.99, 1.61, and 2.47min 

for ISDN, 2-ISMN, and 5-ISMN, respectively 
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Figure 3. (A) Chromatograms of the plasma standard curve blanks for ISDN (top), 2-ISMN 
and 5-ISMN (bottom) standard curve blanks on the DB-17 column. The asterisks indicate interfer- 
ence peaks at the drug retention times. (B) Chromatograms of the plasma blanks for ISDN (top) 
and its metabolites (bottom) on the HP-I" column. There is an interference peak at the ISDN 

retention time as indicated by the asterisk 
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Figure 4. (A) Chromatograms of plasma spiked with 60 nM of GTN (top), and 60 nM of 1,2-GDN 
and 1,3-GDN (bottom) on the DB-17 column. The retention times are 3.97, 26.46, and 27.65min, 
respectively. (B) Chromatograms of plasma spiked with 20nM of GTN, and 60nM of 1,2-GDN 
and I,3-GDN on the HP-1 column. The retention times are 2.67, 11.23, and 10.5min for GTN 

(top), 1,2-GDN and 1,3-GDN (bottom), respectively 

of plasma ISDN more sensitive for the ISMN metabolites and yields a shorter 
overall analysis time. For either column, the sample analysis time for plasma 
ISDN concentration is shorter than that reported by others using packed and 
capillary columns: 6.97 and 2.99min for ISDN on the DB-17 and HP-1' col- 
umns, respectively, compared with a 8.0 min (capillary column)13 and 12.5 min 
(packed column). l4 

Figure 4 shows typical chromatograms for GTN (top) and 1,2-GDN and 
1,3-GDN (bottom) on the DB-17 (A) and HP-1' (B) columns. With both col- 
umns, baseline resolution of GTN and IIDN was achieved, but only with the 
HP- 1 @column was baseline separation of 1,2-GDN and 1,3-GDN achieved. 
It is interesting to note that the order of elution of the two metabolites was 
reversed on the two columns: 1,2-GDN followed by I,3-GDN on the phenyl- 
methyl polysiloxane column (DB-17), and vice versa on the dimethyl poly- 
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Figure 5 .  (A) Chromatograms of the plasma standard curve blanks for GTN (top), 1,2-GDN 
and I,3-GDN (bottom) on the DB-17 column. The asterisk indicates an interference peak at the 
GTN retention time. (B) Plasma standard curve blanks for these analytes on the HP-1" column. 
The asterisk indicates interference peaks at the GTN (top) and 1,3-GDN (bottom) retention times 

siloxane column (HP- 1 @). The retention time for GTN was shorter on the HP- 1 @ 

than on the DB-17 column, and the retention times were considerably shorter 
for the dinitrate metabolites on the HP-l@ column (11.23 and 10-50min for 
1,ZGDN and 1,3-GDN, respectively, on the HP-1, compared to 26.41 and 
27.61 min, respectively, on the DB-17 column). 

Figure 5 shows the plasma blanks for the GTN (top), 1 ,2-GDN, and 1,3-GDN 
(bottom) on both columns. There was an interference peak at the GTN retention 
time for both columns. However, the limit of detectability of the assay using 
the DB-17 column (A) is 17.2nM of GTN, whereas that of the HP-1@ column 
(B) was 0-74 nM of GTN. Neither of the columns exhibit any interference peaks 
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for 1,2-GDN and the limit of detectability of both columns for this metabolite 
was 0.75nM. The DB-17 column demonstrated a lower limit of detectability 
for 1,3-GDN of 0.75 nM. An interference peak at the 1,3-GDN retention time 
occurred on the HP- 1 column, which limited the detectability for this metabolite 
to 2.8nM. Analysis of GTN and its metabolites was achieved best with the 
HP-l@ column, as it yielded greater sensitivity for GTN, as well as a shorter 
analysis time at a slower flow rate than with the DB-17 column (8 and 
4.5mlmin-' for GTN and the separated GDNs, respectively, on the HP-l@ 
column, compared with 21 and 16-3mlmin-l, respectively, on the DB-17 
column). Both columns provided faster separation of GTN than that reported 
for capillary columns and some packed columns: 2.67 and 3.97min for the 
HP-1@ and DB-17 columns, respectively, compared with 8.63 and 9.44 min4 
on capillary columns. A similar assay procedure for GTN and its metabolites 
has been described by Svobodova et al.,l5 but there are some significant differ- 
ences. Svobodova et al. used a one-step extraction procedure, which, although 
simpler, resulted in many more substances showing up as extraneous peaks 
in the chromatogram. Their procedure also requires a multistep temperature 
gradient that takes more than 30 min per injection, in comparison to the present 
procedure in which the analysis is done under isothermal conditions and takes 
8 min per injection. The isothermal conditions above yielded baseline resolution 
of the 1,2-GDN from I,3-GDN. 

The concentration rage of ISDN standards measured in our study, 1 to 300 
nM, was comparable to that used by other investigators. Tam et aI.l3 reported 
using ISDN standards in the concentration range of 20 to 200 nM (capillary 
column). Other investigators have used ISDN standard curves in the concen- 
tration range of 4.2 to 423 nM (packed column).I6 Using capillary columns, 
Carlin et al. measured GTN in the concentration range of 44nM to 1.3 pM4 
and Lee et al. measured GTN concentrations as low as 0.1 nM.5 Though no 
therapeutic concentration range of GTN has been firmly established, Armstrong 
et al. have reported clinically significant reductions in haemodynamic para- 
meters of patients with congestive heart failure at GTN arterial plasma concen- 
trations between 5.3 and 48.9 nM." These investigators reported similar results 
in a later study.I8 Armstrong et a1 . have reported venous GTN concentrations 
that ranged between 3.5 and 270 nM.I9 The range of GTN concentrations that 
we measured was 3 to 88.1 nM, with a lower limit of detectability of 0.75 nM. 
Thus, our HP-l@ column GLC assay can measure plasma GTN concentrations 
that are associated with haemodynamic changes, whether the samples are arter- 
ial or venous. We are using these large-bore capillary columns to measure 
GTN (HP-I@) and ISDN (DB-17) in clinical studies. An example of a chromato- 
gram of a plasma sample obtained from a volunteer 30min after ingesting 
one tablet of 20 mg of ISDN is shown in Figure 6. Figure 7 shows a chromato- 
gram of a plasma sample obtained from a patient who had received an intrave- 
nous infusion of GTN, at 0.5pgkg-'min-', 75min after the start of a 
cardiopulmonary bypass procedure. 
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Figure 6. (A) Chromatogram of a plasma ISDN sample (87.4nM), obtained from a volunteer, 
that was analysed with the DB-17 column assay. (B) Plasma concentrations of 2-ISMN (178.8 nM) 
and 5-ISMN (558nM) were also determined for each sample in the study with the DB-17 column 

assay 
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Figure 7. (A) Chromatogram of a plasma GTN sample (650.8 nM), obtained from a patient undergo- 
ing coronary artery bypass grafting, that was analysed with the HP-l@ column assay. (B) Plasma 
concentrations of I,2-GDN (62 nM) and 1,3-GDN (37.7 nM) were also determined for each patient 

sample, with the HP-l@ column assay 
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In conclusion, we have found that large-bore capillary columns provide chro- 
matographic resolution of organic nitrates comparable with that of conven- 
tional capillary columns. The large-bore capillary column GLC assays also 
provide a shorter analysis time, and do not suffer from the difficulties associated 
with the use of capillary columns. These methods are suitable for clinical phar- 
macokinetic studies of organic nitrates. 
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