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GC 
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5’ -Adenosme monophosphate 
Atomic mass unit 
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Contmuous-flow fast atom bombardment 
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Direct liquid mtroductlon 
Electron impact 
Fast atom bombardment 
y-Ammobutync acid 
Gas chromatography 
Hydroxyelcosatetraenolc acid 
High-performance hquld chromatography 
Liquid chromatography 
Llmlt of detection 
Monodlsperse aerosol generation interface 
Mass spectrometry 
Molecular weight 
Open tubular liquid chromatography 
0-Trlmethylsllane 
Phosphatldylcholme 
Pentafluorobenzyl 
Relative abundance 
Selected-ion momtormg 
Thermospray 

1 INTRODUCTION 

Of all the detectors used m liquid chromatography (LC ), mass spectrometry 
(MS) may come closest to being a universal detector Mass spectra can be 
obtained for numerous organic compounds and blomolecules with molecular 
masses less than ca 20 000-30 000 a m u [l] In addition to detecting the 
presence of a compound, the mass spectrometer can confirm its identity and 
often can even provide sufficient data to determine the structure of an un- 
known Although the mass spectrometer 1s not the most sensltlve LC detector, 
the routine detection limits of MS [typically obtained by gas chromatography- 
mass spectrometry (GC-MS) 1, m the low femtomoles (plcograms), 1s suffl- 
clent for most LC apphcatlons Its optimum detection hmlts, ca 40 amol, does 
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not compare too unfavorably with the most sensitive detectors such as fluo- 
rescence at 4 amol and amperometric at 2 amol For most apphcations, the 
increased selectivity of the mass spectrometer can more than compensate for 
any loss in sensitivity compared to other detectors. 

As with most hyphenated analytical techniques there are problems associ- 
ated with interfacing two disparate systems in such a way as to obtain maxi- 
mum performance from both subunits, and LC-MS methodology is certainly 
no exception One maJor problem which will not be discussed further is the 
cost The second maJor difficulty is the mcompatibihty between the operating 
pressures of the mass spectrometer analyzer (ca. 10m6 Torr) and of the LC 
system (liquid at 2 1 atm ). Since LC systems use liquid mobile phases, the 
pressure incompatibility is much more severe than m GC. An ad&tional prob- 
lem IS introduced when magnetic sector mstruments, which operate at high 
source potential (typically 3-8 keV) , are involved since they are susceptible to 
high-voltage breakdowns at higher source pressures. 

In the field of GC-MS numerous interface designs, such as membranes, Jet 
separators and frits, were proposed and evaluated before the development of 
fused-sihca capillary columns made the direct couplmg of capillary columns 
into the MS source possible This has now become the method of choice for 
interfacing GC and MS LC-MS technology is presently at a stage comparable 
to the earlier days of GC-MS where a number of interfaces are being proposed 
and evaluated, but no single methodology has yet to emerge as a universal 
choice Thus, any discussion of LC-MS methodologies currently revolves 
around a discussion of the various interface types 

Although every LC-MS user would probably come up with a different deli- 
mtion or different emphasis when defining the perfect LC-MS interface, there 
are several characteristics which are worthwhile to keep m mind during the 
discussion of interfaces. 

From the mass spectrometrist’s viewpoint an ideal interface should (1) re- 
quire no special source, (2 ) be as simple as possible and, preferably, not require 
permanent changes to the mstrument, (3 ) yreld source pressures compatible 
with electron-impact (EI) data acquisition, (4 ) be compatible with high-volt- 
age instruments, (5) not degrade thermally labile compounds, (6) require no 
sphttmg or make-up flows; and (7) be universally applicable to all compounds 

From the chromatographer’s point of view the interface should ( 1) place no 
restrictions on the LC flow, (2) be compatible with normal- and reversed- 
phase chromatography, (3) be compatible with all buffers, and (4) introduce 
no chromatographic band broadenmg 

2 INTERFACE DESIGNS 

2 1 Transport Enterfaces 

In transport Interfaces, the LC eluent is mechanically transported from the 
end of the LC column to the ion source with the mobile phase being removed 
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prior to entry into the ion source The first successful LC-MS interface, the 
movmg-wire mterface of Scott et al [ 21, was of this type The first type of LC- 
MS interface sold commercially, the movmg-belt interface designed by Mc- 
Fadden et al. [ 31, IS still m use and 1s avallable from two manufacturers of 
mass spectrometers 

In the orlgmal moving-belt interface, the eluent 1s deposited on a contmu- 
ously moving belt The belt first passes under an Infrared heat source to evap- 
orate the mobile phase, then passes through two vacuum locks and into the 
mass spectrometer. Flash vaporlzatlon of the analyte 1s effected as the belt 
passes through a heated chamber adlacent to the source On the return path 
the belt passes under a clean-up heater and a scrubber used to remove non- 
volatile buffers 

Modlficatlons to improve compatlblhty with mobile phases contammg high 
percentages of water and to improve sensltlvlty have been made Heaters placed 
m the vacuum locks, use of mlcrobore columns and the development of a spray 
depositor with a heated nebuhzer have all improved compatlblhty with aqueous 
phases Passmg the belt directly into the source has also improved sensltlvlty 
and decreased the sample heatmg requirements [ 41 (Fig 1) 

The movmg-belt interface has several features which are advantageous. Since 
the mobile phase has been evaporated by the time the analyte has reached the 
source region, this Interface IS compatible with a variety of lonlzatlon modes 
mcludmg EI, chemical lonlzatlon (CI) and fast atom bombardment (FAB) 
Thus, the technique 1s not limited to data acqulsltlon under CI condltlons as 
1s the case with several other Interfaces Since non-volatile buffers can be re- 
moved from the belt after it has exlted the source, non-volatile buffers can be 
used 

The negative characterlstlcs of the moving belt Include (1) potentially high 
background from the belt and from carryover and (2 ) the range of analytes 1s 
typlcally limited to thermally stable compounds The high belt background 
problem has been noted at low mass [ 51 Smce high-performance liquid chro- 

INSULATOR 
SAMPLE 

IR HEATER IN 

Fig 1 Schematic diagram of movmg-belt mterface (adapted from refs 3 and 4) 
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matography (HPLC ) 1s normally used with higher-molecular-mass com- 
pounds, this often 1s not a severe problem Carry-over can, of course, be alle- 
vlated or removed by optlmlzmg the scrubber process 

The second problem IS more fundamental Games [6] has noted that the 
belt interface 1s useful for compounds whose thermal stabllltles fall m the range 
between those amenable to GC-MS determination and those that can only be 
analyzed by desorptlon CL The recent combmatlon of the moving belt with 
FAB lomzatlon does remove thrs restrlctlon for the more polar thermally labile 
compounds [7] but requires precise control of the primary ion flux to avoid 
degradation of analyte 

2 2 Dwect llqurd mtroductzon 

As the name implies, m direct liquid mtroductlon (DLI) LC-MS, the LC 
mobile phase 1s introduced directly into the mass spectrometer In commercial 
DLI LC-MS interfaces, a solvent Jet 1s formed by passing lo-40 ~1 of LC ef- 
fluent per mm through a laser-drilled pinhole (usually 2-5 ,um m diameter) m 
a replaceable diaphragm. To prevent premature evaporation of the solvent, the 
tip of the interface 1s water-cooled This Jet then passes through a desolvatlon 
chamber where the droplets are vaporized, and the vapor enters the mass spec- 
trometer source 

Due to the limited amount of solvent which can be tolerated by the mass 
spectrometer’s vacuum system, DLI Interfaces for conventional LC columns 
mcorporate a sphtter, usually a simple needle valve and waste flow-lme located 
downstream from the orifice. This allows all but the 20-40 pi/mm of the mo- 
bile phase needed to form the Jet to pass by and provides the back-pressure 
necessary for Jet formation Unfortunately, this reduction m the amount of 
mobile phase entering the source leads to a comparable reduction m the amount 
of analyte entermg the source For a 1 ml/mm flow-rate, a 20-PlulJet means that 
only 2% of the mjected analyte reaches the mass spectrometer The develop- 
ment of microbore and mmlbore HPLC systems, with reduced column flow- 
rates, has meant that the split ratio could be improved For mlcrobore DLI 
LC-MS, interfaces were designed with no spht valve, and the entire column 
effluent forms the jet and enters the mass spectrometer [B] (Fig 2) 

DLI LC-MS can be performed on a conventional CI mass spectrometer, 
modified by the addition of the desolvatlon chamber (heated or unheated de- 
pendmg on the manufacturer) The resultmg high source pressures yield CI 
spectra, both posltlve and negative ion, with the mobile phase forming the 
reagent gas Iomzatlon occurs as m conventional CI, with proton transfer m 
the posltlve-ion mode and proton abstractlon and electron capture m the neg- 
ative-ion mode Iomzatlon of the analyte depends on the relative proton and 
electron affimtles of the analyte and the mobile phase components [ 91 

Since the LC solvent vaporizes within the mass spectrometer, certain sol- 
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WATER 

Fig 2 Schematic diagram of DLI mterface (adapted from ref 8) 

HOUSING 

THERMOCOUPLE 

Fig 3 Schematic diagram of thermospray Interface (adapted from the Vestec Interface Manual, 
Vestec, Houston, TX, U S A ) 

vent restrictions are encountered. Only volatile solvents and volatile buffers 
can be used (e.g., ammomum acetate and ammonmm formate). The use of 
phosphate and sulfate buffers should be avoided. DLI LC-MS is useful for both 
normal- and reversed-phase systems, and high concentrations of water m the 
mobrle phase can be used, although this may lead to reduced filament hfetlmes. 

Although early DLI LC-MS work was done on magnetic sector instruments 
[lo], the high source pressures encountered m DLI LC-MS make it more ame- 
nable to mterfacmg with quadrupole mass spectrometers. Although arcing 
problems are more hkely to occur with the high voltages encountered m mag- 
netic sector mass spectrometers, DLI LC-MS is still used with some magnetic 
sector instruments [ 111 

2 3 Thermospray 

Unhke DLI, thermospray (TSP) LC-MS mcludes a specially designed mass 
spectrometer source as well as an interface probe and a controller [ 121 In the 
TSP interface probe, the column effluent passes through a heated vaporizer, 
formmg a supersonic Jet Vaporizer, source block and vapor temperatures are 
crltrcal for successful ionization and volatihzation (Fig 3 ) Most sources now 
also mclude a filament, a discharge electrode and a repeller to assist m ion 
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production, extraction and fragmentation Usually performed with column flow- 
rates of approximately 1 ml/mm, the entire column effluent m TSP passes 
into the mass spectrometer source Ions are drawn into the analyzer through a 
sampling cone (0 5 mm I D ) while most of the solvent vapor (and certamly 
some of the sample) is pumped out of the source via an addrtlonal rough pump 

Since the vaporization of the solvent occurs msde the mass spectrometer, 
the same buffer restrictions apply m TSP as m DLI Volatile buffers, such as 
ammomum acetate and ammomum formate, can be used, while sulfate and 
phosphate buffers must be avoided As orlgmally designed, the TSP source had 
no iomzatlon source other than mteractlon of the buffer with the analyte, and 
the use of a buffer was required The mclusion of the filament and discharge 
electrodes have ehmmated this restriction and now allow the use of TSP m 
normal-phase systems TSP with a filament has sometimes been referred to as 
‘hot DLI’ or ‘CI mode’ TSP 

The actual romzatlon process m TSP is still under debate, although there is 
general agreement that no matter whether the uutlal iomzatlon is gas phase 
or solution phase, enough colhsions occur m the high-pressure source so that 
the ions leaving the source obey gas phase thermochemistry (1 e , a chemical 
lomzatlon-type process) In ‘classical’ TSP (1 e , TSP without a filament or 
discharge), ions could only be produced by proton donatron (usually from the 
NH,+ of the buffer) m the posltlve-ion mode or by proton abstraction or ace- 
tate attachment in the negative-ran mode This led to the formation of 
(M+H)+ ions in the positive-ion mode and (M-H)) and (M+OAc)- m 
the negative-ion mode With the mtroduction of the filament or discharge, 
electron capture could now occur with the production of MT ions m the nega- 
tive-ion mode TSP 1s a fairly gentle lomzatlon techmque, and many com- 
pounds show only molecule ion species In order to get more structural mfor- 
matlon from the mass spectrum, the discharge electrode and repeller have 
sometimes been used to mduce fragmentation m what may be a colhslon-m- 
duced drssoclatron process The discharge is thought to produce a hotter plasma 
which mduces more thermolysis while the repeller is thought to enhance frag- 
mentation through a colllslonally activated decomposition process On sult- 
ably equipped mass spectrometers, TSP m combmatlon with tandem MS has 
also proved useful 

2 4 Atmospherrc pressure lonlzatron 

As the name implies, m the atmospheric pressure romzatlon (API) mstru- 
ments the source is mamtamed at atmospheric pressure Smce the ion source 
operates at atmospheric pressure it does not impose any flow restramts on the 
LC system Ionization occurs by formatron of a corona discharge m the source 
Ions are then electrically focussed through a lOO-pm orifice mto the hlgh-vac- 
uum analyzer region Since lomzatlon occurs m a high-pressure region, CI 
spectra result (Fig 4) 
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Fig 4 Schematic diagram of API source (adapted from ref 13) 

_HEB”L 
SPRAY 

Fig 5 Schematic diagram of heated nebuhzer mterface for API (adapted from ref 8) 

N2 
CHARGED 

DROPLETS 

Fig 6 Schematic diagram of electrospray interface for API (adapted from ref 15) 

Strictly speaking, API 1s not an interface design but a source design How- 
ever, for the purposes of this review, it will be treated as an interface type 
There are three interfaces used with API MS ( 1) heated nebuhzer [ 8,13 ] ; (2 ) 
electrospray [ 141; and (3 ) liquid ion evaporation [ 151 

The heated nebuhzer IS probably the most common of the three In this 
process, the LC effluent (up to 2 ml/mm), make-up gas and nebuhzer gas are 
mtroduced coaxlally mto a heated quartz tube (Fig 5) The heated nebuhzed 
spray is rapidly swept mto the ion source where it 1s lomzed by corona discharge 

In the electrospray interface no heat 1s used The effluent passes through a 
metal capillary that 1s maintained at a high negative potential The induced 
charge 1s such that coulomblc repulsion overcomes the surface tension and a 
fine spray results (Fig 6) The ions formed by the high potential are electrl- 
tally extracted mto the analyzer 

The third Interface, liquid ion evaporation, combines characterlstlcs of both 
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nebuhzatlon and electrospray [ 151 The effluent 1s nebuhzed mto the API 
source where a high-voltage electrode induces a charge on the droplets. The 
charged droplets then emit ions which are focused into the analyzer This tech- 
nique 1s well suited for polar compounds 

The maJor drawback to LC-API MS 1s the fact that the API mass spectrom- 
eter IS highly specialized since the commercial instrument 1s an API-only 
instrument. 

2 5 Monodtsperse aerosol generatron Interface 

In 1984 Willoughby and Browner [ 161 reported the design of a new type of 
LC-MS Interface, the monodlsperse aerosol generation Interface (MAGIC) 
(Fig 7 ) In this interface the LC effluent passes mto the desolvatlon chamber 
through a glass orifice to form a liquid Jet This Jet breaks up spontaneously 
into uniform drops A perpendicular flow of hehum disperses the drops and 
prevents recoagulatlon and also alds m solvent vaporlzatlon As the drops pass 
through the desolvatlon chamber, the solvent rapidly evaporates from the drops 
At this point, If the analyte 1s a solid, the result 1s a high-velocity particle beam 
which 1s the basis of the alternative nomenclature for the technique, particle 
beam LC-MS 

The analyte beam, hehum and solvent vapor passes into a momentum sep- 
arator The momentum separator 1s very similar m concept to the Jet separator 
developed for packed column GC-MS [ 17,181. The resultant source pressure 
1s approximately lop6 Torr The analyte particles strike the heated source and 
are then vaporized.. Optimum LC flow-rates have been reported to be m the 
range 0.1-O 5 ml/mm [16] At higher LC flow-rates the LC effluent 1s split 
before entering the interface 

The low source pressure enables the analyst to obtain standard EI spectra 
with very httle background due to the mobile phase CI spectra can be obtained 
by standard CI procedures The choice of the CI reagent gas 1s not determined 
by the mobile phase as it 1s m DLI Smce flash vaporlzatlon of the analyte m 
the source 1s part of the ion formation process, MAGIC so far has been limited 

DISPERSION 
GAS 
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Fig 7 Schematx diagram of MAGIC interface (adapted from ref 16) 
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to use with volatile compounds. The more polar or thermally labile compounds 
such as peptides or sugars have not been observed to be compatible with the 
interface [ 191 

2 6 Open tubular lrqurd chromatography 

Just as packed column GC-MS using Jet separators has its LC-MS equiva- 
lent m MAGIC, there is an LC-MS equivalent of capillary column GC-MS m 
open tubular liquid chromatography(OTLC)-MS An adequate discussion of 
OTLC should cover two distinct areas ( 1) OTLC; and (2) using open tubular 
columns as an LC-MS mterface (a subset of DLI ) Although the emphasis of 
this review is on the couplmg of LC and MS, the use of capillary columns in 
LC is relatively new and merits a brief introduction 

OTLC columns are made from coated or chemically bonded glass or fused 
s&a These columns typically have internal diameters of l-20 pm and lengths 
of l-10 m At an optimum mternal diameter of ca 2 pm and length of 2 m, an 
excess of 2~10~ theoretical plates should be generated within 2 h for a solute 
with a k’ of 10 [20] Flow-rates m those columns are of the order of 5-250 
nl/mm OTLC columns have been used for a variety of apphcations mcludmg 
the separation of neurotransmitters found m a single neuron [ 211 

The mobile phase flow-rate of, e g , water, that can flow mto a typically 
pumped MS system and still maintain a reasonable EI source pressure, ca. 
5+10m6 Torr, is of the order of 0 2 @/mm or less Thus the nl/mm flow-rates 
encountered m OTLC should be easily compatible with the mass spectrometer. 
For this reason and due to the interest in OTLC within the field of separation 
science, interest m couplmg OTLC with MS has increased 

There have been two general approaches taken to couplmg OTLC and MS, 
each of which is designed for different purposes The first is to use a piece of 
fused-sihca capillary tubing as a transfer line from a conventional HPLC col- 
umn to the mass spectrometer [ 22-241 In this type of Interface the flow-rates 
are fairly high (50-100 pl/ mm) so that a stable liquid Jet forms. The effluent 
is usually split before entering the fused-silica column As the flow-rate is re- 
duced, as m packed microcapillary LC (e g ,22 mm I D ) or m OTLC (20 pm 
I D ) the tip of the column must be drawn to a fine tip to provide a stable liquid 

Jet 
In our laboratory we have used coated capillary columns as the separating 

columns and as integral parts of the interface (Fig 8) The OTLC column IS 
tapered and inserted directly into the source We have observed that, if the tip 
1s heated as well as tapered, vaporization occurs at the probe tip rather than 
inside the tip, as m a non-tapered interface, resultmg m less plugging of the 
column and/or freezing of the mobile phase due to expansion [ 25 ] 

Alborn and Stenhagen [ 261 have observed that ionization is aided by a strong 
electrostatic field as found m a magnetic sector instrument, and is, thus, sim- 
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Fig 8 Schematic diagram of OTLC interface (adapted from ref 25 ) 

liar to electrospray ionization Problems were encountered with freezing of the 
effluent This problem has been alleviated by heating the probe tip which also 
permits use with quadrupole instruments where the electrostatic field is absent. 

OTLC interfaces typically do not require instrumental modification or spe- 
cial sources The range of compounds amenable to analysis using this interface 
has not been determined, but early results indicate it lies between GC and FAB. 
Hemon in 1985 [ 271 noted that OTLC permits the analysis of more complex 
mixtures due to higher chromatographic efficiencies and that EI data can be 
obtamed, suggesting that more applications of OTLC-MS should appear m 
the future. 

One hmitatlon of OTLC-MS at present is m column preparation. Recent 
developments by Dluzneski and Jorgenson [28] m the preparation of coated 
fused-sihca columns, however, indicates that this problem is being addressed 
successfully 

2 7 Contvzuous-flow fast atom bombardment 

The advent of FAB MS has greatly increased the range of compounds ame- 
nable to mass spectral analysis to include iomc compounds, polar compounds 
and thermally labile compounds such as quaternary ammomum salts, peptides 
and carbohydrates 

The couphng of HPLC with FAB MS was soon pursued as a natural exten- 
sion of the capablhties of the FAB MS [29,30] (For a review of FAB see ref 
31 ) The major problem was to develop a means of contmuously mtroducmg 
analyte mto the FAB source The most widely employed method is to mtroduce 
contmuously the analyte m aqueous solution, typically contammg glycerol 
The solvent flows to the probe tip through the probe shaft using a fused-silica 
transfer lme, usually at flow-rates of 5 @/mm or greater. The probe tip is 
warmed sufficiently to prevent freezmg (Fig. 9 ) Connecting an HPLC system 
with sphttmg or a microbore HPLC column without sphttmg was then a simple 
task. Similarly, we have adapted OTLC columns to contmuous-flow fast atom 
bombardment (CF-FAB) by using a coaxial column m which the LC column 
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Fig 9 Schematx diagram of CF-FAB interface (adapted from VG Interface Manual, VG Analyt- 

ical, Manchester, U K ) 

1s inserted within the column carrying the FAB matrix [ 321. 
Although CF-FAB may employ a different source and probe than does con- 

ventional FAB, the CF-FAB source and probe can be used for conventional 
FAB The range of compounds which may be analyzed is the same as for con- 
ventional FAB, e g , peptides, carbohydrates, complex liprds, ohgonucleotides 
and nucleosldes 

2 8 Comparrsvn 

Comparing each of these LC-MS interface characteristics confirms our ear- 
her statement that the ideal does not yet exist The DLI, TSP, API and CF- 
FAB are compatible with only CI (positive and negative) or FAB ionization 
All interfaces place limits on the LC conditions (usable buffers, maximum or 
munmum flows or require sphtting) Some, such as TSP, require specialized 
MS sources and/or complex interfaces These characteristics are summarized 
m Table 1 

TABLE 1 

INTERFACE CHARACTERISTICS 

Character&x DLI Belt TSP API CF-FAB OTLC MAGIC 

No special source 
No permanent 

modlficatlons 
EI data 
High-voltage compatlblllty 
No addltlonal flow 

requirements imposed 
by mterface 

Normal or reversed-phase 
Compatlbie with all 

buffers 
No band broadening 
No thermal degradation 

X X X X 

X X X 
X X X 

X X X X X X X 

X X X 

X X X” X X X X 

X X 
X X X X X X X 

X X 

“With the use of a filament or corona discharge assembly 
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3 APPLICATIONS 

This section 1s not intended to be a complete coverage of all the papers m 
which LC-MS methodology has been apphed (For a recent review see ref 33) 
Rather those techniques which have been successfully or unsuccessfully ap- 
plied to a given category of compounds will be indicated Aspects whxh lm- 
pmge on blochemxal or chmcal apphcatlons, such as hmlts of detectlon, will 
be discussed as will appllcatlons to ‘real’ problems To better emphasize the 
current state of LC-MS apphcatlons, emphasis will be on results from the last 
four or five years In reading these sectlons several caveats should be kept m 
mind ( 1) What you have 1s what you use Very few labs have several different 
LC-MS interfaces available and, thus, there 1s little comparative mformatlon 
available This also tends to emphasize apphcatlons from turnkey systems such 
as commercial TSP LC-MS instruments (2 ) Posltlve results are more likely 
to be pubhshed than negative results (3 ) Many industrial apphcatlons of LC- 
MS, e g , m drug research, are not reported m the open literature (4) A ma- 
Jorlty of papers on rapidly developmg techniques are oriented to the behavior 
of standards, often by flow m;lectlon analysis, rather than apphcatlons m prob- 
lem solving (5) With the enormous volume of sclentlflc hterature today, the 
reviewer 1s at mercy of the quirks of computerized hterature searches (Some 
of our papers were missed so we must presume that others’ were as well ) 

3 1 Peptldes and amtno acids 

The qualitative and quantltatlve determmatlon of ammo acids and peptldes 
by LC-MS has generated considerable interest Of the Interface designs dls- 
cussed above DLI, API, moving belt, TSP and CF-FAB have all been apphed 
to these analyses MAGIC and OTLC-MS have not yet been applied success- 
fully to the analysis of peptldes 

For obtammg spectra of peptides, the moving-belt interface appears to be 
the least sensitive and IS also prone to induce thermal decomposltlon at low 
levels [34] Improved sensitivity has been achieved by derlvatlzatlon (100 ,ug 
N-acetyl permethylated Leu-enkephalm) [ 351 Although the m-source sensl- 
tlvlty by DLI 1s quite good (ng), DLI effluents are usually split prior to analysis 
which decreases the on-column sensltlvltyby several orders of magnitude (hm- 
its of detection (LODs) of ca 10 bug injected [36] } Another problem which 
was observed with DLI 1s variable tuning Melon and Bur [ 371 investigated a 
series of polypeptldes, (Gly), with n=2-6, by DLI using a constant-tuning 
procedure for optimum sensltlvlty of one of the compounds of Interest Under 
these condltlons, (M + H ) + ions were observed for only n = 1-4 and no molec- 
ular ion species was seen for n = 5 and 6 That appropriate condltlons can be 
found for n = 5 and 6 1s evidenced by the observation of (M + H ) + ions for Leu- 
and Met-enkephalms and ar-amamtes [ 361 When dealmg with an unknown, 



however, the analyst often does not have an appropriate compound to tune on 
and, m complex mixtures, tunmg on one component may not be optimal for 
all components. 

All three API interfaces (nebuhzed, electrospray and nebuhzed electro- 
spray) have been successfully apphed to peptide analysis Sensitivity seems to 
be quite compound-dependent, although it is difficult to compare LODs m dif- 
ferent laboratories on different machmes for different compounds. None the 
less, good full-scan spectra of peptides with molecular weight (MW) > 1000 
can be obtained on less than 100 ng 

The use of TSP LC-MS for the analysis of peptides has proven to be quite 
popular The range of peptldes amenable to TSP MS analysis so far has been 
limited by the mass range of the mass spectrometer For example, Rudewicz 
[38] observed the protonated molecular ion cluster of glucagon, 
(M+ H) = 34816, on a 4000 a m u quadrupole from 3 nmol of material De- 
tection sensitivities have been reported to be of the same order of magnitude 
as static FAB sensitivities (100-500 pmol for full-scale spectra) As with DLI, 
tuning conditions can be critical and some analytes may not be observed under 
conditions where related compounds can be [ 341 This may be due to thermal 
decomposition which has also been noted for glutathione conJugates of xeno- 
biotics [ 391. Like FAB, the TSP spectrum sometimes mcludes fragment ions 
characteristic of the structure m sufficient mtenslty for structure elucidation 
[ 401 The presence of structural mformation is very dependent upon the com- 
pound and operating conditions 

To increase the structural mformation obtamed by TSP MS, Stachowiak et 
al. [41] and Kim et al [42] m Vestal’s group have developed elegant on-lure 
procedures for the determmation of proteins In this technique, immobihzed 
enzyme columns are placed m lme before (and after) the LC column In this 
procedure a protein is subJected to endopeptidase proteolysis by passing it 
through a column of the immobihzed enzyme, e g , trypsm The products are 
separated on an LC column Each separated peptide fragment is then passed 
through a third column contammg an immobihzed exopeptidase such as car- 
boxypeptidase The resultmg mixture of products arising from a smgle endo- 
peptidase fragment are detected by TSP MS 

The sequence of the peptide fragment can be determmed by the mass differ- 
ences of the product. This procedure was apphed to the 58 ammo acid protem, 
basic pancreatic trypsm mhibitor, with the result that 29 of 58 residues were 
identified m their proper sequence using less than 600 pug total of protein Hart- 
man and Jardme [ 431 have used TSP MS for the analysis of the rabbit bihary 
metabohtes of cyclosporme A 1-pg isolate gave good spectra of the metabohtes 
mdicating products showmg addition of one to four oxygens and several N- 
demethylated products 

In addition to structure determmation of peptides, TSP MS has been suc- 
cessfully apphed to the quantitative analysis of smaller molecules such as car- 
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Fig 10 Spectra of Leu-enkephalm by (a) belt (as N-acetyl methyl ester derlvatlve), (b) DLI, 
(c) API, (d) TSP and (e) CF-FAB Spectra were reconstructed from data in refs 35,36, 13,40 
and 52, respectively 

cmogemc tryptophan pyrolysates [ 441, mutagens formed m cooked food [ 451, 
mdole acids in urine and serotonin, cholme and acetylcholme m mouse bram 
homogenate [ 461 y-ammobutyrm acid (GABA) m bram tissue [47]. For the 
latter analysis, Artlgas and Gelpi [ 471 found that the detection llmlt for GABA 
by TSP MS [ 10 pg, selected-ion momtormg (SIM) ] was comparable or better 
than that obtamed by GC-MS [46] In contrast, they found that catechol- 
ammes demonstrated very poor sensitivity by TSP MS (LOD 2 2 ng) 

CF-FAB has been the techmque most competitive to TSP MS m popularity 
for the analysis of peptides. Chemical noise is decreased by reducing the amount 
of matrix needed, and the suppression effect observed m FAB, where specific 
peptldes not detected in a mixture are readily detected by themselves, 1s greatly 
reduced m CF-FAB [48] LODs m the full-scan mode are slgmficantly lower 
for CF-FAB ( < 10 ng for peptldes < 2000 a m u ), especially usmg microbore 
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columns [48,49] We have obtamed attomole detection limits with 10 ym I D 
open tubular columns using the coaxial interface [ 321 

The analysis of high-molecular-mass protems such as msulm [48] and the 
analysis of proteolytic digests for structure determmation have been accom- 
plished by CF-FAB [ 48-521 N ow that CF-FAB probes and sources (basically 
standard FAB sources modified by the addition of a source heater) are com- 
mercially available, it is expected that the number of reported applications of 
this technique will increase dramatically 

To compare as closely as possible the data obtained for peptides from the 
various interfaces, Fig 10 contams the spectra of Leu-enkephahn obtained by 
(a) belt (as the N-acetyl methyl ester derivative), (b) DLI, (c) API, (d) TSP 
and (e) CF-FAB The mass range shown was selected to keep all spectra on 
the same footing Since the belt contains a thermal desorption step, it is not 
surprismg that the molecular ion species is of relatively low abundance It is 
surprismg, however, that the API interface gives an (M+H) + of only 23% 
relative abundance (RA) As ~111 be seen m later sections, for most compounds 
LC-API MS usually provides spectra with less fragmentation than the other 
interfaces 

3 2 Nucleotldes, nucleosldes and bases 

Nucleosides and related compounds have been successfully analyzed by LC- 
MS usmg movmg belt [ 53,541, electrospray [ 141, API [ 131, DLI [Z-57], TSP 
[58-651 andCF-FAB [66] S ome of these references simply report the spectra 
of standards [ 59,661 Most work appears to be done m the positive-ion mode, 
using conditions analogous to ammonia CI A notable exception was the anal- 
ysis of 6-thiopurme, where negative-ion TSP was ten times as sensitive as 
positive-ion TSP [58] With the belt techmque, enhanced molecular ion m- 
formation was obtained for adenosme through the use of chloride attachment 
negative-ion CI [ 53 ] 

Varying ratios of protonated molecular ion, fragment ion correspondmg to 
the protonated base, and the sugar moiety can be produced depending on source 
and interface conditions. A comparison of spectra resulting from different ver- 
sions of the belt interface is given by Games et al [ 541, while an exammation 
of the effect of temperature on the TSP spectrum of 5-adenosme monophos- 
phate (5’ -AMP) is given by Edmonds et al [63] This varration, as well as 
differences between compounds, makes comparisons between systems drffi- 
cult, although sensitivities of 8 pg thymidme (on-column) by conventional 
column positive-ion DLI [ 55],3 ,ug for adenosme by positive-ion electrospray 
[ 141 and 0 25 ,ug for thymidme by positive-ion microbore DLI [ 561 have been 
reported Better nucleoside sensitivities have been reported for API LC-MS 
and TSP LC-MS Reported SIM sensitivities for positive-ion API are 0 l-5 
ng [ 131 which is comparable to those achieved by positive-ion TSP (0 l-l ng 



SIM and lo-50 ng full scan) [61]. While nucleosrdes and bases often yield 
intense protonated molecular ions, nucleotldes are more difficult to analyze, 
often fragmenting to give the more stable protonated nucleoside, protonated 
base and (sugar - Hz0 ) fragments Seven of the fifteen TSP spectra reported 
by Edmonds et al [ 63 ] for 5’ -nucleotides and methylated nucleotides showed 
no protonated molecular ion The other nucleotides showed (M+ H) + ions 
rangmg from 0 2 to 1.9% RA API may be better than TSP for nucleotldes, 
smce the spectrum of 5’ -AMP by TSP showed a protonated molecular ion of 
only 0 6% RA [63] while the API spectrum of the same compound showed an 
8% RA molecular ion [ 131. Reported detection sensitivities of 5’ -AMP for the 
two methods are 300 ng by TSP and 50 ng by API 

Both DLI and TSP have been used for the analysis of nucleosldes and bases 
u-r DNA and RNA digests Esmans et al. [ 561 and Alderwerreldt et al. [57] 
have used DLI microbore LC-MS for the analysis of modified nucleosides, 
mcludmg pseudouridme and 5,6-dihydroundme, m human urme extracts 
Naturally occurrmg methylated bases were detected by positive-ion TSP m 
calf thymus and salmon sperm DNA digests [65] and in digests of bacterial 
tRNA [64] For these types of studies, sensitivities of 20 ng per nucleoside m 
2 5-30 /Lg of crude digest have been reported Although these levels are suffi- 
cient to detect some naturally occurrmg methylated nucleosldes, they are un- 
fortunately several orders of magmtude above the level of modified bases aris- 
mg from mteractlon of xenobiotrcs with DNA 

Davidson et al [ 621 h ave used TSP LC-MS for the exammatron of radiation 
damage to mdividual DNA bases In this study, exact mass measurements and 
MS-MS were used to confirm the identity of the thymidme glycol produced 
from radratlon-treated thymidme 

TSP LC-MS has also been used to identify 2’,3’-dideoxymosme, a metab- 
ohte of 2’ ,3’ -dideoxyadenosme (an antiviral agent) m mouse plasma [60] 
While no quantitatron was done, the stability of the system was such that a 
time study could be performed over the course of 4 0 h 

In another interesting apphcatron, Volk et al [ 581 used TSP (without sep- 
aration) to identify the reaction products of a purme drug m on-lme electro- 
chemistry TSP combmed with tandem MS. 

3 3 Steroids 

Sugnaux et al [67] have mvestigated DLI with microbore columns for ste- 
rold analysis. They were able to obtain reproducible full-scan spectra from 250 
pg of 6-hydroxymethazone and to quantltate it m horse urine usmg an external 
standard These workers noted, however, that there was no umversal recipe 
for optimizmg sensitivity 

Usmg the movmg-belt interface, LODs of 100 pg have been reported for 
some steroids (SIM) [68] However, it was noted that, at low levels, thermal 
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decomposition occurred with some steroids and that background from the belt 
could create problems with identification of low-level metabohtes [ 691. 

Detection levels for steroids and steroid conJugates by LC-API MS appear 
to be quite good, 10 pg m many cases under SIM [13,70] This can be very 
compound-dependent, however For example, Weldolf et al. [ 701 were able to 
determine boldenone sulfo-conJugate and related steroid sulfates at the lo-pg 
level for full-scan spectra In contrast, however, a 600-ng mJection of dlgitoxin 
by flow inJection, not on-column, was needed to obtam a full-scan spectrum 
[ 151. Interestingly, the dominant ion of multiply conmgated steroids, e g , a 
dlsulfate, was the (M - 2H)2- parent [ 151 Although this may be suitable for 
targeted compound analysis the presence of multiple charges may create prob- 
lems with structure identification of an unknown 

Owing to the ready avallablhty of TSP LC-MS instruments, a number of 
groups have examined the TSP MS behavior of steroids and conJugates In 
general detection limits of ca 100 pg have been reported for SIM [ 71-741. 
Liberato et al [ 731 have noted, however, that tuning is critical for low-level 
analysis since, as with the moving-belt interface, thermal degradation of low- 
level analytes can occur Catlow [ 751 has pointed out another potential prob- 
lem with the analysis of low levels of material when they exist at trace levels 
(0 1-O 2% ) m mixtures. To obtain full-scan spectra for identification, greater 
than 50 ,ug of the mixture may need to be injected At this level precipitation 
of the analyte in the probe tip resultmg m a plugged tip is a distinct possibility 

Steroid levels in serum and urine are of interest in chmcal settings. Gaskell 
et al [ 761 have rigorously compared LC-TSP MS with GC-MS for the anal- 
ysis of serum cortlsol levels They found that TSP sensitivity is about a factor 
of ten less sensitive than GC-MS as well as being less precise (standard devla- 
tlon = 5% ) , possibly due to the lower sensitivity and signal stability observed 
m TSP On the other hand, the LC-TSP MS approach eliminated an HPLC 
step and derlvatizatlon steps, thus slmphfymg the procedure Esteban et al 
[ 771 have also applied LC-TSP MS analysis to the determination of dally 
cortisol production using isotope dilution. They observed LODs similar to those 
of Gaskell et al [ 761, with similar precision On the other hand, using isotope 
dilution LC-API MS with a nebulizer interface, Takatsu and Nlshl [78] ob- 
tamed a relative standard deviation of 0 6% which is comparable to GC-MS 
analysis (0 5% ) The difference between the two groups’ results may be due to 
instrumental differences (TSP versus electrospray API) or (less likely) due 
to inherent differences in compound behavior 

Liberate et al [73] used LC-TSP MS to identify the presence of 18- 
hydroxycortlsol in several chmcal expressions of hypertension They also 
pomted out that LC-TSP MS may prove useful for quantitative analysis of 
this compound since GC-MS analysis yields two peaks on derlvatlzatlon 
(methoxlme-trlmethylsilyl ether) as well as not giving any high-mass ions of 
slgmficant abundance 
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Surpnsmgly, very few apphcatrons of CF-FAB for the analysis of steroids 
and then conJugates have been reported Full-scan spectra at 20-40 ng levels 
have been reported but the LODs have not been determined [ 79,801. We have 
obtained spectra from 2 ng of cortmosterone and 4 ng of disodmm taurohtho- 
chohc acid 3-sulfate by coaxial open tubular CF-FAB In general, TSP MS has 
been the method of choice for the LC-MS analysis of steroids This is primarily 
due to the availabihty of instrumentation rather than to any inherent advan- 
tage over competitive techrnques such as LC-API MS 

34 Lcplds 

Lipids for the purpose of this review can be separated mto two broad cate- 
gories, fatty acids and derivatives and phosphohpids, which will be treated 
separately 

3 4 1 Phospholtpplds 
The maJor emphasis m the analysis of phosphohpids has been quahtative 

rather than quantitative Molecular ion species and fragment ion information 
have been obtained by DLI [&l-87], API [ 131, belt [ 88,891 and TSP [ 90-931 
In general, detection limits for all of these interfaces have been of the order of 
l-50 ng using SIM [ 13,86,88,90,92]. We have been able to obtain full-scan 
spectra from 1 ng of dipalmitoyl phosphatidylchohne (PC) using OTLC in 
conJunctron with CF-FAB The observed LC-TSP MS sensitivity was suffi- 
cient to profile triacylglycerols in plasma [86,87], phosphohpids in egg yolk 
[ 901 and to quantify ether phosphocholines m psoriatic scale [ 921 

Consistent with indications from mvestigations of other compound classes 
that ‘tumng’ (source and interface conditions) can be very compound-depen- 
dent is a comparison of PC spectra from different groups In a study of a num- 
ber of phosphohpids, Kim et al [91,93] found that the TSP MS spectrum of 
16 0,18 2-PC contained an (M+H) + of ca 10% RA (Fig lla) In contrast, 
by tunmg specifically on the [M+H] + ion of 14 0,14 O-PC, Mallet and Rol- 
hns [ 921 obtained a spectrum with the [M + H ] + ion as the base peak (Fig 
llb) Tunabihty in this context refers to temperature tuning rather than con- 
ventional MS ion optics tunmg In this case ‘tunablhty may be considered an 
advantage since the other interfaces gave spectra containing molecular ion 
species of relatively low abundance ( -c 10% ) (Fig. lla-e) , except for the spec- 
tra obtained for CF-FAB usmg OTLC (Fig llf) It cannot be discerned from 
the work by Mallet and Rolhns [92] whether or not optimization on the 
(M+H)+ ion increased or decreased overall sensitivity, however. 

3 4 2 Fatty cuds and derwatwes 
Interest m the LC-MS analysis of fatty acids and derivatives has focused 

more on thermospray than on the other interfaces The standards by which 
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Fig 11 Spectra of phosphatldylchohne by (a) TSP, (b) TSP, (c) DLI, (d) API, (e) belt and (f) 
CF-FAB Spectra a-e were reconstructed from data m refs 91,92,81,13 and 88, respectively 

one must Judge the quahtatlve and quantitative analysis of fatty acids and 
derivatives by LC-MS are set by GC-MS 

The underlvatlzed compounds, prostaglandms and hydroxyelcosatetraenolc 
acids ( HETEs), gave positive-ion spectra dominated by water losses with httle 
additional fragmentation [59,91,94-981 In comparison the positive-ion EI 
spectra of the most common derivatives [ (0-trlmethylsllyl (0TMS)ether 
methyl esters] give (M - 15) + as the high-mass ion with extensive lower-mass 
fragments which often arise from rearrangement The TSP MS spectra of iso- 
merlc species are very similar, showing only successive H,O losses which makes 
structural assignments difficult m the absence of standards Under negatlve- 
ion conditions, both the TSP MS spectra of the free acids or pentafluorobenzyl 
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(PFB ) esters are dominated by fatty acid anion, (M-H ) - or (M - PFB ) -, 
which readily provides the molecular mass It is only when analyzing the more 
complex leukotrlenes that LC-TSP MS exhibits strengths relative to GC-MS 
To analyze these compounds by GC-MS, the peptlde moiety must be cleaved 
and only the fatty acid portion analyzed In contrast, underlvatized leuko- 
trlenes give spectra under negative-ion conditions dommated by the (M - H ) ~ 
anion, and loss of the peptlde chain is also seen The latter process dommates 
as the source and vaporizer become contaminated [ 991 

Detection limits for quantification by GC-MS and/or GC-high-resolution 
MS range mto the mid femtograms [ 1001 In contrast, the typical LODs of the 
underlvatlzed acids analyzed by LC-MS hes m the low nanogram range 
(91,95,96,101-103) Voyksner et al. [ 101,103] have mvestlgated several derlv- 
atlves m an effort to increase sensltlvlty but have only reached low to mid 
picogram LODs (lo-300 pg). Thus the malor advantage of LC-TSP MS anal- 
ysis for these compounds hes with its rapid analysis time and ease of molecular 
mass determmatlon (negative ion) rather than for low-level quantitatlon 

3 5 Carbohydrates 

Carbohydrates may represent the class of compounds most refractive to LC- 
MS analysis, especially m then- underivatized form DLI [96], moving-belt 
interfaces [53,54] and API interfaces have been applied to carbohydrate anal- 
ysis but success has been limited to trisaccharldes and lower. Detection limits 
have not yet been addressed except for the API interface where LODs by SIM 
ranged from 50 to 200 ng [ 1041 

Hsu et al [ 1051 have carried out the most extensive mvestlgatlon of carbo- 
hydrate analysis by TSP MS They were able to observe (M + NH,) + ions for 
seven of eight disaccharides mvestlgated but at < 1% RA for the most part 
The spectra of anomerlc and hnkage-position isomers differed, but unequlvo- 
cal assignments could not be made on the basis of the spectrum of a single 
isomer LODs for the underlvatized carbohydrates were observed to be ap- 
proximately 2 ng Higher sensitivity was observed after derlvatlzatlon by O- 
methylatlon Thus, the l-O-methyl glycosldes exhibited LODs of ca 20 pg 
Methylatlon also mcreases the range of saccharides for which a molecular ion 
species can be obtained. For example, the (M+NH,)+ ions of the tetrasac- 
charade stachyose was observed with 49% RA. Esteban et al [ 1061 and Yergey 
et al [ 1071 have apphed TSP MS analysis to the study of endogenous serum 
glucose levels by isotope dilution LODs for these were determined to be 9 ng 
(by SIM) 

Since FAB has been successfully applied to the analysis of carbohydrates, 
several groups have looked at CF-FAB as an analytical technique [66,108] 
Successful analyses of maltohexaose and maltoheptaose have been reported 
with LODs of 500 ng for full scan and 200 ng for SIM Usmg the OTLC-CF- 
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FAB MS interface, we have obtained a full-scan spectrum of maltotetrose from 
5 ng of material From these reports CF-FAB appears to be the best LC-MS 
methodology for obtamlng spectra of underivatized oligosaccharides Compa- 
rable data from CF-FAB and TSP MS for derivatized saccharides are not avail- 
able. Static FAB sensitivities m the picomole range (ca 50 ng) were observed 
under negative-ion conditions for the ethylp-ammobenzoate derivative of mal- 
toheptaose [ 1091 Therefore, it 1s probable that reasonable sensrtivities for 
derivatized higher-molecular-mass carbohydrates might be achieved by CF- 
FAB and possibly by TSP MS 

3 6 Xenobtotcc metabohm 

An area of ongoing concern m environmental and biomedical chemistry is 
the fate of xenobiotics m the body Both DLI and TSP have been used to char- 
acterize xenobrotic metabohtes mcludmg comugates such as glucuromdes [ 110- 
1121, sulfates [ 1101 and members of the glutathione family [ 39,113], as well 
as non-conjugated metabohtes [110,114,115] 

Detection limits for the full-scan spectra of Z-mtrofluorene metabohtes [ 1141, 
benzo [ alpyrene metabohtes [ 1101 and truntrotoluene metabohtes [ 1151 were 
observed to be withm the range of products expected to be obtained from chal- 
lenged or environmentally exposed ammals or people, 20-500 ng In their study 
of benzo[a]pyrene by negative-ion DLI, Bier1 and Greaves [ 1101 observed 
that the spectra were extremely sensitive to ion source and desolvatron cham- 
ber temperature Thus, at 250°C (M-H) - ions were not observed for the 
sulfate or glucuromde comugates or the tetrols At lower source pressure, some 
tetrols gave molecular anions but at the expense of sensitivity and poor peak 
shape 

In our apphcation of TSP MS to xenoblotic metabohtes we observed that 
glutathlone cornugates often gave spectra dommated by thermal processes and 
that molecular ions of the comugates of polynuclear aromatics were of low 
abundance or absent After derivatization (N-trifluoroacetyl methyl ester) 
molecular ions could be observed [ 391 Yergey et al [ 1161 also observed mdi- 
cation of thermal degradation occurring during the TSP MS analysis of acyl- 
carmtmes They noted that the fragment ions by FAB MS are different than 
m TSP MS and that the TSP MS was sensitive to temperature of the transfer 
lme We have also noted m an LC-TSP MS study of the metabohtes of blue 
dyes that under tuning conditions optrmized for the parent xenobiotm, molec- 
ular ions for conJugates were not observed Similar behavior has been noted by 
Mellon et al [ 1171 and resulted m a comment that IS apphcable here: “We 
have frequently observed that an overall loss m TSP sensitivity occurs (com- 
pared to that for the parent molecule) when a thermally or chemically labile 
group is attached to an otherwise stable molecule” 
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3 7 Drugs 

The pharmaceutical industry and related laboratories are some of the most 
extensive users of LC-MS methodology, LC-MS is used for drug identifica- 
tion, metabohte profihng and identification, screenmg and quantification 

3 7 1 Qualltatrve aspects 
Since the purpose of the review is not to hst all compounds to which LC-MS 

methodology has been apphed, we will mention briefly the types of compounds 
that have been mvestigated. A hstmg of more recent LC-MS apphcations for 
a variety of drugs IS presented m Table 2 Exammation indicates that withm 
this mass of spectral data there are several opportumties for comparisons of 
different LC-MS methodologies 

Several of the more common drugs have been analyzed by more than one 
technique. Comparison of the spectra obtamed for erythromycm is quite m- 
formative (Figure 12). The API spectrum (Fig 12a) gave (M+H) + as the 
base peak [87] while (M+ H) + - H,O was the base peak m one TSP report 
[96] (Fig. 12b) A more recent TSP report from the same group [ 1181 using 
an improved mterface designed to reduce thermal decomposition mdicated that 
(M + H) + was now 100% and loss of water was reduced to 20% (Fig 12~) 
Using a moving-belt interface (erythromycm B m this case), an NH, CI spec- 
trum with (M + H) + as the base peak and a 70% water loss ion was obtamed 
[130] (Fig 12d) CF-FAB [66] andDL1 [96] bothgavespectrawith (M+H)+ 
as the base peak but with more extensive fragmentation than reported for API 
or TSP The DLI fragmentation was dommated by water loss and sugar loss 
(Fig 12e) The CF-FAB spectra also showed sugar loss but the lower mass 
fragments did not correlate with those observed m the DLI spectrum (Fig 
12f) In the absence of MS-MS data, it is difficult to say which fragment ions 
are arising from thermal processes and which are arismg from mass spectral 
fragmentations All mterfaces yield reasonable spectra for this type of com- 
pound if appropriate conditions are used 

A comparison of the spectra for ampicillm by API [ 131, TSP [ 591 and CF- 
FAB [ 661 mdicates that API and FAB yield (M + H) + as the base peak while 
the (M+H) + ion from TSP has a 25% RA Also of note is that while API 
showed no fragment ions, both the CF-FAB and TSP spectra contained sig- 
mficant but different fragment ions Thermal fragmentation m the TSP mter- 
face may be responsible for the difference [ 1321 

Both API [ 131 and TSP [59] gave (M+H) + ions as the base peak m the 
spectrum of chloramphemcol Water loss was noted but mmor for both API 
(2%) and TSP (ca 20%). In comparison, DLI gave an (M+H)+ ion of very 
low RA [ 961. Under negative-ion DLI conditions, an (M-H) - ion was ob- 
served but its RA was very source-temperature-dependent (100% RA at 15O”C, 
< 10% RA at 25O’C) 
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TABLE 2 

SELECTED DRUGS ANALYZED BY LC-MS 

Numbers gwen are the reference numbers from the Reference sectlon 

Compound DLI Belt API TSP CF-FAB OTLC 

Acetammophen 
Actmamme 
Amastatm 
Antrlmycm 
Aureothrlcm 
Beclamethasone 
Betamethasone metabohtes 
Bromocrlptmes 
Chloramphemcol 
Clobazams 
Cocaine 
Dlethylstllbestrol 
Epmephrme, phenylephrme 
Ergotamme 
Erythromycm 
Fluerlapme 
Flumxm 
Fluphenazme 
Gentamycm 
Herom 
Ibuprofen 
Kanamycm 
LSD 
Labetalol 
Metoclopramldes 
Neomycm 
Nlcardlpme 
Nodusmrcm, nargemcm 
Oxytetracycline 
Penicillins 
Pentazocme 
Phenacetm 
Phenothlazmes 
Phenylbutazone 
Pseudomonlc acid 
Puromycm 
Ramtldme 
Reserpme 
Rlbostamycm 
Rutm 
Sahcylamlde 
Spectinomycm 
Splramycm 
Sulfadlmethoxme 
Sulfadlzme 
Sulfamethazme 
Sulfisoxazole 
Tamoxlfen 
Terbutahne 
Tetraacetyltylosme 
Tetracyclme 
Thlazldes 
Thlolutm 
Tobramycm 
Trenbolones 

98 

96 

123 
28,67,96 
96 
96 

123 
96 
28 

123 
96 
96 

98 

98 

27 

13 
13 
13 

123 

13 

129 13 

13 

13 

54 

13 
13 

123 

59,118 

53 

59,119 66 
128 

59 

122 

59 
121 

59 

129 

59 

59 

27 
59 

8,123 
41 

13 
131 8 

13 
13 

98 
96 

97 

123 

128 

13 
115 
120 
120 
120 

13 
13 

13 
54 

59 

127 

126 

125 

66 

124 
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API 

Fig 12 Spectra of erythromycm by (a) API, (b) TSP, (c) TSP, (d) belt (erythromycm B), (e) 
DLI and (f) CF-FAB Spectra were reconstructed from data m refs 13, 59, 119, 130, 96 and 66, 
respectively 

Ramtldme-N-oxide, a compound prone to thermal degradation has been 
suggested by Carey and Martm [ 1331 and Martm et al. [ 1341 as a test for 
thermal effects m LC-MS. The spectra of ramtldme-N-oxide obtained using 
five different mterfaces are shown m Figure 13 The movmg-belt interface 
shows a neghgible molecular ion (Fig 13a) Under DLI conditions a molecular 
ion 1s obtamed but the loss of oxygen 1s the base peak (Fig 13b) Spectra 
obtained from two different TSP interfaces are slgmficantly different (Fig 13~ 
and d) In the earher interface the (M + H ) + has 50% RA and 100% oxygen 
loss while the newer design gives (M+H) + as the base peak and only 69% 
oxygen loss The spectrum obtained from an API Interface (Fig 13e) shows 
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Fig 13 Spectra of ramtldme-N-oxide by (a) belt, (b) DLI, (c) TSP, (d) TSP and (e) API 
Spectra were reconstructed from data m refs 131,8,8,59 and 8, respectively 

the least amount of oxygen loss, 30% Thus, from these data, the API mstru- 
ment appears to be the least prone to thermal effects Unfortunately, compa- 
rable data for the other interfaces such as CF-FAB, MAGIC or OTLC are not 
available 

Several other compounds show evidence of thermally produced fragments 
These include aphldlcohn glycmate [ 135 1, labetalol [ 1211 by TSP and becla- 
methasone by movmg belt [ 1231 and DLI [ 1241 

In a comparison of DLI and TSP spectra of betamethasone using a dual 
TSP-DLI probe, Covey and Hemon [40] observed no (M+ H) + ion under 
DLI condltlons but a 98% relative abundance (M + H) + peak under TSP 
condltlons 

One of the most exciting developments in the analysis of drugs 1s the cou- 
plmg of CF-FAB with mlcrodlalysls as described by Lm and Caprloh [ 1251 
They have used this combmatlon for the on-line m vlvo analysis of drugs in 
animals. 
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3 7 2 Quantztatwe aspects 
Smce the types of compounds and interfaces considered m this section are 

very different, observed detectlon hmlts are quite diverse also The detection 
limits m the full-scan mode (API MS) for 25 antlblotlcs ranged from 1 to 50 
ng while thlolutm and aureothrlcm gave detection limits of 10 pg on the same 
instrument [ 131 Slmllar detection limits were observed for candidate antl- 
malarial drugs by TSP (lo-50 ng full scan) [ 1361, LSD by TSP (10 pg, SIM) 
[59] andDLI (lOOpg,SIM) [96],reserpmebyTSP (20pg,SIM) [40],tren- 
bolone and epltrenbolone m bovine liver by API [ 1261, dlethylstllbestrol (DES ) 

by API (10 ng full scan, 10 pg, SIM) [ 151, bromocrlptlnes by DLI (100 pg, 
SIM) [96], terbutahne by TSP (4 pm, SIM) [127] and thlazldes by DLI (l- 
10ngfullscan) [128]. 

These levels are adequate for most blochemlcal analyses and several blomed- 
lcal apphcatlons have been reported 

Although betamethasone did not give a molecular ion under DLI-negatlve- 
ion CI condltlons, by use of a fragment ion, Lee and Hemon [27] could study 
the disappearance of betamethazone from equme urine over a 48-h period The 
same group [67] also quantltated betamethasone and 6_hydroxybetametha- 
sone by SIM m an equine urine sample, and the levels found were 6 and 0 6 ng, 
respectively, well above the detectlon hmlt. Full scans could be done on 250 
pg, and estimated detection limits were < 1 pg by SIM on the intense fragment 
ions The authors note evidence of thermal degradation in the lack of molec- 
ular ion and extensive fragmentation observed for these compounds Predm- 
solone gave a strong (M - 18) - fragment ion which could be used for its de- 
termination m equme urine by mlcrobore DLI-negative-ion CI MS at levels of 
10 ng In a 20-,ug blologlcal matrix In this study on improved desolvatlon cham- 
ber design, the authors comment that multiple mJectlons of tuning solution 
and adjusting the ratios of the solvent ions made dally tuning more reproducible 

The synthetic estrogen DES has been analyzed by Brums et al [ 151, using 
API LC-MS, m the negative-ion mode Detection limits of 10 ng full scan and 
10 pg SIM were reported DES and dlenestrol were also done by the same group 
[ 271 using microbore DLI LC-MS These compounds produced (M + H) + ions 
m the posltlve-ion mode Detection limits of less than 50 ppb full scan could 
be achieved A study on DES residues was performed in which a calf was dosed 
with 10 mg DES ten days prior to sacrifice DLI microbore LC-MS showed 
liver levels at approximately 40 ppb [ 2H,]DES was used as the internal stan- 
dard A gas-nebuhzed DLI interface was used by Appfel et al. [ 1231 to obtain 
spectra of tamoxlfen and DES, and the authors report “excellent” spectra 

Labetalol m human plasma had a detection limit of 5 ng/ml by posltlve-ion 
TSP [121] Q uantltatlon was done with a deuterated analogue, and the cah- 
bratlon was linear over the range lo-103 ng/ml Lant et al [ 1211 found that 
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quantitation could not be done wlthout the internal standard because there 
was a 47% variation m peak height observed. This was attributed to variations 
m ionization efficiency The detection limit was much worse with a clean source 
and got better after several inJections This was attributed to adsorption of 
plasma constituents onto the source, resulting in less adsorption of the target 
compound 

In a comparison of DLI and TSP , Schellenberg et al [ 1291 conclude that 
quantitation at trace levels with TSP is limited due to the noisy chromato- 
grams, but that TSP is easier to operate than DLI. DLI was found to be less 
noisy, but more operator skill was required They also found the DLI Jet to be 
less stable at very high or very low water concentrations “A serious drawback 
of the DLI is that it is still only an accessory, and has remamed virtually 
ummproved for the past few years In contrast, dedicated ion sources have been 
developed for the TSP techmque, and both mterfaces and sources have been 
continuously updated by several manufacturers ” 

3 73 Drug metabohm 
In the area of the identificatron of drug metabohtes by LC-MS, N-oxldes, 

sulfates, glucuronides, sulfoxides, decarboxylated products, taurme conmgates 
and dealkylation products have all been identified [27,104,129,137-1421 in 
various biological media Molecular ions were observed in all cases As we have 
pomted out previously, thermal processes can contribute substantially to the 
TSP spectra obtained of some compounds Blake [ 1381, in his paper on the 
metabohsm of SKF 93944, invoked thermal processes, such as reaction with 
water in the interface, to ratlonahze the spectra of unknown metabohtes and 
to help estabhsh then IdentIty. 

4 CONCLUSION 

As we stated in the introduction, LC-MS development is approximately at 
the stage of GC-MS development when a number of interfaces were being 
proposed as the standard From our discussion there are several recurring 
themes that indicate why LC-MS methodology is still at this stage 

One reason is ‘tunmg’ variabihty This refers to the fact that if instrumental 
conditions are set to optimize on one analyte, good spectra containing molec- 
ular ion species for other related compounds may not be obtamed Thus, if one 
were analyzing, for example, a mixture of metabohtes having optimized the 
instrument for the parent compound, one might obtam a good spectrum of a 
dealkylation product while no molecular ion might be observed for a conJugate 
such as a glucuronide No technique which requires foreknowledge of the re- 
sults for mnnmal, let alone optimal, performance is very satisfying. (Which is 
not to say that It 1s not a lot better than nothing at all!) 

Another reason is compound-dependent sensitivities, due to the production 
of ions by a CI process in many of these LC-MS techniques Success or failure 
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can result from fundamental gas phase acldltles and baslcitles and from the 
comparative proton, electron or acetate affinrtles of the analyte and mobile 
phase components or from differing hyd.rophoblc/hydrophlhc natures. We have 
observed varlatlons m sensltlvlties of several orders of magmtude for a set of 
closely related compounds even when each was optimized independently 

Thermal degradation 1s another severe problem which can be vrewed as a 
subset of tuning varlablhty Those interfaces that use heat to volatlhze the 
analyte and/or mobile phase are susceptible to thermal decomposition prob- 
lems Of the interface techmques discussed here, ion spray, API and CF-FAB 
are least susceptible to these problems CF-FAB, however, has limited utility 
for less polar compounds 

Some techniques such as the various LC-API MS methodologies, which ap- 
pear to offer superior sensltlvlty In those cases where comparisons have been 
made, have not become popular for other reasons In the case of API, this might 
be attributed to lack of famlharity 

What does the future hold? It 1s impossible at this time to predict whether 
or not one interface, let alone which one, will supercede all others Because of 
the wide range of compounds amenable to LC separation, it may very well be 
that two or more interfaces may dominate At the present, however, some dl- 
rectlons for development can be discerned 

At present a great deal of effort on the part of instrument manufacturers 1s 
going into improvements of TSP, MAGIC and CF-FAB sources and interfaces 
while DLI and moving-belt interfaces have been all but abandoned by the man- 
ufacturers It is not unreasonable to expect further improvements m those 
techniques where instrument development is supported and less improvement 
rn other areas 

The increasing use of microbore columns in LC can be traced to the mcreas- 
mg use of LC-MS It 1s likely that this trend will continue so that LC columns 
requiring flow-rates more compatible with MS will become more prevalent 
Whether or not thus trend contmues to the point where capillary LC or mrcro- 
packed LC predominates will probably depend on how extensively the LC ca- 
pablhties are developed, as well as adoption to these techniques by instrument 
manufacturers For the more polar blomolecules CF-FAB is becoming mcreas- 
mgly more popular and may reduce the demands on other interfaces to deal 
with ionic compounds 

In the meantime, the current state-of-the-art of LC-MS is sufficient to pro- 
vide a means of solving a variety of analytical problems and is now a major 
component of MS’s arsenal of techniques 

5 SUMMARY 

The current state-of-the-art liquid chromatography-mass spectrometry (LC- 
MS ) 1s reviewed with particular attention to biomedical applications The most 
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common LC-MS interface designs are described and compared These mter- 
faces Include transport, direct liquid mtroductlon, thermospray, atmospheric 
pressure lonlzatlon, monodlsperse aerosol generation, open-tubular LC and 
contmuous-flow fast atom bombardment The relative sensltlvltles of the tech- 
mques are compared as much as possible, as well as their tendencies to induce 
thermal decomposltlon of the sample Apphcatlons of these various interface 
types to a variety of blomedlcally Important compound classes, including pep- 
tides, nucleotldes, steroids, hplds, carbohydrates, xenoblotlc metabohtes and 
drugs, are also reviewed 
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