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Abstract 
The in vitro metabolism of mifentidine, a prototype second-generation histamine H2-antagonist , is investigated 

using on-line capillary electrophoresis-mass spectrometry (CE-MS) by analysis of hepatic microsomal incubates. 
Consideration of the hydrophobicity of this drug and putative metabolites led to the development of a non-aqueous 
CE separation medium consisting of 5 mM NH4OAc in methanol containing 100 mM acetic acid. Benefits of 
non-aqueous media in CE-MS studies of small hydrophobic molecules are discussed. In addition, we elucidate both 
chemical transformations and the in vitro metabolism of mifentidine using guinea pig hepatic microsomes. 

1. Introduction 

The utilization of capillary electrophoresis 
(CE) in the separation of complex mixtures of 
biopolymers has experienced an explosive 
growth since the introduction of the first com- 
mercial instruments in the late 1980s [1-4]. 
Furthermore, the technique is also finding in- 
creased use in the analysis of small, relatively 
hydrophobic compounds. Analyses of pharma- 
ceuticals [5,6] and metabolites produced by en- 
dogenous physiological processes [7,8] as well as 
phase I and II biotransformation of xenobiotics 
and therapeutic drugs [9] have been reported 
recently. A frequent problem encountered with 
the analysis of such compounds is their poor 
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solubility in the aqueous separation buffers com- 
monly used with CE. However, it has been 
noted by us and others [9-14] that the addition 
of organic modifiers, such as methanol, iso- 
propanol or acetonitrile, to the CE separation 
buffer improves the resolution of small-molecule 
mixtures in free solution. These increases in 
performance can be attributed to a change in the 
viscosity and dielectric constant of the separation 
buffer as well as the ff potential of the capillary 
wall [1,9]. Typically, organic modifiers constitute 
as high as ca. 30% (v/v) of the CE separation 
buffer, and we have recently demonstrated the 
enhanced separation of a mixture of phase I 
metabolites using this approach [9-11]. 

In addition to changes brought about in sepa- 
ration characteristics in free solution CE (capil- 
lary zone electrophoresis, CZE), we and others 
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have made the case that addition of organic 
modifiers, such as methanol, greatly enhances 
the solubility of relatively hydrophobic small 
molecules in aqueous solution [7,8,10,15]. This is 
noteworthy since a large number of therapeutic 
drugs and their resulting metabolites are poorly 
soluble in aqueous solution [16] and has led to 
major obstacles in the analysis of such com- 
pounds by CZE. This observation prompted us 
to investigate the use of a non-aqueous sepa- 
ration medium in the CZE separation of the 
major phase I metabolites of the hydrophobic, 
antitumor drug, pyrazoloacridine [17]. In this 
study, we demonstrated an increase in detected 
metabolite levels as well as enhanced separation 
in the non-aqueous electrolyte solution. We 
attributed this to a reduction in absorptive losses 
to the capillary wall and changes in the viscosity 
and dielectric constant of the separation buffer. 

The first reported use of a non-aqueous sepa- 
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ration medium in CE involved the separation of 
quinoline-like compounds dissolved in acetoni- 
trile [18] and the resolution of a series of polynu- 
clear aromatic hydrocarbons [19]. To our knowl- 
edge, to date, only one other group have re- 
ported the use of non-aqueous electrolyte solu- 
tions, namely Sahota and Khaledi [20], who 
separated a mixture of six small peptides using 
formamide. 

In drug metabolism studies, structure elucida- 
tion of biologically transformed parent drugs is 
vitally important in order to understand the 
physical and biological effects of the parent drug. 
A physical method with a proven history for 
obtaining this type of data is mass spectrometry 
(MS) [21-26]. However, since most drug metab- 
olites are often components of a complex bio- 
logical matrix, separation prior to MS detection 
is often necessary [27,28]. In this regard, the 
application of on-line CE-MS pioneered by 
Smith and co-workers [29-33] and Henion and 
co-workers [34-38] is extremely attractive. We 
have also recently reported the usefulness of this 
technique in the study of the phase I metabolites 
of the neuroleptic drug haloperidol [11]. 

In the present study, we have investigated the 
phase I metabolism of the H2-antagonist mifen- 
tidine (MIF), Nl-[(4-imidazole) phenyl]-Ne-iso - 
propyl formamidine (see Fig. 1 for structure). 
This drug is a representative prototype of the 
second generation of histamine H2-antagonists 
and possesses both antisecretory and antiulcer 
activity [39]. In preliminary studies of this drug's 
metabolism [39,40], the metabolites identified 
were the amine (MIF-amine), formamide (MIF- 
amide) and urea (MIF-urea). In the present 
study we report, to our knowledge, the first use 
of non-aqueous separation solvent in conjunction 
with on-line CE-MS to investigate the metabo- 
lism of a therapeutic drug. 

WF-AZO HN mN NH 
2. Experimental 

Fig. 1. Structures of the He-antagonist mifentidine (MIF) and 
eight synthetic standards/putative metabolites. 

2. I. Chemicals 

Mifentidine and all synthetic standards of 
putative metabolites (see Fig. 1) were synthes- 
ized and supplied by the Institute DeAngeli 
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(Milan, Italy). Potassium phosphate (mono- 
basic), and zinc sulphate were obtained from 
Sigma (St. Louis, MO, USA). Gold-grade am- 
monium acetate, glacial acetic acid, and mag- 
nesium chloride were obtained from Aldrich 
(Milwaukee, WI, USA). Nicotinamide-adenine 
dinucleotide phosphate (NADP), glucose-6- 
phosphate and glucose-6-phosphate dehydrogen- 
ase were supplied by Boehringer Mannheim 
(Indianapolis, IN, USA). HPLC-grade methanol 
and high-purity water were obtained from Baxter 
(Minneapolis, MN, USA). 

2.2. Capillary electrophoresis 

CE separations were performed using a modi- 
fied Beckman P/ACE 2100 Model CE (Fuller- 
ton, CA, USA), coupled to a Reason Technolo- 
gy 486 PC with control by System Gold software. 
An uncoated capillary (50 cm x 75 /zm I.D.) 
purchased from Beckman was used throughout. 
Prior to its use, the capillary was rinsed with 0.1 
M sodium hydroxide (10 capillary volumes), 
water (10 capillary volumes), methanol (10 capil- 
lary volumes), and separation medium (10 capil- 
lary volumes). Between analyses, the capillary 
was washed with methanol (2 column volumes) 
followed by separation medium (1 column vol- 
ume). Synthetic standards were individually dis- 
solved in methanol (1 mg/ml) and 5 /xl were 
removed from each vial and mixed in a single, 
clean vial to give the mixture containing MIF 
and all putative metabolites. The mixture was 
introduced by pressure injection (1 s), and all 
experiments were conducted with an applied 
voltage of 20 kV and a capillary temperature 
maintained at 40°C, monitored at a wavelength 
of 214 nm. Separation buffers utilized were: (1) 
20 mM NHaOAc with 1% acetic acid in 30% 
aqueous methanol and (2) 20 mM NH4OAc with 
1% acetic acid in methanol. 

2.3. Capillary electrophoresg.-mass spectrometry 

CE conditions were used as described above 
with the exception that the uncoated capillary 
had dimensions of 65 cm x 50 /xm I.D. and the 
capillary temperature was maintained at 25°C. 
Prior to its use, the capillary was rinsed with 0.1 

M sodium hydroxide (20 capillary volumes), 
water (20 capillary volumes) and CE separation 
solvent (10 capillary volumes). Between analy- 
ses, the capillary was only washed with sepa- 
ration solvent (5 capillary volumes). The CE 
separation solvent used to afford optimum sepa- 
ration of metabolites was 5 mM ammonium 
acetate (NHaAOc) in methanol containing 100 
mM glacial acetic acid. 

All analyses were carried out on a Finnigan 
MAT 900 mass spectrometer (Bremen, Ger- 
many) of EB configuration (where E is an 
electric sector and B is the magnet) with a 
PATRIC (position and time resolved ion coun- 
ter) focal plane detector. A modified Analytica 
(Banford, CT, USA) electrospray ionization 
(ESI) source was used in a positive ion mode 
throughout with the needle assembly at ground 
potential. The sample needle of the ESI source 
was replaced by the CE capillary from which 2-3 
mm of the polyamide coating had been removed 
from the MS end with hydrofluoric acid. A liquid 
sheath electrode of isopropanol-water-acetic 
acid (60:40:1, v/v) at a flow-rate of 2/xl/min was 
used to boost the flow through the ESI needle 
and serve as a ground for the CE capillary as 
described previously [11]. The nitrogen ESI 
drying gas was at 140°C with a flow-rate of 3.6 
1/min and an ESI voltage of -3400 V was 
employed. For CZE-MS runs, the scan range 
was 50-400 u (exponential magnet scan from low 
to high mass) at a rate of 2 s/decade. An 
instrument resolution of ca. 1000 was employed 
throughout. 

2.4. Microsomal  incubations 

English short-hair male guinea pigs were ob- 
tained from the Charles River Co. (Montreal, 
Canada). Animals were fasted overnight before 
sacrifice. Hepatic microsomes were prepared 
using the centrifugation method described previ- 
ously [41]. Rat microsomes were obtained as 
described by Lipsky [42], with the exception that 
the microsomes were made to a comparable 
concentration using a buffer consisting of 250 
mM sucrose plus 80 mM KC1 and 25 mM 
imidazole, instead of Triton X-100. 

Incubation procedures were as follows: an 
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NADP, reduced (NADPH)-generating system 
consisting of the sodium salt of NADPH 
(NADP ÷) (2 /xmol), glucose-6-phosphate di- 
sodium salt (10/xmol), glucose-6-phosphate de- 
hydrogenase (1 unit) and MgCI 2 (2 mg), all in 2 
ml phosphate buffer (0.2 M, pH 7.4) was pre- 
incubated for 2 min. Enzymatic reactions were 
initiated by addition of MIF (2 #mol) and 
microsomal preparations equivalent to 0.5 g 
original tissue. In control incubates, heat-inacti- 
vated microsomes (boiled at 100°C for 30 min) 
were used instead of fresh microsomal prepara- 
tions. Incubations were carried out for 30 min at 
37°C. 

Enzymic reactions were terminated by addi- 
tion of ZnSO 4 (200 mg) to the incubation 
mixture. The precipitated proteins were removed 
by centrifuging (IEC Cru-5000) at ca. 1200 g for 
20 min. The supernatant was passed through a 
preconditioned [methanol (4 ml) followed by 
distilled water (4 ml)] Sep-Pak C18 cartridge. 
Excess ZnSO 4 was removed by washing with 
distilled water (4 ml). The retained compounds 
were eluted by methanol (4 ml), which was 
subsequently evaporated to dryness at 45°C 
under nitrogen [43]. The residues were reconsti- 
tuted in methanol (20/zl) and subjected to CZE 
separation with MS detection. 

3. Results and discussion 

3.1. Analysis of  a mixture of  mifentidine and 
synthetic standards 

Initial studies focused on the development of 
optimal CZE conditions for the separation of 
MIF and a series of synthetic standards, includ- 
ing MIF-urea, MIF-amide, MIF-amine, MIF- 
nitro, MIF-amine-OH, MIF-azo, and MIF-azoxy 
(see Fig. 1 for structures). A variety of CZE 
aqueous separation buffers containing variable 
concentrations of NH4OAc and acetic acid were 
investigated. Results (not shown) indicated that 
substantial analyte-wall interactions occurred 
causing considerable peak tailing. Also, resolu- 
tion of MIF and the standards was poor and 
losses of compounds due to their poor solubility 

in water, and interaction with the capillary wall 
were also apparent [9]. 

A substantial improvement in resolution, and 
recovery of the standards in the mixture was 
observed on increasing the organic solvent con- 
tent from 0 to 30 to 100% methanol, and this is 
demonstrated in Fig. 2 (A: 20 mM NH4OAc in 
30% aqueous methanol containing 1% acetic 
acid; B: 20 mM NH4OAc in 100% methanol 
containing 1% acetic acid). Furthermore, using 
the non-aqueous separation medium, improved 
recovery of each component was observed, in- 
dicating that analyte-wall interactions and losses 
of compounds to the capillary wall were minim- 
ized. We believe this is due to the increased 
solvation cage surrounding analyte species when 
dissolved in organic solvent. We have also noted 
that another successful strategy to avoid losses of 
such compounds to the capillary wall is to 
electrophorese with a 10 ~M MIF solution in 
separation solvent/buffer prior to CZE analysis 
of the mixture of standards [9]. This pretreat- 
ment of the capillary leads to absorption of 
parent drug on "active sites" present on the 
silica wall, hence minimizing loses of subsequent 
analytes injected on to the capillary. A further 
consequence of using a non-aqueous separation 
solvent system is that relative migration times 
(compared to MIF) of standards can undergo 
some change in comparison to aqueous buffers. 
Hence, the MIF-azo, MIF-azoxy and MIF-amide 
standards all migrated slower (relative to MIF) 
in 100% methanol (Fig. 2B) compared to 30% 
methanol (Fig. 2A). 

We have recently reported [44] that CZE 
buffers (aqueous or containing organic solvents) 
that have low electrolyte concentrations, which 
result in low CZE capillary current values (/~A), 
are particularly compatible with on-line CE-MS 
analysis since such low current values are com- 
parable to those generated in the ESI interface 
used to couple CE to MS. We have found from 
empirical observations, that if both the CE and 
ESI currents are comparable, sensitivity limits of 
the mass spectrometer are maximized and the 
stability of the CE and ESI is optimal. Ground- 
ing the CE capillary is also found to be more 
effective at lower CE currents. This in turn 
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but substantially reduced the CE current to 
approximately 6 ~A. The separation and sub- 
sequent ion detection of the components of the 
mixture using a non-aqueous solvent system by 
CE-MS is shown in Fig. 3. 

The detection limit for each of these standards 
was determined to be c a .  80 fmol applied onto 
the CE capillary. This was achieved using a 
PATRIC focal plane scanning array detector on 
the MAT 900 mass spectrometer, which is an ion 
counting device that allows the simultaneous 
detection of up to an 8% (in the case of the 
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Fig. 2. Separation of MIF and eight synthetic standards by 
CZE using variable concentrations of organic modifier. 
Analysis performed on a Beckman P/ACE 2100 CE instru- 
ment  using an uncoated fused-silica capillary [57 cm (50 cm 
to the de tec to r )x  75 ~ m  I.D.] maintained at 40°C and 
monitored at UV of 214 nm. The mixture was by pressure 
injection (1 s) and electrophoresed at 20 kV. Peaks: 1 = MIF; 
2 = MlF-amine;  3 = MIF-amine-OH; 4 = MIF-urea; 5 = MIF- 
amide; 6 = M I F - a z o ;  7=MIF-n i t ro ;  8=MIF-azoxy .  CZE 
separation buffer/solvent:  (A) 20 mM NH4OAc in 30% 
aqueous methanol containing 1% acetic acid; (B) 20 mM 
NH4OAc in 100% methanol containing 1% acetic acid. 

produces extremely stable ESI conditions. 
Hence, we systematically reduced the NH4OAc 
concentration in order to reduce the CE current 
and found that 5 mM NH4OAc in 100% metha- 
nol containing 100 mM acetic acid still afforded 
separation of MIF and eight synthetic standards 
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Fig. 3. Non-aqueous C E - M S  analysis of a mixture of 
synthetic standards containing MIF-amine (MH ÷ =160) ,  
MIF-amine-OH (MH ÷ = 176), MlF-OH-amine  (MH ÷ = 
176), MIF-amide (MH ÷ =  188), MIF-nitro (MH ÷ =  190), 
parent drug MIF (MH ÷ =229) ,  MIF-urea (MH ÷ =245) ,  
MIF-azo (MH ÷ = 315), and MIF-azoxy (MH + = 331). Sepa- 
ration was carried out on an uncoated fused-silica capillary 
(65 cm × 50/xm I.D.) at 20 kV and 25°C. Detection was by a 
MAT 900 mass spectrometer  equipped with a PATRIC focal 
plane detector,  and the C E - M S  separation solvent system 
was 5 mM NH4OAc with 100 mM acetic acid in 100% 
methanol.  
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PATRIC detector) mass window. Hence the 
effective time counting ions of each specific m / z  
value focused by the mass spectrometer is in- 
creased, resulting in enhanced signal for each ion 
species detected. Array detectors can be up to 
ca. 100-fold more sensitive than point detectors 
such as secondary electron multipliers. A further 
advantage of the PATRIC detector is that high 
sensitivity measurements can be maintained 
while scanning the mass spectrometer. This is 
particularly useful in the arena of drug metabo- 
lism studies, since minor metabolites are difficult 
to detect with static array detection devices due 
to dynamic range problems. This can be over- 
come by using a scanning array detector in 
conjunction with on-line chromatography, e.g. 
CE-MS to determine the molecular mass of an 
unidentified minor metabolite that has been 
temporally separated from excess, unmetabol- 
ized parent drug. 

3.2. In vitro microsomal modifications o f  
mifentidine 

A guinea pig hepatic microsomal incubate of 
MIF was subsequently subjected to CE-MS 
analysis (after preliminary Cls Sep-Pak clean-up 
[43]) using the non-aqueous separation condi- 
tions described above for the synthetic stan- 
dards. Ions at m / z  160, 188, 229, 245, 315 and 
331 were clearly discernible above background in 
the CE-MS ion electropherogram (Fig. 4). 
Comparison of relative migration times (com- 
pared to MIF) with standards (Fig. 3) confirmed 
the presence of MIF-amine (MH + = 160), MIF- 
amide (MH + -- 188), unmetabolized parent drug 
MIF (MH + =229), MIF-azo (MH ÷= 315) and 
MIF-azoxy (MH +-- 331). The relative CE-MS 
migration times of MIF-azo and MIF-azoxy (Fig. 
4) compared to standards (Fig. 3) was somewhat 
variable. This can be explained by the fact that 
small differences in the methanol concentration 
of the CE separation medium can affect the 
migration times of MIF-azo and MIF-azoxy 
standards as seen in Fig. 2. However, the rela- 
tive migration time of the molecular ion at m / z  
245 (Fig. 4) was ca. 6 min later than observed for 
the MIF-urea standard (Fig. 3). This indicates 
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Fig. 4. Non-aqueous  C E - M S  analysis of  a metaboli te  mixture  
derived from a guinea pig hepatic microsomal  incubation of 
MIF. Condit ions as for Fig. 3. Metaboli tes corresponding to 
MIF-amine  ( M H + = 1 6 0 ) ,  MIF-amide  ( M H + = 1 8 8 ) ,  un- 
metabolized MIF (MH + = 229), MIF-azo (MH + = 315), 
MIF-azoxy (MH + =331) ,  and an unidentified metabol i te  
"unknown"  (MH ÷ = 245) were detected.  Other  ions at m / z  
160 (MIF-FRAG)  correspond to a f ragment  ion of MIF (ca. 
9.25 rain) and an unidentified componen t  (*) of  the micro- 
somal mixture (ca. 9.5 min). 

that our original suggestion that MIF-urea may 
be formed in the in vitro microsomal metabolism 
of MIF [40] is open to question. Further work is 
in progress, but evidence to date suggests the 
tentative presence of the N2-hydroxylamine me- 
tabolite [45]. 

In the CE-MS ion electropherogram of the 
microsomal incubate (Fig. 4), there are three 
distinct time-resolved ions at m / z  160. The m / z  
160 ion at ca. 10.5 min is assignable to the 
protonated molecular ion (MH ÷) of the metabo- 
lite MIF-amine (cf. with MIF-amine standard, 
Fig. 3). The ion detected at ca. 9.25 min is 
derived from the fragmentation of the large 
amount of unmetabolized MIF present in the 
mixture. Fragmentation of the parent compound 
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(MH ÷ = 229) occurs in the ESI source to afford 
the ion at m/z  160. It has previously been noted 
that fragmentation of MIF to afford an ion at 
m/z  160 is facile under collision-induced dis- 
sociation conditions [40]. The origin of this ion is 
also confirmed by inspection of a CE-MS analy- 
sis of a control microsomal incubate containing 
only heat-inactivated microsomes plus parent 
drug MIF. An ion at rn/z 160 with a migration 
time identical to MIF (ca. 9.5 min) is observed in 
the CE-MS ion electropherogram (Fig. 5). The 
third ion at m/z  160 (ca. 10.00 min) is probably 
derived from fragmentation of an unidentified 
component in the mixture (Fig. 4), although only 
a small amount of this component is observed in 
the CE-MS analysis of the control incubate (Fig. 
5). 
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Fig. 5. Non-aqueous  C E - M S  analysis of a control incubate 
containing only MIF  and heat-deactivated microsomes.  Con- 
ditions as for Fig. 3. MIF-amine  (M H ÷ = 160, ca. 10.5 min) 
and MIF-amide  (MH ÷ =  188) are formed by chemical hy- 
drolysis of  the  amidine side chain of MIF. The  other  ions at 
m / z  160 (ca. 9.35 min) corresponds to a f ragment  ion derived 
f rom MIF ( M I F - F R A G )  and an unidentified compound (*). 
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Fig. 6. Postulated mechan i sm for the chemical format ion of 
MIF-amine  and MIF-amide from the hydrolysis of the 
amidine side chain of the parent  drug MIF, 

Further inspection of the CE-MS analysis of 
the control incubation also revealed ions at m/z  
160 and 188 with both protonated molecular ion 
and migration time values identical to MIF- 
amine and MIF-amide respectively (Fig. 5). This 
observation suggests that these two compounds 
are also produced chemically during the incuba- 
tion process. Hydrolysis of the amidine side 
chain of the parent drug MIF would result in the 
formation of these two compounds and a post- 
ulated mechanism is shown in Fig. 6 [46]. 

4. Conclusions 

It is possible using on-line CE-MS to analyze 
mixtures of small hydrophobic compounds such 
as drug metabolites. In particular by using a 
non-aqueous separation solvent containing a low 
concentration of an electrolyte (in this case 
NH4OAc ) and acid (100 mM acetic acid), it was 
possible to separate a standard mixture by CE 
and obtain a stable ESI beam in order to analyze 
the components by MS. Furthermore, by using 
such an approach, it was determined that at least 
five metabolites are formed enzymatically, name- 
ly MIF-amine, MIF-amide, MIF-azo, MIF- 
azoxy, and "unknown" (possibly a N2-hydroxyl - 
amine derivative). Furthermore, MIF-amine and 
MIF-amide are also formed by chemical hydrol- 
ysis of the amidine side chain. 



380 A.J. Tomlinson et al. / J. Chromatogr. B 657 (1994) 373-381 

5. Acknowledgements 

The authors wish to thank Dr. Jian Fang, 
University of Saskatchewan, Canada, for the gift 
of guinea pig hepatic microsomes. Mrs. Diana 
Ayerhart is also thanked for her invaluable help 
in preparing this manuscript. 

6. References 

[1] R.P. Oda and J.P, Landers, in J.P. Landers (Editor), 
CRC Handbook of Capillary Electrophoresis - - A  
Practical Approach, CRC Press, Boca Raton, FL, 1993, 
Ch. 1. 

[2] P. Camilleri (Editor), Capillary Electrophoresis - -  
Theory and Practice, CRC Press, Boca Raton, FL, 1993. 

[3] P.D. Grossman and J.C. Colburn (Editors), Capillary' 
Electrophoresis: Theory and Practice, Academic Press, 
San Diego, CA, 1992. 

[4] W.G. Kuhr and C.A. Monnig, Anal. Chem., 64 (1992) 
389R. 

[5] C. Silverman and C. Shaw, in J.R Landers (Editor), 
CRC Handbook of Capillary Electrophoresis - - A  
Practical Approach, CRC Press, Boca Raton, FL, 1993, 
Ch. 10. 

[6] C.W. Demarest, E.A. Monnot-Chase, J. Jiu and R. 
Weinberger, in P.D. Grossman and J.C. Colburn 
(Editors), Capillary Electrophoresis: Theory and Prac- 
tice, Academic Press, San Diego, CA, 1992, Ch. 11. 

[7] R. Weinberger and M. Albin, J. Liq. Chromatogr., 14 
(1991) 953. 

[81 R. Weinberger, E. Sapp and S. Moring, J. Chromatogr., 
516 (1990) 271. 

[9] S. Naylor, L.M. Benson and A.J. Tomlinson, in J.P. 
Landers (Editor), CRC Handbook of Capillary Electro- 
phoresis - - A  Practical Approach, CRC Press, Boca 
Raton, FL, 1993, Ch. 17. 

[10] A.J. Tomlinson, L.M. Benson, J.P. Landers, G.F. 
Scanlan, J. Fang, J.W. Gorrod and S. Naylor, J. 
Chromatogr. A,  652 (1993) 417. 

[11] A.J. Tomlinson, L.M. Benson, K.L. Johnson and S. 
Naylor, J. Chromatogr., 621 (1993) 239. 

[12] J. kui, K.A. Cobb and M. Novotny, J. Chromatogr., 
468 (1988) 55. 

[131 R.A. Wallingford and A.G. Ewing, Anal. Chem., 61 
(1989) 98. 

[14] R.A. Wallingford, P.D. Curry, Jr. and A.G. Ewing, J. 
Microcol. Sep., 1 (1989) 23. 

[15] K. Salomon, D.S. Burgi and J.C. Helmer, J. Chroma- 
togr., 549 (1991) 375. 

[16] B.A. Katzung, in B.A. Katzung (Editor), Basic and 
Clinical Pharmacology, Appleton & Lange, Norwalk, 
CT, 4th ed., 1989, Ch. 1. 

[17] L.M. Benson, A.J. Tomlinson, J.M. Reid, D.L. Walker, 
M.M. Ames and S. Naylor, J. High Resolut. Chroma- 
togr., 16 (1993) 324. 

[18] Y. Walbroehl and J.W. Jorgenson, J. Chromatogr., 315 
(1984) 135. 

[19] P.A. David, P.J. Pellechia, D.L. Manning and M.P. 
Maskavinec, Report ORNL/TM-9141, Oak Ridge Na- 
tional Laboratory, Oak Ridge, TN, 1984, order No. DE 
84010617. 

[20] R.S. Sahota and M. Khaledi, Anal. Chem., in press. 
[21] D.J. Harvey, Mass Spectrom., 10 (1989) 273. 
[221 F.P. Abramson, in C.H. Suelter and J.T. Watson 

(Editors), Methods of Biochemical Analysis, Vol. 34, 
Biomedical Applications of Mass Spectrometry, Wiley, 
New York, 1990, Ch. 5. 

[23] K.L. Busch, G.L. Glish and S.A. McLuckey, Mass 
Spectrometry/Mass Spectrometry: Techniques and Ap- 
plications of Tandem Mass Spectrometry, VCH, 
Weinheim, 1988. 

[24] C. Fenselau, Annu. Rev. Pharmacol. Toxicol., 32 
(1992) 555. 

[25] S. Naylor, M. Kajbaf, J.H. Lamb, M. Jahanshahi and 
J.W. Gorrod, Biol. Mass Spectrom., 22 (1993) 388. 

[26] T.A. Baillie, Int. J. Mass Spectrom. Ion Process., 118/ 
119 (1992) 289. 

[27] J. Henion and T. Covey, in S. Gaskell (Editor), Mass 
Spectrometry in Biomedical Research, Wiley, Chichester, 
1986, Ch. 26. 

[28] K.B. Tomer and C.E. Parker, J. Chromatogr., 492 
(1989) 189. 

[29] J.A. Olivares, N.T. Nguyen, C.R. Yonker and R.D. 
Smith, Anal. Chem,, 59 (1987) 1232. 

[30] R.D. Smith, J.T. Olivares, N.T. Nguyen and H.R. 
Udseth, Anal. Chem., 60 (1988) 436. 

[31] R.D. Smith, C.J. Barinaga and H.R. Udseth, Anal, 
Chem., 60 (1988) 1948. 

[32] R.D. Smith, J.A. Loo, C.J. Barinaga, C.G. Edmonds 
and H.R. Udseth, J. Chromatogr., 480 (1989) 2l l .  

[33] J.A. Loo, H.K. Jones, H.R. Udseth and R.D. Smith, J, 
Microcolumn Sep., 1 (1989) 223. 

[34] E.D. Lee, W. Mueck, J.D. Henion and T.R. Covey, J, 
Chromatogr., 458 (1988) 313. 

[35] E.D. Lee, W. Muech, T.R. Covey and J.D. Henion, 
Biomed. Environ. Mass Spectrom., 18 (1989) 844. 

[36] W.M. Mueck and J.D. Henion, J. Chromatogr., 495 
(1989) 41. 

[37] I.M. Johannson, E.C. Huang, J.D. Henion and J. 
Zweigenbaum, J. Chromatogr., 554 (1991) 311. 

[38] I.M. Johansson, R. Pavelka and J.D. Henion, J. Chro- 
matogr., 559 (1991) 515. 

[39] K. Pattichis, M. Kajbaf and J.W. Gorrod, Prog. Phar- 
macol. Clin. Pharmacol., 8 (1991) 31. 

[40] M. Kajbaf, J.H. Lamb, S. Naylor, K. Pattichis and J.W. 
Gorrod, Anal. Chim. Acta, 247 (1991) 151. 

[41] J.W. Gorrod, D.J. Temple and A.H. Beckett, Xeno- 
biotica, 5 (1975) 453. 

[42] J.J. Lipsky, Biochem. Pharmacol., 38 (1989) 773. 



A.J. Tomlinson et al. / J. Chromatogr. B 657 (1994) 373-381 381 

[43] M. Kajbaf, M. Jahanshahi, K. Pattichis, J.W. Gorrod 
and S, Naylor, J. Chromatogr., 575 (1992) 75. 

[44] A.J. Tomlinson, L.M. Benson, and S. Naylor, J. High 
Resolut. Chromatogr., in press. 

[45] S. Naylor and A.J. Tomlinson, unpublished results. 
[46] J. March, Advanced Organic Chemistry, Reactions, 

Mechanisms and Structure, Wiley, New York, 3rd ed., 
1985. 


