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SUMMARY 

The combination of liquid chromatography and mass spectrometry (LC-MS) 
has been established to complement gas chromatography (GC)-MS in the analysis 
of non-volatile and labile drugs in complex materials. The possibilities of LC-MS in 
the pharmaceutical industry for the analysis of drug substances and dosage forms, 
metabolism studies and the elucidation of the structures of materials of biological 
origin are discussed. Instrumental requirements, limitations and applications of 
LC-MS are considered and experiences with LC-MS in routine applications are 
reported. Preliminary results obtained with thermospray LC-MS are compared with 
those using a direct liquid inlet interface. 

INTRODUCTION 

Many modern drug substances are non-volatile and also often thermally or 
chemically labile. In addition, newly developed drugs are generally more potent and 
specific, and therefore very low dosage forms are increasingly being used. Also, with 
the advent of biotechnological methods, biologically active components such as pep- 
tides and proteins of higher molecular mass are gaining increasing importance. The 
availability of liquid chromatography-mass spectrometry (LC-MS) as a sensitive and 
highly selective method for the analysis of non-volatile and labile compounds in 
complex matrices is therefore of great interest to the pharmaceutical industry. 

In our department, LC-MS has two major areas of application: the identifi- 
cation of byproducts and degradation products in drug substances and dosage forms, 
and the selective identification and quantitation of drugs and their metabolites in 
biological material. Other fields of activity are contributions to the elucidation of the 
structures of active compounds in biological materials, e.g., plant extracts or- animal 
tissues, the validation of methods such as radioimmunoassay and analytical “trou- 
bleshooting”. 

EXPERIMENTAL 

Fig. 1 shows schematically the instrumental setup. A ternary gradient liquid 
chromatograph is coupled to the direct liquid inlet (DLI) LC-MS-interface, which 
in turn is connected via a UV detector to the back-pressure regulating- device. This 
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Fig. I. Schematic diagram of the experimental setup. 

device replaces the commercially provided needle valve and consists of a container 
pressurized by air through a pressure regulator. If the hydrodynamic resistance of 
the connection between the DLI and the container is low, i.e., made with short and 
relatively wide capillaries, the back-pressure becomes virtually independent of the 
viscosity, composition and flow-rate of the eluent. In addition, sharp pressure pulses 
are strongly damped, which allows solvent switching, for example to cut off undesired 
parts of the chromatogram. It is even possible to change columns quickly without 
losing the jet of the DLI. 

The source pressure was monitored with the CI-GC pressure gauge of a Model 
5987 mass spectrometer and adjusted to the optimal value by changing the back- 
pressure (typically 3-5 bar) and varying the distance of the DLI probe to the desolva- 
tion chamber. A micrometer screw made it possible to adjust and maintain the 
exact position of the DLI probe. The pressure in the TSP source was measured with 
a gauge mounted directly-at the vacuum flange between source and isolation valve 
and adjusted to the optimal value (typically 7-9 Torr) by partly closing the valve. 

RESULTS AND DISCUSSION 

IdentiJicutions with LC-MS 
Fig. 2 shows an example of the identification of byproducts in bromocriptine, 

an ergotalkaloid drug substance, The signals A-F could be identified as brominated 
ergocriptine, ergocristine and ergocornine and their isomers. Structure fragments 
could be assigned to the signals X, Y and Z. 

The mass spectrum of compound Y is shown in Fig. 3. The isotope pattern of 
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Fig. 2. Byproducts in bromocriptine. The signal of the drug itself was switched away to avoid overloading 
the multiplier and source contamination. The UV chromatogram was recorded separately. Column, 125 
x 4.6 mm I.D., RP-18; mobile phase, 0.01 M ammonium carbonate-acetonitrile, gradient IO-60% ace- 
tonitrile in 30 min, flow-rate 2 ml/min; source temperature, 250°C; source pressure, 0.9 Torr; negative 
ions. 

the molecular ion of m/z 733 (M - H-) suggests the presence of two bromine atoms, 
while the fragments of m[z 443 and 386 contain only one bromine and are typical of 
bromoergocriptine. This indicates that the additional bromine is located in the pep- 
tide part of the ergotalkaloid, although the exact position cannot be determined. 

Fig. 4 shows the identification of a metabolite in rat bile. Bile was injected 
directly onto the column without sample cleanup, and the early eluting strongly polar 
components were cut off with solvent switching. In addition to being simple, direct 

Fig. 3. Mass spectrum (negative ions) of compound Y (Fig. 2). Experimental conditions as in Fig. 2. 
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Fig. 4. Chromatography of metabolites of fluperlapine in rat bile and mass spectrum (positive ions) of a 
glucuronide. A volume of 200 ~1 of bile was injected directly. The first 5 min of the eluting chromatogram 
were switched away. Column, 100 x 2.1 mm I.D., RP-18; mobile phases, (A) 0.005 M ammonium hy- 
drogen carbonate, (B) acetonitrile; linear gradient, 0 to 5 min from 0 to 25% B, 15 to 20 min from 25 to 
80% B; how-rate, 1 ml/min; source temperature, 200°C; source pressure, ca. 1.4 Torr; positive ions. 

sample injection maximizes the sensitivity and polar or labile metabolites are not 
lost. 

The expected metabolite, a glucuronide, is found with high selectivity in the 
extracted ion profile for m/z 502, the protonated molecular ion. The corresponding 
mass spectrum shows a relatively weak molecular ion of m/z 502 (M + H +) and the 
intense base peak of the aglycone fragment of m,/z 326. 

These examples illustrate that the spectra obtained with the chemical ionization 
gas of the mobile phase, i.e., methanol, acetonitrile, etc., usually contain only a few 
but nevertheless characteristic fragments, apart from the molecular ion. As the range 
of possible reaction byproducts, degradation products or metabolites is limited, the 
structural information obtained is very often sufficient for identification. However, 
it is clear that without some rough knowledge of what to expect, ab initio structure 
elucidation with LC(DLI)-MS will be the exception because of the limited structural 
information contained in chemical ionization (CI) mass spectra. 

Quantitation with LC-MS 
To quantitate drug substances and metabolites in biological material, the 

method has to be highly sensitive, very selective, reproducible and stable. AS the 
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Fig. 5. Calibration standards of nicardipine and metabolites. Column, 100 x 2.1 mm I.D., RP-18; 50 ~1 
injected; mobile phases, (A) water, (B) acetonitrile-tetrahydrofuran (80:14, v/v), (C) 0.02 M tetrameth- 
ylammonium formate f&H 2.3); step gradient from 50:30:20 to 30:50:20 (A:B:C) at 1.6 min; flow-rate, 0.36 
ml/min; source temperature, 350°C; source pressure, 1.2 Torr; negative ions; selected ion mbnitoring 

(SIM). 

amount of sample, e.g., blood plasma, is usually limited, the detection limit should 
be typically 100-500 pg per injection or lower, and low noise and background are 
therefore essential. Also, the selectivity must be high in order to avoid interferences 
from endogenous substances. In our experience, this leads to a lower limit of about 
m/z 250 for the useful mass range for quantitation in LC(DLI)-MS. 

Equally important, even when using internal standards, is the reproducibility 
and stability of the method. A standard deviation of 5% or better and cu. 10% near 
the detection limit is reasonable for pharmacokinetic studies. This calls for stable and 
reproducible ionization conditions, which means that the source pressure, tempera- 
ture, sorptive surfaces, tuning parameters, etc., need to be controlled reproducibly. 
As the jet of the DLI can vary slightly in length and direction with time and especially 
from day to day, and the design of the desolvation chamber is not necessarily optimal, 
the evaporation conditions cannot be controlled very accurately. Therefore, the ion- 
ization yields of different ions can vary greatly, which makes the use of an internal 
standard, preferably a deuterated analogue of the substance to be quantitated, almost 
mandatory. Fig. 5 shows the selected ion profiles of calibration standards of nicar- 
dipine (I) and four of its metabolites. 

H,COOC 
(1) 

The detection limit is below 50 pg per injection and only slightly higher for 
plasma extracts. Owing to the extreme range of polarity and the interferences between 
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Fig. 6. Calibration graph for the quantitation of nicardipine and chromatogram of an extract of spiked 
plasma (SIM, m/z 479). Conditions as in Fig. 5. 

M6 and M8, and Ml and nicardipine, a high-performance liquid chromatographic 
(HPLC) separation with a step gradient had to be used. 

The selected ion profile for nicardipine in a plasma extract is shown in Fig. 6. 
The calibration graph, also shown in Fig. 6, is linear with a standard deviation of 
about 7%. 

Nicardipine, with its excellent ionization yield of negative ions, represents an 
ideal case for quantitation. Nevertheless, in our experience, for many substances 
having average ionization yields for positive or negative ions with m/z greater than 
250, detection limits of 200-500 pg per injection can easily be achieved with 
LC(DLI)-MS. 

Metabolism studies with LC-MS 
Applications of LC-MS in metabolism studies involve the investigation of 

metabolic pathways, especially contributions to the elucidation of the structures of 
polar and labile metabolites, the validation of other methods of quantitation or iden- 
tification, pharmacokinetic measurements, comparison of species or the correlation 
of in vitro with in vivo metabolism. 

Typically, urine or bile samples contain 5-20 different metabolites with a total 
amount of lo-50 pug/ml. Plasma samples normally contain even lower concentrations. 
The high sensitivity needed for distinct mass spectra can be achieved by increasing 
the injection volume, by pre-concentration of the sample or by reducing the dilution 
of the sample by the use of shorter columns with smaller diameters and higher re- 
solving power together with shorter retention times. 

However, interferences and overloading effects set a limit to the amount of 
sample injected. Also, conjugates are often labile, so that pre-concentration and ex- 
traction of the sample can lead to decomposition. 

As mentioned above, some initial information is necessary for structure elu- 
cidation. In metabolism studies, the expected metabolites can be predicted by ex- 
perience and with the help of a computer program (CAMP, computer-assisted metab- 
olite predictionl). Fig. 7 shows metabolites of fluperlapine that were predicted and 
actually found and identified*. Bile from rats fed with fluperlapine was chromato- 
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Fig. 8. Chromatograms of rat bile containing ea. 250 pg equiv./ml of metabolites of Ruperlapine. Column, 
100 x 2.1 mm I.D., RP-18; 200 ~1 injected; mobile phase, acetonitrile-water, linear gradient from 10 to 
50% acetonitrile in 50 min, from 50 to 80% from 50 to 70 min; flow-rate, 0.5 ml/mm; post-column 
addition, DLI, from o’to 50 min 0.2 ml/min acetonitrile; TSP, 1.0 ml/mm 0.1 M ammonium acetate during 
the whole.separation. MS: positive ions; DLI source temperature, 25o’C; source pressure, 0.8 Torr. MS 
with TSP: tip temperature ca. 210°C; source temperature, 27o’C, source pressure, 8 Torr; filament off. 
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Fig. 9. TIC and extracted ion profile chromatograms of an extract of human urine containing cu. 420 pg 
equiv./ml of metabolites of cyclosporin. Column: 200 x 2.1 mm I.D., RP-18; 200 ~1 injected; mobile 
phases, (A) water, (B) acetonitrile, (C) methanol, linear gradients from 0 to 40 min 30% to 47.5% B, 40 

to 55 min 47.5% B, 55 to 70 min 47.5 to 65% B, 70 to 75 min 65 to 90% B, C constant at 10%; flow-rate, 
0.3 ml/min. MS: DLI source temperature, 300°C; source pressure, 1 Torr. TSP: tip temperature, ca. 180°C; 
source temperature, 270°C; source pressure, 8 Torr; filament off; negative ions. 

Neg. Ions, TSP Filament off 
Fig. 10. Mass spectra (negative ions) of two metabolites of cyclosporin. Metabolite M8 contains two 
additional hydroxy groups, metabolite M21 is cyclosporin less a methyl group. Conditions as in Fig. 9. 
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graphed and Fig. 8 shows the results obtained with both DLI and thermospray 
LC-MS. Despite the strong interferences found in the total ion current (TIC) chro- 
rnatograms, the summed selected ion profiles extracted for characteristic ions of the 
expected metabolites reveal clearly and specifically the signals of some metabolites. 
Four of these compounds could be identified and correlated with known metabolites. 

A metabolite profile of cyclosporin A in an extract of human urine is depicted 
in Fig. 9. In this instance, the TIC chromatograms show much less interference. 
Owing to the low polarity of cyclosporin and most of its metabolites, they can be 
easily separated from the more hydrophilic constituents of the urine. The mass spec- 
tra of two metabolites of cyclosporin A are shown in Fig. 10. Again, the spectra show 
very few details. The molecular ion (M - H-) has about lo-20% of the base peak 
intensity, the main fragment is generated by the loss of the side-chain of amino acid 
No. 1 and only a few minor fragments of lower mass are observed. 
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Fig. 11. TIC trace and mass spectra of a calibration solution of polyethylene glycol (PEG 1200, 40 pg/ml) 
and nicardipine (4 pg/ml) in 0.02 A4 ammonium acetate-acetonitrile (5050, v/v). TSP: tip temperature, 

208°C; source temperature, 250°C; source pressure, 8 Torr; Aow-rate, I .5 ml/min. 
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Direct liquid inlet (DLI) compared with thermospray (~,yp) 
It is well known that the ionization mechanisms of TSp LC-MS differ from 

those of chemical ionization observed in DLI LC-MS. Hence the specjgcjty and 

sensitivity of the two methods may not be the same for a given compound. 

Fig. 11 shows thermospraY total ion current traces and mass spectra with the 
filament on Or off for a mixtUI% of polyethylene glycol (PEG) and njcardjpjne_ For 

positive ions, the TSP mass spectra with the filament on or off show no significant 
differences. This indicates that obviously in both modes the same ionization processes 
dominate. With the filament on, the efficiency of ionization is 5-10 times higher for 
both substances. Compared with DLI chemical ionization, both nicardipine and PEG 

show about two orders of magnitude higher ionization yields for positive ions in TSP 
with the filament on. 

For negative ions, the TSP mass spectra of PEG show only extremely weak 
signals. In DLI chemical ionization with acetonitrile-water, no negative ions of PEG 
are observed. This is as expected, as the gas-phase acidity of the glycol OH groups 
is not very high3. The TSP negative ion mass spectra of nicardipine exhibit an inter- 
esting difference between the filament on and off modes. With the filament on, ni- 
cardipine is ionized by an electron-capture mechanism, producing a molecular ion 
M- (m/z 479), whereas with the filament off, ionization through proton abstraction 
becomes predominant, resulting in a molecular ion (M - H-) (m/z 478). 

For TSP in both modes, the yield of positive ions from nicardipine is 2-3 times 
higher than for negative ions. In DLI LC-MS however, the ionization efficiency is 
several orders of magnitude higher for negative ions (molecular ion M-, m/z 479) than 
for positive ions [molecular ion (M + H+), m/z 4801. 

Overall, for nicardipine, DLl LC-MS (negative ions) provides a 2-5 times 
higher sensitivity than TSP LC-MS (positive ions, filament on). It must be empha- 
sized that this result cannot be generalized, as depending on the conditions and the 
substance involved, the ionization mechanism may be different for the two methods. 
For example, TSP and DLI show approximately the same sensitivity in the analysis 
of metabolites of fluperlapine (Fig. 8), and whereas the sensitivity of TSP for CY- 
closporine and its metabolites (Fig. 9) is 10 times less than with DLL other examples 
in which TSP has a superior sensitivity have been reported4. 

A chromatographer tends to consider the mass spectrometer simply as a SO- 
phisticated detector. The chromatographic properties of the DLI and TSP interfaces 
were also investigated from this viewpoint. 

Fig. 12 shows the influence of column diameter on the chromatography of a 
test mixture. The flow velocity and the injection volume were kept constant. As the 
tip temperature of the TSP interface and in parallel the response are very flow sen- 
sitive, a makeup flow was added through a post-column mixer5 to keep the flow-rate 
constant at 1.5 ml/min. It can be seen that the response of both interfaces is concen- 
tration dependent. Decreasing the column diameter while keeping the linear velocity 
and injection volume constant leads to lower peak volumes and therefore less dilution 
of the sample. With the DLI the eluent is split and a decrease in column diameter 
leads to higher signals, i.e., higher sensitivity. As the TSP interface needs higher 
flow-rates, a makeup flow becomes necessary for narrow-bore columns. This causes 
additional dilution of the sample and band broadening and consequently a decrease 
in sensitivity. 
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Fig. 12. Influence of column diameter on peak height. Column length, 100 mm, RP-18 ODS-1 (2.1 and 
4.6 mm I.D.) and ODS-2 (1 mm I.D.). The test mixture was not the same for TSP and DLI. Mobile phase: 
water-acetonitrile (50:50, v/v); for DLI, for TSP both eluent and makeup were 0.1 M ammonium 
acetateacetonitrile (50:_50, v/v). 

The chromatograms obtained with a column of 1 mm I.D. illustrate the limits 
of the experiment. Apart from the fact that the chromatographic selectivity differs 
owing to the different stationary phase used, the peaks are much broader, indicating 
overloading of the column or too large an injection volume. 
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Fig. 13. Theoretical plate height as a function of linear velocity of the eluent. Column: 100 x 2.1 mm 
I.D., RP-18, 5 pm particles. Other conditions as in Fig. 12. Conditions for the experiment with the UV 
detector were the same as for LC-MS with DLI. 
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The peak broadening caused by the detector is another important factor in 
HPLC. Fig. 13 shows the dependence of theoretical plate height on linear velocity 
(H/u) for the same column with different detectors (UV, TSP and DLI). With a well 
optimized HPLC system, reduced plate heights of 2-5 dp should be observed. This 
occurs with the DLI interface, where the only volumes causing band broadening are 
the long capillary connections and the mandatory in-line filter. The Uv detector 
shows slightly more band broadening, caused by the cell volume, which, dynamically 
measured, was about 15 ~1. With the TSP interface, a makeup flow had to be added 
to keep the flow-rate in the ideal range needed. The mixer and the several unions 
necessary cause a considerable decrease in separation efficiency at higher flow-rates. 

To summarize, the TSP interface in its present technical state is combined best 
with conventional 4.6 mm I.D. columns. There are no restrictions on the composition 
of the mobile phase except that all components must be volatile. However, maximum 
sensitivity is strongly sample dependent and very sensitive to the mobile phase com- 
position and instrument parameters (source and tip temperature, pressure, etc.). 
Quantitation at trace levels with TSP seems to be limited owing to the high noise and 
frequent spikes (single scans with extremely high intensity). However, the interface 
is simple and easy to operate and therefore also suitable for automated analysis. 

In contrast, the DLI interface requires considerable technical skill of the op- 
erator and cannot be used in unattended automated analysis. The sensitivity is also 
sample dependent, but the influence of instrumental parameters is smaller. Obviously, 
additives to the mobile phase also must be volatile. In addition, however, extremely 
low (CU. < 15%) or high (ea. > 80%) water contents of the eluent in reversed-phase 
chromatography can lead to an unstable jet. Quantitation with DLI is also feasible 
at very low concentrations owing to the generally low noise level. 

A serious drawback of the DLI, in our opinion, is that it is still only an ac- 
cessory, and has remained virtually unimproved for the last few years. In contrast, 
dedicated ion sources have been developed for the thermospray technique, and both 
interfaces and sources have been continuously updated by several manufacturers. 

CONCLUSIONS 

Our experience with more than 2 years of routine application of LC(DLI)-MS 
has shown that the method is suitable for everyday analysis in an analytical labo- 
ratory in the pharmaceutical industry. The DLI interface shows good stability and, 
after acquisition of the necessary skills, a very high system availability. The excellent 
selectivity of the method is ideal for the qualitative and quantitative analysis of bio- 
logical samples with complex matrices. The sensitivity is adequate although, es- 
pecially with biological samples, where amounts and concentrations are often low, 
the limit to obtaining good mass spectra is reached quickly. The consequent use of 
short columns with smaller diameters solves this problem in many instances. The 
good reproducibility and stability of DLI LC-MS allows quantitative work down to 
very low concentration levels in the range 50-200 pg per injection. 
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