





















































El mode. Systems have also been improved by the
incorporation of a mechanically pumped expansion region
behind the CI repeller electrode, thus enabling higher
flow rates to be handled (9).

Capillary SFC/MS has been effected with quadrupole
and magnetic (10), Fourier transform ion cyclotron reso-
nance (11,12), and ion trap (13) mass spectrometers. The
technique has been applied in a variety of areas, includ-
ing tricothecene mycotoxins (14). acid and carbamate
pesticides (15), environmental samples (3), marine diesel
fuel (16), commercial waxes (17), polyether antibiotics,
and cyclosporin A (18).

In our early studies, we used 5-um fused silica
restrictors connected to the capillary column by a low
dead volume connector and the capillary GC/MS inter-
face of our Finnigan MAT Model 4000 mass spectrometer.
The system worked well, but failed to transmit higher mo-
lecular weight or more polar compounds. Construction
of a probe system that allowed heating of a frit restrictor
has given better results (19) and the system was also inter-
faced to an Ion Trap Detector™ (13) and our magnetic
mass spectrometer. Studies performed at the Finnigan
MAT research facility in San Jose, California, by one of us
showed that a similar system worked well on a Finnigan
MAT TSQ® 70; ions in excess of 4 000 u were observed for
components of dimethylpolysiloxane run through the
SFC/MS system. Detection limits for full scan spectra of
pyrene were 200 pg in the EI mode and 50 pg in the CI
mode with a signal-to-noise ratio of 5:1. Good linearity
of response was observed. Figure 1 shows the computer
reconstructed total ion current (TIC) trace for a mixture
of seven organophosphorous pesticides obtained in the
EI mode on our magnetic instrument, where we have
made the source more open. The spectrum for peak B is
shown in Figure 2. We have made extensive use of
capillary column SFC/MS in our studies of environmental
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Figure 1. TIC trace from capillary column SFC/MS of seven
organophosphorous pesticides, phorate (A), ethion (B), EPN (C),
bensulide (D), azinphos ethyl (E), azinphos methyl (F), and abate
(G). Under El-type conditions, using a SB biphenyl, 10 m x

50 um column, with carbon dioxide at 0.3 g em" for 5 min, then
linear pressure gradient of 0.03 g em! min' to 0.83 g em’!,
which was maintained for a further 10 min.
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Figure 2. El-type mass spectrum of peak B, ethion, in Figure 1.

samples, coal samples, petroleum fractions, and food
products. We have found that SFC/MS has enabled us to
identify compounds not found by capillary GC/MS.

Packed Column SFC/MS

The first studies in SFC/MS used packed columns.
Because the gas volumes generated from the mobile
phase are greater, packed column SFC/MS is in theory a
less happy marriage with the mass spectrometer than
capillary SFC/MS. One of the first approaches used a
splitting device to feed a small portion of the column
eluent via a capillary inlet into the mass spectrometer ion
source operated in the EI mode (20). Less volatile
compounds could not be handled and sensitivity was
poor because of the high split ratio.  Use of a molecular
beam interface enabled higher flow rates to be handled
and EI spectra were obtained (21). However, the com-
plexity of the instrumentation and poor sensitivities have
inhibited further development of this approach. Use of
a modified direct liquid introduction LC/MS interface has
proved to be more practical (22); however, here 2.1 mm
ID columns were used with a split of 1/12th of the eluent
entering the ion source. Use of small-bore LC columns
has enabled the use of a self-spouting and vacuum-
nebulizing LC/MS interface and a modified CI source for
SFC/MS (23).

In our studies, we have concentrated on systems that
can be effectively used with 4.6 mm ID LC columns.
Initially, we used moving belt LC/MS interfaces with a
modified Finnigan MAT spray deposition device for
feeding approximately 50% of the eluent to the belt (24).
The modifications include lowering the heating of the
stainless steel vaporizer and also crimping the end of it
to maintain supercritical conditions. Good retention of
chromatographic performance was found, and the system
enables both conventional EI and Cl mass spectra to be
obtained. A wide range of compound types have been
studied with the system, including plant extracts contain-
ing monomeric and dimeric indole alkaloids, milbemycin
antibiotics, ergot alkaloids, petroleum and coal fractions,
PTH amino acids, sulphonamides and veterinary drugs.
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Recently we have investigated SFE in combination
with moving belt LC/MS. SFE was performed in the
supercritical fluid chromatograph using a 20 mm x 2 mm
cell in which material was placed. After extraction, the
eluent from the cell was allowed to pass onto the SFC
column from which it was then eluted onto the interface.
Using a tandem mass spectometer, it has proved possible
to detect diethylstilbestrol, trimethoprim, and dienstrol in
pigs’ kidney directly at the 1 ppm level (25). The system
also proved amenable to studies of plant extracts; Figure
3 shows the TIC trace obtained by SFE/SFC/MS from the
ground roots of Imperatoria ostruthium. Figure 4 shows
the ammonia CI spectrum obtained from peak D, which
was identified on the basis of the spectrum and retention
time as ostruthol. A total of six other coumarins were
identified, and the results agreed well with those ob-
tained from solvent extracts.

Moving belt systems have proved to be amenable 1o
studies of a wide range of compounds. However, unless
fast atom bombardment (FAB) is used for ionization,
problems can be encountered in obtaining useful mass
spectral  data from involatile highly polar molecules,
some of which are thermally labile. In addition, because
ionization is being effected from a surface, detection
limits may not be good enough for the solution of many
problems. With the objective of finding a solution to
these problems, we modified our Finnigan MAT thermo-
spray source by crimping the stainless steel capillary for
SFC/MS (26). The system proved to be very effective in
the filament-on and discharge modes, giving good reten-
tion of chromatographic performance, good sensitivity
(low nanogram to high picogram at full scan and low pi-
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Figure 4. Ammonia Cl mass spectrum of peak D in Figure 3,
ostruthol from SFE/SFC/MS.

cogram with SIM), and was amenable to a wide range of
compound types. If only carbon dioxide is used as the
mobile phase, El-type spectra are obtained, whereas if
methanol, for example, is used as a modifier, solvent-
moderated CI spectra are obtained. These spectra often
contain only (M+1)* ions, and structural information is
limited. Figure 5 shows a typical TIC trace from six
pesticides. Figure 6 gives the spectrum obtained from
atrazine, together with its El spectrum using SFC/MS with
a moving belt interface.

In order to overcome the lack of fragment ions, we
have recently studied the effects of vaporizer tempera-
ture and repeller and discharge potentials on the quality

.

Figure 3. TIC trace from SFE/SFC/MS of ground roots of m-
peratoria ostruthium using a moving belt interface under
ammonia Cl conditions. A 250 x 4 mm, 3-um amino bonded
column was used. SFE conditions were 30 s using carbon
dioxide with 3% methanol. For SFC/MS, conditions were carbon
dioxide with 3% methanol for 4.5 min, then carbon dioxide plus
methanol (88:12) for 3 min with carbon dioxide and methanol
(83:17) for the remainder. Pressure was 375 bar and column
temperature 70°C.  Order of elution: isoimperatorin (A), isoim-
peratorin epoxide (B), imperatorin (C), ostruthol (D), oxypeuce-
danin hydrate acetate (E), ostruthin (F),
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Figure 5. TIC trace from filament-on thermospray SFC/MS of
atrazine (A), simazine (B), dimethirimol (C), terbacil (D),
menazon (E), and ethirimol (F). A 100 x 4.6 mm, 5-pm Spheri-
sorb amino bonded column was used with carbon dioxide plus
10% methanol. The flow rate was 4 cm min’', pressure was 312
bar, oven temperature was 75°C, and vaporizer temperature was
140"C.
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Figure 6. op) Filament-on SFC/MS spectrum of atrazine;
bottom) El mass spectrum of atrazine obtained by SFC/MS using
a moving belt interface

of spectra. Both the use of higher repeller voltages and
vaporizer temperatures have proven to be capable of
providing more structurally informative fragment ions.
An alternative approach is the use of tandem mass
spectral techniques; one of us, using a Finnigan MAT
TSQ 70, has shown this to be a very viable approach.
For example, a mixture of four isomeric indole alkaloids,
tabersonine, catharanthine, vindolinine, and epivin-
dolinine were studied by SFC/MS/MS with a thermospray
system. The four compounds were separated and gave
a good TIC trace. However, because methanol/carbon
dioxide was used as the mobile phase, their mass spectra
were very similar, all showing m/z 337 (M+1) as the base
peak with an ion at m/z 205 present in three of them. It
was not possible to differentiate among them on the basis
of these spectra. However, the use of collision induced
dissociation (CID) resolved the problem and all four gave
markedly different daughter ion spectra from m/z 337.
Figure 7 shows the CID spectra obtained by on-line SFC/
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MS of tabersonine and catharanthine. We have found
packed column SFC/MS in the filament-on mode to be
useful in a wide range of studies, such as identification of
ecysteroids, ergot and indole alkaloids, natural coumar-
ins, plasticizer additives, polymers, veterinary products,
pesticides, and components of environmental samples.

Conclusions

Both capillary and packed column SFC/MS comple-
ment GC/MS and LC/MS for the solution of analytical
problems. They both extend the range of compounds
that can be studied by GC/MS. Packed column SFC/MS
has the advantage over LC/MS in terms of the speed of
analysis, methods development, and improved detection
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Figure 7. Daughter ion spectra of m/z 337 (M+1)" of taber-

sonine (fop) and catharanthine (bottom) obtained by SFC/MS/MS
using a Finnigan MAT TSQ 70. Argon was used as the collision
cell gas.
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limits. Capillary SFC/MS has the advantage over LC/MS
of better chromatographic efficiency; however, it should
be noted that the former technique requires more analy-
sis time.  We believe that both the LC/MS and SFC/MS
techniques are complementary and have a very bright
future. If one could gaze into the future with a crystal
ball, increased use of SFE in combination with SFC/MS
can be envisaged, since this has the potential of consid-
erable reduction in time over established extraction
techniques. Other advances will include the extension
of the range of compounds amenable to SFC (e.g.,
underivatized peptides and saccharides) and the devel-
opment of improved SFC/MS interfaces (e.g., currently
available restrictors for capillary SFC/MS are by no means
optimal.) With both approaches, as more difficult mole-
cules are handled by SFC, one can envisage use of
continuous flow FAB and true thermospray and electro-
spray techniques.

While as yet SFC/MS has not been demonstrated as a
technique for the analysis of large biomolecules, we
believe that it is a technique to be recommended to the
average industrial and government analytical laboratory,
since it provides an effective and efficient means of
solving a wide range of problems. As more laboratories
become involved with the technique, we can expect to
see dramatic improvements being made that will make it
an even more attractive analytical method in a wider
range of areas than have currently been established. Our
feelings about the technique are perhaps best summed up
in what Jack Henion said 12 years ago about LC/MS,
“Come on in and join us. The water is fine.”
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Thermospray LC/MS:
Effect of Experimental Parameters
on Spectra and Sensitivity

Patrick J. Rudewicz
Finnigan MAT, Inc.,
2-7-1 Hirakawa-cho, Chiyoda-ku, Tokyo 102, Japan

ince its introduction in 1983 by Blakley and

Vestal (1), thermospray (TSP) LC/MS has rapidly

become the most popular method for combining
liquid chromatography and mass spectrometry. The success
of TSP is attested by its use in over 200 laboratories
throughout the U.S. and Europe (2). The technique has
been most useful for the analysis of polar and thermally-
labile analytes commonly encountered in biological
systems that previously required extensive sample cleanup
and chemical derivatization prior to mass spectral analy-
sis. In particular, TSP LC/MS has found widespread ac-
ceptance in laboratories concerned with drug metabolite
identification where it has proved to be both useful and
cost effective (3).

The success of TSP LC/MS may be attributed to
several important aspects. First, TSP is a convenient LC/
MS interface that is compatible with conventional HPLC
systems.The interface permits flow rates of 1-2 ml min’'
of an aqueous buffer by the application of sufficient heat
to a capillary to produce a partial vaporization. With TSP
LC/MS both normal and reversed-phase chromatogra-
phic systems and either isocratic or gradient elution can
be used. Furthermore, chromatographic integrity is main-
tained: The interface does not create significant peak
broadening. In addition, TSP LC/MS is a soft ionization
technique capable of producing molecular ions for many
classes of thermally labile compounds.

Despite its success, however, TSP is not used rou-
tinely in the analysis of higher molecular weight nonvola-
tile compounds such as peptides and nucleotides.  Al-
though some TSP results have been reported for these
compounds, in general, other soft ionization techniques
like fast atom bombardment or plasma desorption are
used. The paucity of data for these compounds may be
attributed to several shortcomings of TSP.

With TSP both spectra and sensitivity are strongly in-
fluenced by experimental parameters, including mobile
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phase composition, vaporizer temperature, and repeller
voltage. Moreover, TSP has most often been interfaced to
quadrupole mass spectrometers with mass ranges of less
than 2000 u. Consequently, the molecular weights of
higher mass compounds were measured indirectly using
multiply charged ions. Although most of the difficulties
of interfacing TSP to magnetic sector instruments have
largely been overcome (4,5), TSP LC/MS on magnetic
sector instruments has not gained widespread accep-
tance. Finally, TSP sensitivity for compounds such as
peptides and nucleotides are generally one to two orders
of magnitude lower than those obtained with other liquid
ionization techniques.

This article examines some of the experimental diffi-
culties often encountered in the TSP LC/MS analysis of
thermally labile compounds. Specifically, the effects of
TSP experimental parameters on both spectra and sensi-
tivity are discussed. An application of TSP LC/MS for the
analysis of an analytically challenging class of com-
pounds, moderate molecular weight peptides, will also
be presented. The article is not intended to be a compre-
hensive review of the literature. Instead, selected ex-
amples that best illustrate the complexity as well as the
potential of TSP LC/MS are presented.

Historical Review

TSP LC/MS gradually evolved from the work of Vestal
and co-workers during the late 1970s. Their original ap-
proach to the development of a combined LC/MS system
employed a 50-watt CO, laser to vaporize rapidly both
the sample and solvent (6). A redesigned, somewhat
simpler version was later introduced, which used an oxy-
hydrogen torch to vaporize the LC effluent (7). This soon
led to the development of an electrically heated vaporizer
using cartridge heaters (1). Today, most TSP ion sources
use direct electrical heating of the vaporizer by passing
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an electric current through the capillary vaporizer. A
schematic diagram of a typical TSP ion source is shown
in Figure 1. Passage of the column effluent through the
vaporizer results in a supersonic jet of vapor composed of a
mist of fine droplets. The droplets, which contain both
positive and negative charges, continue to vaporize inside the
hot TSP ion source. At a certain critical size, the net charge
on a droplet is sufficient to produce an electric field at the
surface (estimated to be on the order of 10”V/m) capable of
inducing ion evaporation (8). An auxiliary pumping line
located directly opposite the vaporizer provides additional
pumping capacity. lons are sampled with the aid of a repeller
electrode through a conical orifice into the mass analyzer
region.

TSP lonization: Effect of Mobile Phase

TSP as a separate ionization technique was discovered by
Vestal and Blakley when they observed that ions were
produced even when the electron filament was turned off (9).
Since then, the mechanisms of TSP ionization have been
under investigation in several laboratories. Although certain
aspects of TSP ionization are not clearly understood, it is gen-
erally accepted that ions are formed by two distinct processes:
field-induced ion evaporation from microdroplets and gas-
phase ion/molecule reactions. Which process predominates
depends upon several factors, including sample volatility and
mobile phase composition.

In the past, ammonium acetate buffers have most com-
monly been used for TSP, Experiments by Kebarle and Alex-
ander have shown that a large fraction of the ammonium
acetate in solution is converted to gas-phase NH, and CH,COOH
and that the observed positive ion TSP mass spectra are
determined by gas-phase ion/molecule reactions between
NH," and H O and between NH, and CH,COOH (10). Hence,
with an ammonium acetate buffer one observes the
ammonium ion, NH *, and the ammonium ion solvated with
H,O, NH,, and CH,COOH in the TSP background spectrum.
When an organic modifier is added, such as methanol or ace-
tonitrile, the solvated ions, NH *CH,OH and NH '‘CH,CN are
also formed. For moderately volatile analytes, ionization
occurs by reactions between these reagent ions and gaseous
sample molecules (11, 12).
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Because ion/molecule reactions are an important
mechanism for sample ionization in TSP, one always
needs to be aware of the TSP reagent ion spectrum. A
change in buffer system or the addition of an ion pairing
reagent can change the ion chemistry, resulting in selec-
tive ionization of analytes, as is illustrated by the follow-
ing example. When a mixture of epinine (N-meth-
vldopamine) and its two primary metabolites, homovanil-
lic acid (HVA) and dihydroxyphenylacetic acid (DOPAC)
elutes with an ammonium acetate buffer system, all
three compounds are detected (Figure 2). Epinine forms
a protonated molecular ion of m/z 168, and HVA and
DOPAC, which have proton affinities less than that of
ammonia, form ammonium adduct ions of m/z 200 and
m/z 186, respectively. In contrast, when a pyridinium
acetate buffer system is used, epinine still forms a pro-
tonated molecular ion of m/z 168. However, the two
metabolites, HVA and DOPAC, go undetected (Figure 3).

The difference in responses with the two buffer
systems can be explained using gas-phase thermody-
namic arguments. For solvated cluster ions of the type
A~H" B, the ionic hydrogen bond strength (or enthalpy
of solvation) decreases as the proton affinity difference
between the proton donor, A, and the proton acceptor, B,
increases (13). The proton affinity of pyridine is 17 kcal
mol! greater than that of ammonia. DOPAC and HVA
form stable adducts with the ammonium ion but not with
the pyridinium ion. On the other hand, the proton
affinity of epinine is greater than that of pyridine; conse-
quently, proton transfer to epinine occurs.

Effect of Vaporizer Temperature

The temperature of the vaporizer can also have a
large effect on both TSP spectra and sensitivity. This
problem is often exacerbated by the fact that the opti-
mum temperature for buffer ion stability may not be the
best for analyte analysis. Figure 4 illustrates the effect
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Figure 2. Total ion chromatogram and mass chromatograms for
the TSP LC/MS analysis of a mixture containing A-methyldopa-
mine (m/z 168), and its two primary metabolites: 3.4-dihy-
droxyphenylacetic acid (DOPAC) (m/z 186), and homovanillic
acid (HVA) (m/z 200). Buffer: 0.05M ammonium acetate, pH 4.1.
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Figure 3. Total ion chromatogram and mass chromatograms for
the TSP LC/MS analysis of a mixture containing N methyldopa-
mine (m/z 168), and its two primary metabolites. Buffer: 0.025M
pyridinium acetate, pH 4.1.

that the vaporizer temperature has on the spectra and
sensitivity for p-nitrophenyl glucuronide. In the positive
ion mode, this compound forms an (M + NH )" ion of
m/z 333 in NH -buffers. Cleavage of the glycosidic bond
with hydrogen rearrangement results in ions of m/z 157
and m/z 194. The ion of m/z 194 is ammoniated glucu-
ronic acid and is characteristic of the positive ion TSP
spectra of glucuronides (14).

As shown in Figure 4, at the vaporizer temperature
of 145°, the molecular adduct ion, m/z 333, is about 30%
of the intensity of the base peak, m/z 157. At this tem-
perature the total ion current is 4 300 counts. As the tem-
perature of the vaporizer is increased, the intensity of the
signal from the molecular ion decreases, and there is a
significant increase in the intensities of the fragment ions.
This results in a much larger total ion current (30 800
counts).

NOz-NHs*  w/z-333
20 @ a !
COOH
OH
= M/Z=157 HO OH
o 15 P~
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3
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i "
o~ = 333
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140 145 150 155 160

Vaporizer Temperature °C

Figure 4. The effect of the vaporizer temperature on absolute
ion intensities for p-nitrophenyl glucuronide
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These experiments are in agreement with systematic
studies of the effect of vaporizer temperature on the TSP
spectra of beta-lactam antibiotics (15) and illustrate a
general point. Thermally labile biomolecules undergo a
significant amount of fragmentation at higher vaporizer
temperatures, resulting in reduced intensity of signal
from molecular ions. Lowering the vaporizer tempera-
ture helps to increase the molecular ion intensity; how-
ever, the thermal fragment ion intensities decrease, re-
sulting in a decrease in the total ion current. For this
reason, it is always advisable to use a UV detector in-line
between the LC column and the TSP ion source.

Effect of Repeller Voltage

The voltage on the repeller electrode also has a
strong influence on TSP results. The formation of frag-
ment ions inside the TSP source through the use of high
repeller voltages has been well documented by several
research groups (16-18). This effect is more pronounced
under discharge ionization conditions. The repeller
voltage has also been shown to have a large effect on TSP
performance at higher masses. This effect was first
demonstrated by Robbins and Crow, who observed that
higher repeller voltages were helpful in getting good
spectra of peptides (19). Further studies by this group
detailed the importance of the repeller field for obtaining
the proper molecular weight distribution in the TSP
spectra of polyethylene glycols (20).

In our laboratory, we have observed that increasing
the repeller voltage increases the relative ratio of singly
to doubly protonated molecular ions in the TSP spectra
of peptides. To study this effect, a mixture of leucine
enkephalin and gramicidin § was introduced continu-
ously into the TSP ion source while the repeller voltage
was varied from 0 to 200 V. Figure 5 is a plot of the
intensities of the singly and doubly protonated molecular
ions of gramicidin § (MW 1 141) and the singly pro-
tonated molecular ion of leucine enkephalin (MW 555) as
a function of repeller voltage. As shown in this figure, the
repeller voltage required for maximum sensitivity in-
creases with increasing mass-to-charge ratio.

For low molecular weight peptides like leucine enkeph-
alin, maximum TSP sensitivity can be achieved with a re-
peller voltage ranging from 40 to 100 V. For peptides with
masses above 1 000 u, however, higher repeller voltages
are necessary to maximize the singly protonated molecu-
lar ion intensity. As shown in Figure 5, the singly
protonated molecular ion for gramicidin § maximizes at .
120 V. In contrast, the doubly protonated molecular ion
for gramicidin S displays a repeller voltage dependence
similar to the singly protonated molecular ion of leucine
enkephalin. Consequently, a TSP spectrum of gramicidin
S recorded at a repeller voltage of 140 V will have roughly
the same overall total ion intensity but a much different
ratio of singly to doubly protonated molecular ions than
a spectrum recorded at 50 V.

Two explanations have been proposed for the re-
peller voltage influence on TSP high mass performance.
Assuming that peptide ionization is occurring by direct
ion-evaporation from charged droplets, it has been hy-
pothesized that higher repeller voltages preferentially

23



SPECTRA

REPELLER VOLTAGE

Figure 5. Intensities of the singly protonated molecular ion of
leucine enkephalin (m/z 556) and the singly and doubly pro-
tonated molecular ions of gramicidin § (m/z 571, 1 142) as a
function of repeller voltage

induce ion evaporation of higher mass (less volatile)
analytes by polarizing the microdroplets (20). The other
explanation is simply that higher repeller fields are
needed to extract ions of higher mass to charge ratio.
From the available data, it is difficult to draw definitive
conclusions about the mechanisms of the repeller voltage
effect. More experiments need to be done, especially
with regard to the ion formation process for peptides.

TSP LC/MS Analysis of Peptides: Peptide Mapping

In the past, the analysis of peptides by TSP LC/MS has
been limited to a molecular weight range of 0 to 2 000 u.
Molecular weights of higher mass peptides had to be
inferred by the presence of multiply charged ions. Re-
cently, however, using magnetic sector mass spectrome-
ters, full scan spectra have been reported for N-acetylated
eglin C (MW 8 133) and bovine insulin (MW 5 734) (21).
With advances in quadrupole technology the direct analy-
sis of peptides with molecular weights as high as 4 000 u
by TSP LC/MS is also possible. With microprocessor op-
timization of TSP experimental parameters, full scan data
have been reported for glucagon (MW 3 483) and melittin
(MW 2 8406) using a triple quadrupole mass spectrometer
(22). The TSP spectra of these peptides consist mostly of
singly and doubly protonated molecular ions with little
fragmentation. To obtain amino acid sequence informa-
tion, collisionally-induced dissociation spectra have been
recorded for both singly and doubly protonated molecu-
lar ions for peptides with molecular weights as high as
1400 u (23,24). Doubly charged ions were shown to
fragment differently from singly protonated molecular
ions yielding complementary amino acid sequence infor-
mation (23).

A potential application of this methodology is in the
area of peptide mapping. Peptide mapping is often used
in the biotechnology industry to confirm that the struc-
tures of recombinant DNA-derived proteins are identical
to reference proteins and to ensure that there is no lot-to-

24

lot difference in protein structure. The method involves
cleavage of a protein into smaller peptide fragments
using an enzyme or chemical reagent and separation by
gradient elution RP-HPLC. Confirmation of the identity of
two samples is based on correspondence of the number
of peaks and their retention times; hence, a highly
accurate and reproducible HPLC system is essential.
Since peptide maps generally contain 30 to 100 peaks,
problems arise with instrument-specific differences in
gradient elution, especially when shallow gradients are
required. Nonretained and overlapping peaks can also
make the analysis difficult.

Thermospray (TSP) LC/MS is ideally suited to allevi-
ate these chromatographic problems and to generally
increase the information available in the HPLC analysis of
peptide mixtures. As an evaluation of this technique, a
tryptic digest of beta-lactoglobulin A (10 nmol) was ana-
lyzed. The mixture was separated on a 4.6 mm by 250 mm
C8 column using an acetonitrile/aqueous TFA gradient.
The mass spectrometer was scanned from 140 to 3 000 u
in 3-s intervals. Figure 6 shows the UV trace at 214 nm
and the TSP total ion current. Spectra were obtained for
all but two of the expected tryptic fragments, including
two peptide fragments with molecular weights in the
2000 to 3000 u range.

These experiments indicate that TSP LC/MS can be
used for peptide mixture analysis. First, TSP LC/MS is
compatible with the chromatographic systems most often
used by the peptide chemists: gradient elution with TFA
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Figure 6. top: UV trace at 214 nm for the HPLC separation of a
tryptic digest of beta-lactoglobulin A;  bottom: TSP LC/MS total
ion current trace
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buffers and flow rates of 1 to 2 ml min" Moreover, no
significant ion suppression effects have been discovered
with TSP. Furthermore, disulfide linkages are detected
intact. As an example, Figure 7 is a TSP spectrum of the
two tryptic fragments TS5 and T18 connected by a disul-
fide bond. The spectrum contains both a singly pro-
tonated molecular ion of m/z 2780 and a doubly
protonated molecular ion of m/z 1 390.
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Figure 7. TSP LC/MS spectrum of T5-5-5-T18

Conclusions

TSP LC/MS, having gained widespread acceptance,
has reached “middle age” as an analytical technique.
Whether it enters an early senescence will depend upon
the researcher’s abilities to overcome some of the experi-
mental complexities described above. As the peptide
digest example illustrates, TSP LC/MS can be useful for
the analysis of thermally labile biomolecules, even of
moderate molecular weight. Nevertheless, a large amount
of empiricism is often needed to obtain successful results.
The trend towards microprocessor control of experimen-
tal parameters should make reproducibility easier to
achieve. More work, however, remains to be done to
elucidate the mechanisms of the TSP ionization process
and to study the effect of ion source design on TSP
ionization efficiency before the full potential of TSP
LC/MS is realized.
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he development of combined analytical methods

is especially of interest in the analysis of compounds

in complex matrices at trace levels (ppb and
lower) because in these cases selectivity is one of the
most important parameters. The growing interest in polar
compounds prompted several research groups to inves-
tigate the possibilities of coupling high performance
liquid chromatography and mass spectrometry (HPLC/
MS), as an alternative to gas chromatography / mass
spectrometry (GC/MS). However, it was clear that devel-
opment of such instrumentation is much more compli-
cated than in the case of GC/MS.

In 1982, there was still not overall optimism about the
future of LC/MS as expressed in a review paper by Arpino
(I). The situation at that time was symbolized by a
complicated love affair between a goldfish (symbol for
the liquid phase in LC) and a parrot (symbol for the gas
phase in MS). Nevertheless, the research input in this
field was increasing rapidly, and it was clear that input
from both the LC-side as well as from the MS-side was
necessary to obtain a well balanced system. Too much
input from either side could result in frustration; the
optimal approach could produce a new, truly hybrid
species. These different routes are illustrated in Figure 1
using the “Arpino symbolism”. At present, the major
input has come from the mass spectrometry community,

as illustrated by the fact that, at the American Society of

Mass Spectrometry meeting held in Denver, Colorado,
May, 1987, about 12% of all papers were related to LC/MS,
whereas at the HPLC 87 meeting held in Amsterdam
(June, 1987) only 2% of the papers were related to LC/MS,
Nevertheless,; Frei (2) concluded after the fourth LC/MS
meeting held in Montreux in 1986 that “participants were
not skeptical about the justification of LC/MS”.

26

7 LC/MS

Figure 1. Possible development routes of LC/MS coupling in the
“Arpino symbolism”, Is today's combination a strong emphasis
on MS (I¢/MS), or on LC (LC/ms), or is it a true hybrid (LC/MS)?
(Upper part with permission from Elsevier.)
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The moving belt interface has been among the first
approaches in LC/MS coupling and has been discussed in
several excellent reviews (3-15). The approach is quite
straightforward and is based on the removal of the mobile
phase between the LC column exit and the MS ion source.
The roots of the present designs can be found in the early
work on LC-detector development (16-25). Various de-
tector types based on moving chains, cords, or wires have
been investigated as potential interfaces of LC and flame
ionization detectors, often with a pyrolysis step or oxida-
tion stage included.

Adaptation of the commercial Pye Unicam moving
wire detector to the vacuum requirements of a mass spec-
trometer by Scott (26) resulted in the first LC/MS interface
of this type. Further improvement by applying a stainless
steel or polyimide belt instead of a wire, allowing a much
higher solvent uptake, was reported by McFadden (27,28).
Erdahl and Privett reported (29-31) on the analysis of
lipids with a system having a reactor incorporated to
evaporate or pyrolyze compounds prior to the introduc-
tion into the mass spectrometer. Furthermore an evapo-
ration-to-dryness system based on a moving belt has
been described as a continuous flow technique in auto-
mated sample pretreatment procedures (32).

A schematic diagram of a moving belt interface for
LC/MS is shown in Figure 2. It consists of an endless
continuous moving belt that transports the analyte from
the LC to the mass spectrometer, while the mobile phase
is being removed via gentle heating and by evaporation
under reduced pressure in two vacuum chambers. Flash
desorption of the analyte is achieved at the tip of the belt
positioned in the ion source. While on the way back,
cleaning is performed by heating and washing of the belt.
The parts of special interest that are of major importance
for the overall performance are: mobile phase deposition
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(A), solvent evaporation (B), tip construction and vapor-
izer heating (C), cleaning devices (D), and the belt speed
controller (E). These items will be discussed and their
importance underlined with recent examples. Some spe-
cial applications of a belt system will also be highlighted.

Sample Deposition

Deposition of the column effluent directly on the belt
surface via a stainless steel capillary has been the method
used in early designs of belt interfaces. However, opti-
mization of the solvent deposition is necessary when
higher flow-rates and/or more polar mobile phase com-
positions are required. Important parameters are the
distance and the angle between the tip of the capillary
and the belt surface, and the belt speed. Especially for
less volatile mobile phases there are limitations in this
approach. With polar solvents the wettability of the belt
becomes a problem. Irreproducible droplet formation on
the surface results, causing nonuniform analyte distribu-
tions and distorted peak shapes. Post-column addition of
a water miscible solvent (33) seems to overcome this
problem to a certain extent.

Incomplete evaporation of the mobile phase before
it enters the vacuum chambers, which may happen with
aqueous mobile phases, also affects the performance of
the moving belt interface. Smith and Johnson (34,35)
developed an aerosol liquid deposition device consisting
of a nebulizer and preheated argon gas. A more detailed
study on the effective parameters in nebulizer deposition,
such as the gas flow-rate and the temperature, was
performed by Hayes (36). Spraying under an angle of 30°
showed that the chromatographic resolution is well
maintained for normal-bore columns. However, good
chromatographic performance can be obtained at flow
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Figure 2. Schematics of a moving belt interface. Important areas for the performance are: A, deposition on the belt; B, removal of the
mobile phase; C, desorption of the analyte; D, cleaning of the belt; and E, belt speed control.
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rates of 0.4 ml min' with 50% water/methanol with the
direct deposition via a capillary as well by careful
adjustment of the various parameters.

High water contents (> 50%) at higher flow rates
(> 0.5 ml min") are still problematic. Thermospray
sample deposition on a belt under partial vacuum with
pure aqueous mobile phases was reported by Vestal's
group for use in laser desorption mass spectrometry
coupled to LC (37) and for photoionization and electron
capture detection in HPLC (38). Kresbach (39) also
described a directly heated spray device applied in LC/
MS studies employing high water contents in the mobile
phase at high flow rates. However, for very thermally
labile compounds the heat at the tip of the spray device
induced decomposition. Stroh (40) reported on a fritted
contact depositor using microbore columns to avoid
degradation for the analysis of peptides by fast atom
bombardment (FAB) ionization of the analytes directly
from the belt surface.

Solvent Evaporation

The evaporation of the mobile phase can be achieved
by applying an infrared lamp (28) or by an electrical
heater. In general, normal phase chromatography gives
few problems with solvent evaporation from the moving
belt because the mobile phase is very volatile. Examples
of chromatography based on volatile mobile phases in
belt LC/MS are the analyses of petroporphyrins (41),
ergot alkaloids (42), nitrosamines (43), non-ionic surfac-
tants (44), diketopiperazines (45), enantiomers of am-
phetamine (46), and vitamin E isomers (47).

Less volatile mobile phase systems, such as the phase
systems used in reversed-phase chromatography, make
solvent evaporation difficult. Optimization of deposition
and solvent evaporation must be established.

Sample Desorption and Ionization Modes

For electron ionization (EI) and chemical ionization
(CD), sample molecules need to be vaporized from the
belt into the ion source. Flash vaporization, as used in
direct exposure probes (48), is a good approach 1o
minimize thermal degradation. However, positioning of
the vaporizer tip in the ion source is also of major
importance, as shown in a comparative study by Games
(49). The interface in Figure 2 is constructed to achieve
both goals, i.e., allowing no solvent molecules into the
ion source and minimizing thermal degradation. CI
spectra can be obtained in such a way that they resemble
direct chemical ionization (DCI) results. For instance, ex-
cellent spectra from negative ion CI with chlorine attach-
ment were obtained for some cardiac glycosides and
oligosaccharides (50). In the positive Cl mode using
ammonia as reactant gas, good spectral data have been
obtained for cyclosporin A (51).

An interesting phenomenon is the observed differ-
ence between spectra obtained either via directly spot-
ting the sample on the belt or via on-line LC/MS. Spectra
from the latter technique show, in general, more decom-
position. Also the memory effect, which is observed with
a moving belt system, is more pronounced in on-line LC/

28

MS than with direct spotting on the belt. These phenom-
ena can be explained by the presence of active sites on
the belt surface. Since it is advantageous to desorb all the
analyte molecules in the source to increase sensitivity,
deactivation of the belt surface was studied. It was found
that by applying a Carbowax 20M solution deactivation of
the belt can be achieved (51). This procedure was used
in the quantitation of progesterone in human serum by
isotope dilution (52) and in improving the spectral
quality of benzodiazepine (53), Belt silylation (54) was
found to reduce decarboxylation and denitrosation of ni-
trosoproline.

Optimal tuning of the interface parameters is neces-
sary for each different experimental condition, as shown
in a detailed study by Beattle (43) where the importance
of setting the vaporizer heating. source temperature, and
source pressure in ammonia Cl was demonstrated. All
three parameters influence the ratio between the pro-
tonated and ammoniated molecules.

Both EI and CI spectra can be obtained with the
moving belt interface. Having both CI and EI spectra is
important in identification studies because both molecu-
lar weight and structural information can be obtained.
Lindberg (54) showed that methane CI was useful for the
identification of budesonide metabolites obtained from
rat and mouse liver incubations, Deuterium labeled
budesonide was used to trace metabolites by isotope
cluster analysis in an elegant way.

In a recent postmortem case (55), screening of
plasma and urine samples by HPLC with UV-detection led
to the identification of several unusual compounds in a
basic extract. Both EI and CI LC/MS analyses were
performed using a Chromsphere C18 cartridge column
(100 x 3.0 mm) and a mobile phase consisting of 50:50
methanol/water at a flow rate of 0.45 ml min'. A typical
total ion current (TIC) ammonia-Cl trace of a urine extract
is given in Figure 3.
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Figure 3. Total ion current (TIC) ammonia CI trace of a post- mortem
urine extract

At least five compounds in the retention time window
from 6-10 min are detected. As a typical example, the El
and CI spectra of peak V are given in Figure 4. The
interpretation is straightforward because the molecular
weight appears to be 232, protonated (m/z 233) and am-
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Figure 4. CI and EI spectra of peak V, indicated in Figure 3

moniated (m/z 250) molecules are observed in the CI
spectrum and a molecular ion (m/z 232) in the EI
spectrum. The presence of isotopic clusters of two
chlorine atoms together with aromatic characteristics
leads to the structure proposed in the figure. Accurate
mass measurements with high resolution MS confirmed
the elemental composition, and identification of the other
compounds revealed strong structural correlations. The
conclusion could be drawn that the compound in peak V
is the herbicide diuron and the other compounds are the
metabolites formed via demethylation and hydroxylation
(55). Furthermore, theobromine, theophylline, nicoti-
namide, and a benzodiazepine were found after a de-
tailed examination of the data.

The moving belt LC/MS interface allows also the use
of surface ionization methods such as secondary ion mass
spectrometry (SIMS), fast atom bombardment (FAB), and
laser desorption (LD) without the need to evaporate the
analyte prior to ionization. This opens the possibility to
measure thermally labile and high molecular weight com-
pounds. In 1980, Benninghoven (56) demonstrated a
continuous LC/SIMS coupling using a endless silver belt
and Smith (57) reported a similar approach using a
moving metal ribbon. In combination with FAB, the first
results were obtained by Dobberstein (58) for labile
substances such as oligosaccharides and peptides. Spec-
tra can be obtained with and without the addition of a
matrix in this mode because the surface is automatically
refreshed. Fan (59) reported on a system comprising
both SIMS and LD. For the LD applications a blackened
steel belt was advantageous. Both positive and negative
ion spectra were reported for some amino acids and nu-
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cleotides deposited on the belt using a thermospray
vaporizer. By applying a fritted contact depositor in com-
bination with microbore columns, Stroh (60-62) obtained
spectra for a crude antiamoebin I hydrolysate and sev-
eral peptides of molecular weights up to approximately
2 000 u.

Oligosaccharides of approximately 4 000 u molecular
weight have been analyzed (63), as well as the LC-FAB/
MS analysis of a mixture of oligosaccharides obtained
from sheep urine (64). Damien (65) used an on-line LC-
FAB/MS setup based on a moving belt interface to
determine almitrine and its metabolites in plasma. Lower
signals for the protonated molecules were observed as
compared to conventional FAB analysis using glycerol as
a matrix. Stroh and Rinehart (66) discuss recent develop-
ments in this field.

Belt-Cleaning and “Phase System Switching”

A cleanup heater in combination with a wash bath
enables the removal of non-volatile residues and the re-
duction of memory effects. Deactivation of the belt for
the reduction of memory effects is preferred over cleanup
heating and washing of the belt. In a number of HPLC
methods, non-volatile substances are present in the
mobile phase, e.g., phosphate buffers and ion-pairing
agents, and their use should be avoided if possible. In
some cases, volatile buffer systems can replace less
volatile ones.

Karger (67-68) demonstrated the use of a segmented-
flow extractor between the LC and the moving belt
interface to transfer the analytes from an incompatible
mobile phase into an organic solvent. This approach
showed good results, although some chromatographic
peak broadening was observed. An improved extractor
has been described (69) that has been shown to be
compatible with ion-pair chromatography.
peak broadening was observed. An improved extractor
has been described (69) that has been shown to be
compatible with ion-pair chromatography.

In order to obtain a method capable of quantitation
at low concentrations in bioanalysis, we recently began
to study the applicability of an approach based on “phase
system switching (PSS)” (70-71). PSS is based on the
technique of trapping the compound of interest via heart-
cutting on a small column, followed by a washing step,
and then desorption of the analyte using the optimal
phase for mass spectrometric detection. PSS is schemati-
cally shown in Figure 5.

In step A, chromatography is performed using an ana-
lytical column (AC) with a phosphate buffer. Step B
performs the trapping of the analyte in the small trapping
column (TC). In step C, the TC column is washed with
pure water, while in step D, desorption of the analyte in
an organic solvent is performed and mass spectrometric
analysis in the MS or MS/MS mode takes place. The entire
procedure is automated via valve-switching units.

The anti-cancer drug mitomycin C has been studied
by PSS. Despite the use of a 50 mmol I'' phosphate buffer
in the analytical HPLC system, good mass spectrometric
detection was possible by applying pure acetonitrile as
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Figure 5. Basic concept of phase system switching (PSS). A,
chromatography over the analytical column (AC); B, trapping of
the analyte on the trapping column (TC); C, washing of the
trapping column; and D, desorption of the analyte and detection
with MS or MS/MS

the desorption solvent. The following important features
of PSS were observed:

* no deterioration of the interface-MS system despite
the use of “incompatible” mobile phases in the HPLC
procedure;

* optimal and independent choice of phase composi-
tion for the HPLC and MS;

* the possibility to optimize the flow-rate for the sepa
ration and detection step separately; and

e peak compression resulting in improved detection
limits.

PSS is based on differences in retention characteris-
tics, necessitating careful selection of mobile phases and
stationary phases. Post-column addition of a solvent
might be necessary as well, in some complex cases. The
PSS approach is especially aimed at target compound
analysis.

Programming of the Belt Speed

The belt speed is a key parameter of the moving belt
interface. The speed setting depends, of course, on the
flow-rate and mobile-phase composition. The optimal
vaporizer temperature is dependent on the belt speed.
Peak broadening effects have been studied as a function
of belt speed and flow-rate and nebulization conditions
at constant mobile phase composition (72). It was con-
cluded that peak variance was minimal at speeds of 40-
60 rpm. At lower speeds backmixing is probably a source
of peak broadening, while at higher speeds incomplete
or irregular solvent evaporation will lead to bad peak
shapes.

Since the mass spectrometer is a mass-flow sensitive
detector, but unfortunately limited with respect to the ac-
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Figure 6. Belt speed programming: detection of cholesterol
using single ion monitoring (SIM) by applying a constant belt
speed (upper) and by belt speed programming (lower)

ceptance of high flow-rates, we have started to perform
studies using belt speed programming (73) in target com-
pound analysis. Via heart-cutting, the compound of
interest is directed to the belt surface at low belt speeds.
Then the belt speed is increased to effect high mass flows
in the ion source. This procedure enhances peak com-
pression and, as a consequence, improves detection
limits. In these experiments, the acceleration of the
moving belt and the range of accessible belt speeds
become important. An example of the normal approach
is given in Figure 6 (upper); results were obtained after
injection of 150 ng of cholesterol while feeding the whole
peak onto the belt at constant belt speed (1.2 cm s'). The
mobile phase was pure methanol at a flowol 0.2ml min .
The belt speed programming results are given in Figure
6 (lower). By exact timing, the belt speed is increased
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to 4.5 cm s, after deposition of the cholesterol peak on
the belt surface at a belt speed of 1.2 cm s'. A clear peak
compression effect is now obtained leading to an in-
crease in peak intensity by a factor of 3.

The limitations under the described conditions are, of
course, the maximum allowable flow-rate at low belt
speeds and the low response time of the vaporizer that
excludes vaporizer programming in the short time inter-
val. Asa consequence, the maximum vaporizer tempera-
ture at the lowest belt speed has to be used. However,
the limitation in the maximum allowable flow rate, as
indicated above for conventional column types, does not
hold for microbore systems and certainly not for super-
critical fluid chromatography coupled to a moving belt.
In the latter case, belt speed programming becomes
attractive (74).

Miniaturized HPLC Systems

Another approach to overcome the flow-rate prob-
lem in reversed phase chromatography, and especially in
gradient elution, is the use of miniaturized HPLC systems.
Games et al. (75-78) have evaluated the use of microbore
systems in moving belt LC/MS in detail and show the
advantages of the lower flow rates despite the fact that
lower flow rates are, in principle, disadvantageous for a
mass-flow sensitive detector. The restrictions with re-
spect to the loadability were overcome with a manual col-
umn switching technique (75). Attention was paid to
improved detection limits and the applicability to quan-
titative analysis of pesticides (76). Extra-column band
broadening (77) and different column types (78) were
studied. Hayes (79) reported on the use of gradient LC/
MS with microbore columns and showed that minimal
peak broadening could be obtained by minor modifica-
tion of the nebulizer design used for conventional col-
umns. Because the higher outlet concentration of the
microbore system as compared to the conventional ap-
proach is balanced by a lower flow rate, the main reason
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for the observed improved detection limits is the reduc-
tion of the background due to solvent impurities (75,79).

Reiser and Barefoot (80-82) have reported the use of
packed fused silica capillary LC columns of 0.25 mm ID
operating with flow rates of 1-2 pul min' coupled to a
moving belt interface. Compared to the direct coupling
approach, it was found that for thermally labile sulfon-
vlureas less decomposition was observed with the belt.
Both the solvent heater and the sample vaporizer were
set at low temperatures to avoid degradation of the
analytes. A comparison between a microbore column (15
cm by 1 mm) and a fused-silica packed column (30 cm
by 0.25 mm) showed a better performance for the latter
with respect to detection limits. This is perhaps partly
due to adsorption effects in the stainless steel microbore
system. The loadability of small-bore columns remains a
strong limiting factor, but an injection/concentration
method was used that effectively increases the sample
size by one to two orders of magnitude.

Direct Serum Analysis by Membrane-Dialysis Mov-
ing Belt LC/MS/MS

Continuous-flow techniques are attractive as sample
pretreatment methods because of the ease of automation
and coupling to HPLC. Membrane dialysis is a technique
that enables the separation of the analytes from high mo-
lecular weight proteins and can be carried out fast and
reproducibly. Since the sample is diluted in this step,
peak compression is achieved on a small pre-column,
after which the analysis can take place. For mitomycin C,
we have shown (83) that a fully automated setup, using
an analytical column and UV-detection, can be used to
detect this drug at levels of 1 ng ml"' by direct serum
analysis.

Mitomycin C can be detected with high selectivity by
MS and MS/MS coupled to the PSS system, using direct
serum analysis and a non-volatile mobile phase for the
separation on the analytical column. However, after a

MS/MS

Autosampler
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Figure 7. Schematic diagram of on-line membrane dialysis coupled to a moving belt LC/MS/MS instrument
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reasonable sample pretreatment step, direct analysis us-
ing MS/MS will provide sufficient selectivity to analyze
normal drug levels encountered in clinical trials. This ap-
proach, consisting of continuous-flow membrane dialy-
sis, a small pre-column for cleaning / concentration of the
analyte, and a tandem mass spectrometer (Figure 7) has
been tested. Preliminary experiments were conducted to
establish the performance of this setup by direct serum
injection and detection of endogenous cholesterol by MS.
Results of MS/MS analysis of an anticancer drug by this
method will be reported elsewhere (84).

Derivatization

Derivatization can be used as an effective tool to

control sensitivity and selectivity, parameters of major
importance for quantitative trace analysis. Literature on
derivatization in LC/MS is scarce (85). It is especially
surprising that most of the derivatization work has been
done in combination with the moving belt interface,
while the other popular interface types are more chem-
istry based. Basically, pre- and post-column derivatiza-
tion procedures can be distinguished.

Pre-column derivatization influences the chromatog-
raphy and the interface and detection properties. This re-
quires careful consideration. For example, silylation,
often used in GC/MS, was used by Quilliam (86) to im-
prove the volatility of fatty acids and to obtain good mass
spectral behavior. Anthrylmethyl esters of fatty acids
have been analyzed (87) as well, although the main ob-
jective was the introduction of fluorescent properties and
validation of the chromatography by LC/MS. Sequence in-
formation of N-acetyl-N, O, 5-permethylated derivatives of
oligopeptides have been reported by Yu (88), using
isobutane CI. Derivatized and underivatized amino acids
have been studied by Games (89). Carbonyl compounds
can be derivatized with 2 4-dinitrophenylhydrazine to
yield derivatives with good EI and CI properties in
positive and negative ion modes. In this case, derivati-
zation is used to decrease the volatility of the lower
molecular weight ketones.

Post-column derivatization is aimed at the improve-
ment of interface and mass spectrometric behavior. Karger
(67,68) used a continuous extraction device for phase
transition. On-line, ion-pair extraction was demonstrated
and the mass spectral properties of the ion-pair counter
ions, such as alkylsulfonates and -sulfates were studied
for the volatilization of ionic compounds (69,91). Fur-
thermore, the ion-pairing concept was evaluated for
alkylation of analytes during flash evaporation. Detection
limits in the ppb range were reported for carboxylic acids
using tetrabutylammonium counterions (92). Conversion
of primary amines into their isothiocyanates with carbon
disulfide has also been established (93).

Conclusions

The moving belt interface continues to be a valuable
approach in LC/MS and SFC/MS coupling (94-96). The
most important reasons are the compatibility with a broad
range of chromatographic conditions and ionization
methods. Both structural and molecular weight informa-
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tion can be obtained via low and high resolution mass
spectrometry, as well as via MS/MS techniques. Interest-
ing new concepts such as phase system switching, on-
line membrane dialysis, and the incorporation of more
derivatization chemistry will certainly enlarge the scope
of LC/MS and of the moving belt interface, in particular.
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