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A comparison of coaxial continuous flow fast atom bombardment (FAB) with static FAB and with electrospray 
ionization (ESI) for the analysis of 'high'-mass peptides (M, = 3000-4000) is presented. Sensitivities of the peptides 
by coaxial continuous flow FAB is nearly an order of magnitude better than by static FAB. Single-scan spectra 
with good signal-to-noise can be obtained from as little as 200 fmol (by flow injection analysis). Detection limits by 
ESI mass spectrometry were found to be equivalent to 20 times higher than by coaxial continuous flow FAB on a 
per mole basis, but 4-20 times lower on a concentration basis, owing to the greater flow per unit time employed in 
the ESI mass spectrometric experiments. 

I N T R O D U C T I O N  

Fast atom bombardment (FAB) has proven itself to be 
a powerful technique for the determination of polar 
molecules such as peptides. The utility of the technique 
for biological samples, especially tryptic digests, was sig- 
nificantly enhanced by the advent of continuous flow 
FAB' and the related frit FAB.2 

These flow FAB techniques have met with wide 
acceptance and success. A number of workers have used 
the technique for tryptic digests3-11 and Caprioli 
reported an increased signal-to-noise ratio by contin- 
uous flow FAB versus static FAB (signal averaged over 
an equal number of scans rather than over an equal 
amount of analyte consumed) for protonated bovine 
insulin.' There has been, however, a widespread 
concern (mentioned at meetings) that the sensitivity of 
continuous flow FAB for heavier peptides (M, > 3000) 
is significantly lower than that obtained by introduction 
of the sample on a static FAB probe. A recent pub- 
lication by Hemling et al. provided experimental confir- 
mation of this observation." The authors examined 
several 'high'-mass peptides including glucagon, C- 
peptide, Tyr-C-peptide and oxidized insulin B-chain at 
the 150-800 pmol level and found that they responded 
better to static FAB. These results were confirmed in a 
further series of experiments." 

Electrospray ionization (ESI)13.14 has become an 
extremely popular technique for the determination of 
peptides and proteins. The formation of multiply 
charged molecular ions permits analysis of proteins 
with masses in excess of 1OOOOO Da on quadrupole 
mass  spectrometer^.'^ These measurements typically 
can consume only low picomole amounts of analytes." 

t Author to whom correspondence should be addressed. 
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In the report by Hemling et al., a comparison was also 
made of ESI with conventional continuous flow FAB 
for the determination of tryptic fragments." Although 
detection limits were not reported under ESI mass spec- 
trometric conditions, the authors noted that ESI mass 
spectrometry yielded better sensitivity for glycopeptides. 

Our laboratory has developed a variation on the 
theme of continuous flow FAB in which the analyte and 
matrix flows are delivered independently to the probe 
tip through a coaxial Using this 
approach and scanning over a narrow range, we have 
obtained detection limits in the attomole range for the 
small peptide MLFI7 and in the femtomole range when 
scanning over a wider range." We therefore decided to 
investigate the sensitivity of coaxial continuous flow 
FAB relative to static FAB and ESI for 'high'-mass pep- 
tides (M, > 3000) and now report our results. 

EXPERIMENTAL 

Materials 

C-peptide, Tyr-C-peptide, glucagon and oxidized insulin 
B-chain were purchased from Sigma and used as 
delivered. 

Mass spectrometry 

All FAB mass spectra were acquired on a VG ZAB 4F 
tandem double-focusing mass spectrometer. Only MS-I 
was utilized in these experiments. Owing to the mass 
range of this instrument at full accelerating voltage, the 
instrument was operated at a reduced accelerating 
voltage, 6 kV. To maximize sensitivity, all experiments 
were performed at a resolution of -900. Ions were pro- 
duced by bombardment with 10 keV xenon atoms. The 
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mass spectrometer was scanned exponentially from 
mass 4050 down to mass 2950 at a scan rate of 50 s/ 
decade (10 s/scan). Ions were detected in the third field- 
free region using a photomultiplier-based detection 
system. All data were acquired in the profile 
(continuum) mode with no electrical filtering using a 
VG 11-250 data system, with data processing being per- 
formed on a SUN 360 workstation using MACH 3 soft- 
ware (Kratos Analytical). In the coaxial continuous flow 
experiments, data from sufficient scans were added 
together so that the amount of analyte consumed 
during those scans added up to the quantity designated 
in the text below. In the static probe experiments, the 
instrument was scanned until analyte was no longer 
detected, and all of these scans were added together. 
The summed scans from both sets of experiments were 
submitted to a 21 -point Savitsky-Golay smooth fol- 
lowed by a 21-point moving average smooth. 

In the static probe experiments, 1.0 p1 of FAB matrix 
(dithiothreitol-dithioerythritol) was placed on the FAB 
probe. Then, 1.0 p1 of a solution of the peptide in 
MilliQ/MilliRho water was added to the FAB tip. 

The coaxial continuous flow FAB system has been 
described in detail elsewhere.'6-20 Briefly, the analytical 
column was a 10 pm i.d. x 150 pm 0.d. fused silica 
column 2.0 m in length. This column was threaded 
inside of the matrix delivery column (160 pm i.d., 365 
pm 0.d. fused silica column). The analytical column was 
withdrawn slightly (1 mm) into the matrix column at 
the probe tip. The matrix was 25 : 75 glycerol-0.5mM 
aqueous heptafluorobutyric acid. The matrix was 
delivered by an ISCO pLC-500 syringe pump at a flow 
rate of 0.4 pl min-'. Sample introduction was by means 
of a pressurized injection vessel that has previously been 
de~cribed."*~' In this technique a microvial of solution 
is placed in the vessel and the fused silica analytical 
column is inserted through the lid into the vial. The 
vessel is then pressurized with helium to inject the 
sample onto the column. This injection system requires 
approximately 5 p1 of solution for manipulation. Thus, 
a detection limit of 1 pM translates into 5 pmol of 
analyte required. All of the coaxial continuous flow 
FAB experiments were performed by flow injection 
analysis. The flow rate of the column (1.4 nl s-') was 
determined by the amount of time needed for the 
sample to reach the mass spectrometer and by the 
column volume. 

ESI mass spectra were acquired on a VG 12-250 
quadrupole mass spectrometer that had been retrofitted 
with a Vestec electrospray source, model 611B (Vestec 
Corp., Houston, Texas). The needle voltage was held at 

-3 kV with a spray current of 0.2-0.25 PA. The mass 
spectrometer was scanned from 100 Da to 1200 Da in 
10 s at a mass resolution of 1.5 (50% valley). The instru- 
ment was fitted with a photomultiplier-based detection 
system identical to that used on the ZAB 4F. All data 
were acquired and processed in the same manner as the 
FAB data. 

The probe utilized was of a coaxial flow design.22 The 
analytical column was a 75 pm i.d., 1.2 m long fused 
silica column. The make-up fluid (sheath flow) flowed 
around the analytical column and mixed with the 
analyte at the probe tip (the electrospray needle). The 
sheath fluid in the ESI experiments was 50:50 
Methanol-3% aqueous acetic acid. The sheath flow was 
5 p1 min-', while the analytical column flow was deter- 
mined to be 28 nl s-'. 

RESULTS AND DISCUSSION 

The quantities consumed in acquiring the spectra of the 
peptides are compared in Table 1. Spectra for summed 
scans equal to the amounts listed in the table for the 
coaxial continuous flow experiments (Figs l(a)+a)) and 
the static experiments (Figs l(bt4(b)) and single scans 
from the coaxial continuous flow experiments (Figs 
l(c)+c)) are shown in the figures. The spectra obtained 
are unremarkable except for C-peptide and Tyr-C- 
peptide. The spectra of these two peptides obtained by 
static probe show ions 100 and 200 Da above the mass 
of the protonated molecule, presumably due to adducts 
with the FAB matrix. These adducts were not observed 
using glycerol as the FAB matrix in the continuous flow 
FAB experiments. The intensities of these adduct ions 
are included in the intensities listed in Table 1. 

These data show that the analyte intensity by coaxial 
continuous flow FAB is approximately tenfold greater 
than that obtained by the static probe, except for 
Tyr-C-peptide where the coaxial continuous flow FAB 
spectra are only twice as intense as the static spectra. 
These results are in marked contrast to the results 
reported by Hemling and co-workers.10*12 Three 
possible reasons for these results can be postulated. One 
is that the coaxial approach constrains the analyte to 
the center of the probe tip, presenting a higher flux of 
analyte at the center of the FAB beam than is found in 
the standard continuous flow FAB approach. The 
second is that the source pressures in the coaxial contin- 
uous flow FAB experiments (2 x Torr) are signifi- 
cantly lower than those encountered in standard 

Table 1. Amounts analyzed: coaxial continuous flow vs. static FAB 

Coaxial continuous flow 

Summed scans Single scan Static 

Compound Amount Intensity Amount Intensity Amount Intensity 

Oxidized insulin 6-chain 5 ng 2.2 V 0.7 ng 0.33 V 5 ng 0.27 V 
Glucagon 5 ng 234 mV 0.7 ng 81 mV 5 ng 0" 
C-peptide 29ng 1 3 V  1.4 ng 0.7 V 25 ng 1.5Vb 
Tyr- C- peptide 100ng 11 V 14ng  1.7 V 100 ng 5.7 Vb 

a Below detection limit. 
bTotal of protonated molecule and adducts. 
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Figure .1 (a) Mass spectrum from 5 ng of oxidized insulin 6-chain acquired by coaxial continuous flow FAB. (b) Mass spectrum from 5 ng 
of oxidized insulin 6-chain acquired by static FAB. (c) Single-scan mass spectrum of 0.7 ng of oxidized insulin 6-chain acquired by coaxial 
continuous flow FAB. 
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Figure 2. (a) Mass spectrum from 5 ng of glucagon acquired by coaxial continuous flow FAB. (b) Mass spectrum from 5 ng of glucagon 
acquired by static FAB. (c) Single-scan mass spectrum of 0.7 ng of glucagon acquired by coaxial continuous flow FAB. 
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Figure 4. (a) Mass spectrum from 100 ng of Tyr-C-peptide acquired by coaxial continuous flow FAB. (b) Mass spectrum from 100 ng of 
Tyr-C-peptide acquired by static FAB. (c) Single-scan mass spectrum of 14.4 ng of Tyr-C-peptide acquired by coaxial continuous flow 
FAB. 
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Table 2. Limits of detection: coaxial continuous flow FAB YS. electrospray ionization 

Limits of detection 

Coaxial continuous flow FAE Electrospray ionization 

Compound Concentration Amount Concentration Amount 

Oxidized insulin B-chain 1.6 x lo-' M 20 fmol 0.4 x lo-' M 100 fmol 
Glucagon 28 x M 20 fmol 1.4 x lo-' M 400 fmol 
C-peptide 1.4 x lo-' M 10 fmol 0.6 x lo-' M 150 fmol 
Tyr-C-peptide 56x10-' M 2pmol 5.0~10-' M 1.6 pmol 

continuous flow FAB owing to the low total flows 
involved. The lower source pressure may yield better 
sensitivity through lowered collisional scattering of the 
analyte. The third may be due to the design of the con- 
tinuous flow FAB probe used in the Hemling 
experiments-this was an early design which yielded 
poorer sensitivity than later probe tip designs. 

The single scan data in Figs l(c)+c) also show that 
reasonable full-scan data can be acquired from femto- 
mole levels of analytes using the coaxial approach with 
detection limits determined to be in the tens of femto- 
moles for all peptides except Tyr-C-peptide. 

Table 2 compares the detection limits realized using 
ESI and coaxial continuous flow FAB. ESI mass 
spectra of the peptides obtained at levels near the 
single-scan levels shown for coaxial continuous flow 
FAB (shown in Figs l(c)-4(c) are shown in Fig. 5. The 
detection limits were determined by a serial dilution of 
the sample until no signal (S : N > 3 : 1) was observed. 
The relative sensitivities noted here include not only dif- 
ferences in sensitivities between coaxial continuous flow 
FAB and ESI, but also differences in sensitivities 
between the specific magnetic sector instrument and 
quadrupole instrument used in this study. Thus, these 
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Figure 5. (a) ESI mass spectrum of oxidized insulin B-chain (0.7 ng consumed). (b) ESI mass spectrum of glucagon 
(c) ESI mass spectrum of C-peptide (1.4 ng consumed). (d) ESI mass spectrum of Tyr-C-peptide (1 7 ng consumed). 

(1.4 ng consumed). 
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results should not be interpreted as a rigorous compari- 
son of coaxial continuous flow FAB and ESI. Table 2 
shows that coaxial continuous flow FAB is as sensitive 
or more sensitive than ESI for the determination of continuous flow FAB detection limits. 
these peptides on an absolute amount basis on the 
instruments used in this study. ESI, however, proves to 
be more sensitive when the concentration of the analyte 
is considered. Thus. ESI detection limits are in the 

tinuous flow FAB and static FAB analyses of identical 
amounts, however, the static FAB detection limits are at 
least an order of magnitude higher than the coaxial 

c~~~~~~~~~~ 
micromolar to submicromolar level under these condi- 
tions, while the detection limits for coaxial continuous 
flow FAB are a factor of 4-20 higher. This difference in 
molar detection levels versus absolute quantity detec- 
tion limits is due to the greater flow rate employed in 
the ESI experiments (28 nl s - l  for ESI versus 1.4 nl s - '  
for continuous flow FAB). 

Detection limits were not determined for static FAB. 
Based on the ratio of signal intensities for coaxial con- 

These data show that the increased sensitivity shown 
for peptides by continuous flow FAB over static FAB 
for low-mass peptides can be realized for 'high'-mass 
peptides (M, = 3000-4000) if the coaxial approach is 
used. In addition, detection levels by coaxial continuous 
flow FAB can be comparable to those obtained by ESI 
for these peptides (these results may be instrument 
dependent). 
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