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Nonaqueous capillary electrophoretic separation and 
thermo-optical absorbance detection of five tricyclic 
antidepressants and metabolism of amitriptyline by 
Cunninghamella elegans 

We developed a technique based on nonaqueous capillary electrophoresis and 
laser-based thermo-optical absorbance detection to assay five antidepressants with 
similar structures and mass-to-charge ratios. A mixture of methanol and acetonitrile 
with ammonium acetate was essential to achieve baseline resolution of these 
compounds. We investigated the effects of ammonium acetate concentration, 
temperature, applied voltage, and capillary length on separation efficiency. The 
nonaqueous capillary electrophoresis and laser-based thermo-optical absorbance 
detection technique was used to study the metabolism of amitriptyline by 
Cunninghamella elegans. Sample preparation procedures were simplified for fast 
screening of the parent drug and its metabolites. Reproducible electropherograms 
were obtained from replicate cultures of C. elegans growing in the presence of 
amitripty line. 

1 Introduction 

Amitriptyline, imipramine, desipramine, and nortriptyline 
are commonly prescribed antidepressants. The pharmacol- 
ogy and toxicity of these drugs can be associated with their 
metabolites [I]. For example, animal studies have shown 
that 1 1-OH amitriptyline, a hydroxylation product of 
amitriptyline, has similar effects on the inhibition of 
noradrenaline uptake and blockage of the y-aminobutync 
acid (GABA) receptor in the rat brain [2, 31. Nortriptyline, a 
demethylation product of amitriptyline (AMI) is five times 
more potent than the parent drug [4]. Therefore, it is 
important to monitor these drugs as well as their 
metabolites. The structural similarity of these drugs and 
their metabolites make a highly efficient separation 
essential for their assay and metabolism studies. Traditional 
approaches for the analysis of these compounds include thin 
layer chromatography with fluorescence detection, high- 
performance liquid chromatography, gas chromatography, 
and gas chromatography - mass spectrometry with preder- 
ivatization [5-171. Spectroscopic analysis is often employed 
for structural characterization of metabolites after tedious 
HPLC fractionation [ 18-21]. Fast atom bombardment mass 
spectrometry has been used to directly characterize 
quaternary ammonium-linked glucuronides of three anti- 
depressants [22]. In addition, thermospray liquid chroma- 
tography - mass spectrometry has been used to determine 
tricyclic antidepressants and neuroactive indoleamines with 
10 pg detection limits [23]. 

Most capillary electrophoresis (CE) separations have been 
carried out using an aqueous buffer system. However, 
application of CE for the analysis of pharmaceutical drugs 
is limited because these drug are hydrophobic and conven- 
tional aqueous CE methods do not generate useful 
separations. Using organic solvents instead of water as the 
CE buffer solvent provides an alternative to conventional 
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CE of nonpolar compounds [24, 251. Organic solvents such 
as methanol and acetonitrile used as the buffer solvent 
increase the solubility of hydrophobic compounds such as 
tamoxifen [26] and some tricyclic antidepressants [27]. 
Absorbance measurements have limited sensitivity in CE 
because of the short optical pathlength across the diameter 
of the capillary. We have developed a laser-based thermo- 
optical absorbance detector whose sensitivity is independent 
of pathlength [28]. We have applied the detector to CE 
separation and obtained sub-femtomole mass detection 
limits for (dimethy1amino)azobenzene-amino acids and 
phenylthiohydantoin-amino acids [29-3 11. We have suc- 
cessfully applied the technique to analyze the Edman 
degradation products in protein sequencing [32, 331. The 
sensitivity of thermo-optical absorbance techniques depends 
on the change in refractive index with temperature and the 
heat capacity of the solvent [34, 351. Organic solvents 
provide a 5-10-fold higher sensitivity compared to aqueous 
buffers. The combination of thermo-optical absorbance with 
nonaqueous electrophoresis should provide improved sen- 
sitivity for the analysis of nonpolar compounds. 

The filamentous fungi Cunninghamella species have been 
used to study the metabolism of a number of pharmaceutical 
drugs such as (+I-)-N-(n-propy1)amphetamine 1361, (-)- 
deprenyl and pargyline [37], antihistamines [38], antide- 
pressants [39, 401, and other xenobiotics 141, 421. These 
fungi metabolize drugs in a manner similar to that in 
mammals. For example, cytochrome P450 monooxygenases 
are involved in the oxidative drug metabolism reactions in 
both fungi and mammals [41-43]. Therefore, fungal 
metabolism could model mammalian drug metabolism. 
Since fungal cultures are inexpensive and easy to maintain, 
the combination of this model system with a simple 
analytical technique can provide useful metabolic informa- 
tion and reduce the cost of drug development. 

2 Materials and methods 

2.1 Chemicals and materials 
Desipramine, nortripytyline, imipramine, amitriptyline, and 
clomipramine were purchased from Sigma (St. Louis, MO, 
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USA). A stock solution (1 mg/mL) of each compound in its 
salt form was prepared in acetonitrile. Working solutions 
were prepared by diluting the stock solution with a 
nonaqueous buffer composed of 5 rn ammonium acetate 
in methanol-acetonitrile (50:50), unless otherwise stated. 
Analytical grade ammonium acetate was obtained from 
BDH (Toronto, Canada). Organic solvents were all HPLC- 
grade and obtained from EM Science (Gibbstown, NJ, 
USA). Fused-silica capillary was purchased from Polymicro 
Technologies (Phoenix, AZ, USA). 

2.2 Instrumentation 

A 75 cm long fused-silica capillary (50 pm ID, 185 pm OD) 
was used for the separations. The column length from 
injection (anode) end to detection window was 69 cm. A 
nonaqueous separation buffer consisted of 40 m~ ammo- 
nium acetate, 75% methanol and 25% acetonitrile. The CE 
running buffer was sonicated for 2 min before use. Samples 
and standard were injected electrokinetically for 5 s at 5 kV 
and separated at 15-25 kV, unless otherwise stated. The 
capillary electrophoresis/thermo-optical absorbance detec- 
tion system has been described in detail elsewhere [30-321. 
The only modification to the optical system were two 
neutral density filters (0.3 and 0.1 OD) placed in the 
excimer laser beam to reduce its intensity to 40% of its 
original level. A Labview (National Instrument, Austin, TX, 
USA) program was written to control the injection time and 
voltage, the running voltage, and data collection; data was 
collected at 3.3 Hz directly from the lock-in amplifier to a 
486 computer via an RS 232 interface. To study the effect 
of temperature on the separation of the five antidepressants, 
a homemade temperature controller was constructed using a 
series of solid-state thermoelectric devices (Melcor, Tren- 
ton, NJ, USA) and copper plates. Six thermoelectric devices 
were connected in series and they were attached to two 
copper plates using heat-conducting glue (silver paint and 
epoxy). One of the copper plates was flat (150 X 150 X 3 
mm) and the other was a rectangular tank (150 X 150 X 14 
mm) and allowing water flow to maintain temperatures 
below 15°C. An ERO Electronics (Milano, Italy) temper- 
ature controller was used to adjust the voltage applied to the 
thermoelectric devices. 

2.3 Culture incubation and sample preparation 

Six cultures of Cunninghamella elegans were prepared and 
incubated for a total of ten days following the same 
procedures and under the same conditions described 
elsewhere [18]. Three of these cultures were dosed with 
5 mg amitriptyline and three were dosed with 10 mg of the 
same drug. Two controls, one containing the growth 
medium and cell culture without amitriptyline, and another 
containing only growth medium, were also prepared and 
incubated under the same conditions. Two 5 mg dosed and 
two 10 mg dosed cultures were extracted using the 
following procedures. A ten day old culture of C. elegans 
(30 mL) was centrifuged to pellet the cells and the aqueous 
phase was transferred to a 250 mL separatory funnel. The 
cell pellet was lysed and extracted with 50 mL of methanol. 
The methanol cell lysate was centrifuged and the methanol 
supernatant was added to the separatory funnel. Five grams 
of Na2HP04 and 100 mL of water were added to the 

separatory funnel. The mixture in the separatory funnel was 
extracted three times using 150 mL of methylene chloride. 
Each methylene chloride extract was filtered through a plug 
of sodium sulfate into a 250 mL round bottom flask, and the 
organic solvent was evaporated to dryness using a roto- 
evaporator and a 40°C water bath. The dry residue after the 
third extraction was redissolved into 5 mL of methylene 
chloride and transferred to a glass tube. Finally, the 
methylene chloride was completely evaporated under gentle 
N2 flow, and the dry residue was kept lat 4°C prior to 
analysis. The dry residue was redissolved in 1 mL of 
methanol for CE analysis. A 10 pL aliquot of this sample 
was diluted to 0.5 mL with a buffer of 5 mM ammonium 
acetate, 75% methanol and 25% acetonitrile prior to CE 
analysis. The diluted extract was subjected to the CE 
analysis for amitriptyline and its metabolites. We simplified 
the sample preparation procedure for rapid screening of 
metabolites by eliminating the solvent extraction steps. 
After 20 mL of methanol was added to a culture, a 0.5 mL 
aliquot of the mixture was pipetted and dried by vacuum 
centrifuge (Savant Speed Vac, Holbrook, NY, USA) at 
room temperature. 0.5 mL of methanol was added to the 
dried residue, then vortexed, and centrifuged. The super- 
natant was subjected to CE analysis. 

3 Results and discussion 

3.1 Optimization of nonaqueous CE separation for five 

We developed a simple and robust nonaqueous electropho- 
retic separation method for five tricyclic drugs that have 
similar mass-to-charge ratios and similar chemical struc- 
tures (Fig. 1). We used a nonaqueous buffer system 
containing ammonium acetate as the electrolyte and a 
mixture of methanol and acetonitrile as solvent. Despite the 
structural similarities of the five compounds, baseline 
separation was achieved using a wide range of buffer 
concentrations. Figure 2 shows the separation of the five 
compounds using a nonaqueous running buffer containing 
ammonium acetate in methanol-acetonitrile (75:25) solvent. 

tricyclic antidepressant drugs 

I 
CH2CH2CH2NHCH3 CHCH2CH2NHCH3 

1. Desipramine(DES) 2. Nortriptyline(N0R) 

.@-@ 3' 

I 
CH~CH~CH~N(CH~)Z  CHCH2CHzN(CH3)2 

3. Imipramine(IM1) 4. Amitriptyline(AM1) 

~ H ~ C H ~ C H ~ N ( C H ~ ) Z  
5. Clomipramine(CL0) 

Figure 1. Structures of the five antidepressants 
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Figure 2. Electropherograms of the five antidepressants separated using 
(A) 20 m~ and (B) 50 m~ of ammonium acetate in 75% methanoY25% 
acetonitrile at applied voltages of 15,20 and 25 kV. Identities of the peaks 
are described in Fig. 1. 

Higher applied voltage provided higher theoretical plate 
numbers and faster separation, up to the limit of our 30 kV 
power supply. When 25 kV was applied across the 75 cm 
capillary, theoretical plate numbers obtained were approx- 
imately 300 000 for the peaks 1 and 2 and 250 000 for the 
other peaks. Figure 2 also shows that migration times 
increased as the concentration of ammonium acetate 
increased from 20 m to 50 m. 

To achieve optimum separation efficiencies of these 
compounds, we optimized a number of factors including 
selection of solvents and electrolytes, the composition of 
solvents and electrolyte, temperature, and applied voltage. 
We found that pure methanol with ammonium acetate 
resulted in comigration of peaks 1 and 2, and peaks 3 and 4. 
The baseline was also noisy, which may be due to the 
temperature variation during the run, resulting in a change 
in the solvent‘s refractive index. Pure acetonitrile does not 
solubilize ammonium acetate to a level that generates a 

stable current in CE. Mixing acetonitrile with methanol 
gave a better baseline compared to pure methanol. The ratio 
of methanol to acetonitrile from 70:30 to 80:20 gave near- 
baseline resolution. To obtain highly reproducible migration 
times from run-to-run, it is essential to keep the buffer 
composition constant. 

We found a concentration range of ammonium acetate in a 
mixture of methanol and acetonitrile that provided good 
separation efficiency. The ratio of methanol to acetonitrile 
was kept at 75:25 while the ammonium acetate concen- 
tration varied from 20 m to 60 m ~ .  Baseline resolution for 
the five analytes was achieved using buffer concentrations 
ranging from 20 r m  to 50 mM (Fig. 2) .  When the buffer 
concentration exceeded 50 m, both the thermo-optical 
absorbance signal intensity and the resolution between 
peaks 1 and 2 decreased. 

We examined the separation efficiency of the five peaks and 
the resolution between peaks 1 and 2 when the capillary was 
kept in a homemade cooling device. The number of 
theoretical plates for peaks 1, 2, and 4 as well as the 
resolution of peaks 1 and 2 obtained when the applied 
voltage across a 75 cm capillary was 25 kV are shown in 
Fig. 3. Varying the temperature from 7 to 17OC gave similar 
theoretical plate numbers, approximately 300 000 for peaks 
1 and 2 and 240000 for peak 4. A further temperature 
increase from 18°C to 23.5OC decreased the separation 
efficiency probably due to Joule heating effects. The 
optimum resolution (R, = 1) for peaks 1 and 2 was achieved 
when the temperature was kept in the range of 10°C to 
18°C. Under these conditions, separations between peaks 2 
and 3, 3 and 4, and 4 and 5 were all baseline resolutions. 

3.2 Thermo-optical absorbance detection for 

Under the optimized conditions, 40 m ammonium acetate 
in methanol-acetonitrile (75:25), the estimated concentra- 
tion detection limits (30 ) ,  based on peak height for the five 
compounds range from 0.1-0.5 ~.LM and the mass detection 
limits are from 0.1-0.5 fmol injected onto the column. 
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Figure 3. Temperature effects on the theoretical plate numbers of peaks 1 
(0), 2 (0), and 4 (A) (left) and resolution (0 )  (right) between peaks 1 and 
2 obtained when the applied voltage across a 75 cm capillary was 25 kV. 
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These detection limits are approximately a factor of five 
superior to those obtained for phenylthiohydantoin amino 
acids in an aqueous CE separation [30]. The molar 
absorptivity of the drugs (14 000 L/mol cm) is similar to 
the molar absorptivity of the phenylthiohydantoin assayed 
in [30]. The improved detection limit reflects the improved 
thermo-optical constants of the organic solvent compared to 
aqueous buffers. 

3.3 Metabolism of amitriptyline by Cunninghamella 

We used our method to analyze the metabolites of 
amitriptyline produced by the fungus Cunninghamella 
elegans. Five replicate runs of the five standards demon- 
strated migration time precision of 0.5% for each peak. For 
rapid analysis of the incubated media, we simplified the 
sample preparation procedures by eliminating solvent 
extraction and evaporation steps. After methanol was added 
to the culture, we took 0.5 mL of the culture mixture and 
quickly evaporated water and methanol using a vacuum 
centrifuge. A 0.5 mL aliquot of methanol was added to the 
dry residue to dissolve the left parent drug and its 
metabolites and to eliminate most of the salts from the 
culture media. The methmol solution was centrifuged and 
the supernatant was directly injected for the nonaqueous CE 
assay. Electropherograms obtained from two extracts (from 
a 5 mg dosed and a 10 mg dosed C. elegans culture) 
prepared by this procedure are presented in Fig. 4. The peak 
patterns of the metabolites from the cultures and migration 
times of each metabolite peak are reproducible. These 
results show that matrices in the culture that could be 
dissolved in methanol did not cause significant variation in 
the migration times of the metabolites. We also analyzed 
the supernatant of the cultures without any pretreatment and 
obtained the same peak patterns of amitriptyline and its 
metabolites as those shown in Fig. 4. This method can be 
used to analyze the metabolites directly in culture super- 
natants for fast screening of the major metabolites without 
tedious extraction and preconcentration procedures. 

elegans 

Ic 

06h 8 10 12 14 16 
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Figure 5. Electropherograms of (a) a culture control, (b) the five 
antidepressant standards, and (c) a culture extract 

trating minute amounts of metabolites. Figure 5 illustrates 
the electropherograms from a culture control, the five 
standards, and a culture extract. The culture extract was 
prepared by methylene chloride extraction and redissolution 
in 1 mL methanol. The methanol solution was further 
diluted 50 times with methanol before being injected to CE 
for analysis. Twenty-one peaks including the parent drug 
(amitriptyline) and its metabolites were detected using the 
thermo-optical absorbance detector. Peak 12 migrating at 
10.93 min matched the parent drug amitriptyline in the 
standards. Peak 7 migrating at 8.35 min matched nortripty- 
line, a demethylated product of amitriptyline. 

When standards were available, we could tentatively 
identify the metabolites based on migration time matching 
because our method provided reproducible migration times. 
However, authentic compounds for drug metabolites are not 
usually available. Another analytical technique that pro- 
vides structural information is essential for identifying the 
metabolites. We describe the use of mass spectrometry for 
this analysis in a companion paper [44]. Since the 
separation buffer contains a volatile electrolyte (ammonium 
acetate) and volatile solvents (methanol and acetonitrile), 
this nonaqueous CE separation method should be compat- 
ible with electrospray mass spectrometry. Combining 
migration time from nonaqueous CE separation and mass 
spectral data from electrospray mass spectrometry may 
provide further information needed for metabolite identi- 
fication, as described in the companion paper [44]. 

To study minor metabolites generated in the cultures, we 
found that extraction procedures were useful for preconcen- 
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