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Optimization of a Hydrophobic Solid-phase
Extraction Interface for Matrix-Assisted Laser
Desorption/Ionization

Adam H. Brockman,*¤ Nina N. Shah” and Ron Orlando
Complex Carbohydrate Research Center, Department of Biochemistry and Molecular Biology, and Department of Chemistry,
University of Georgia, Athens, Georgia 30602-4712, USA

Matrix-assisted laser desorption/ionization (MALDI) probe surfaces derivatized with octadecanethiol can be(C
18

)
used as hydrophobic solid-phase extraction devices to isolate and desalt biopolymers directly on the probe surface.
Using quantitative MALDI, it was possible to determine the approximate amount of peptide that bound to C

18surfaces and thus to calculate a surface density. It was determined that the amount of peptide bound at the probe
surface was independent of the analyte concentration in the immersion solution (from high- to sub-ng ml—1

concentrations), but rather was dependent on the immersion time of the surface as it was exposed to the analyte.
The capacity of probes to bind biopolymers in Ðxed amounts frees the analyst from the necessityC

18
-derivatized

for adjusting analyte concentration through multiple step procedures such as serial dilution or vacuum drying. This
time savings result in an overall increase in the efficiency of the MALDI technique. 1998 John Wiley & Sons,(

Ltd.
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INTRODUCTION

Matrix-assisted laser desorption/ionization (MALDI)
has evolved to revolutionize the scope with which mass
spectrometry can be applied to large non-volatile bio-
logical molecules.1 The method is suitable over a large
mass range, is extremely sensitive and can be applied
quantitatively. However, MALDI is vulnerable to limi-
tations arising from commonly encountered inter-
ferences, and the necessity for preparing samples in a
suitable analyte-to-matrix ratio can prohibit rapid
analysis by the method.

Several mass spectrometric interferences are common
to the types of samples that interest the pharmaceutical
and biotechnology industries. These interferences with
mass spectrometric analysis can result from charge
competition in diverse mixtures, salts, chaotropes or
surfactants. Signal suppression caused by interferences
occurs through inhibition of analyte ionization in the
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ion source. The primary cause of this inhibition is
thought to occur in two ways, by the contaminant pre-
venting the co-crystallization of the analyte with the
matrix and by charge competition in the laser-induced
plasma plume at the surface. Additional loss of the
analyte signal can be observed on account of fragmen-
tation and adduct formation. An ideal solution to these
challenges would be an on-line process that removes the
interferences from the analyte.

On-line, column-based separations could be used to
eliminate interferences from samples prior to MALDI
analysis. However, MALDI is most commonly per-
formed by drying the analyte on the probe surface in a
mixture with a light-absorbing matrix, and is therefore a
solid-phase ionization method. The solid-phase nature
of the MALDI preparation makes on-line liquid-phase
separation interfacing very challenging, although some
progress has been made in this area.2

An alternative approach to coupled MALDI separa-
tions is the use of on-probe separations. In an on-probe
separation, the probe is derivatized with separation
media that would selectively bind the analyte of interest
but allow the contaminants to be removed by washing
with a solvent. Such an approach o†ers a great deal of
sensitivity, as no elution step is necessary preceding the
detection event of the separation. In addition, probe tips
modiÐed in this fashion facilitate automation of
MALDI, as issues involving concentration and analyte-
to-matrix ratio become less critical if surfaces with
capacities in the proper range are used. We argue that
the approach herein is appropriately referred to as
“solid-phase extraction mass spectrometryÏ (SPE/MS).
This broadly applicable term could be used to describe
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any surface-based separation used in conjunction with a
surface-based ionization method in mass spectrometry.
SPE/MS methods will be especially valuable to the bio-
logical and pharmaceutical science communities as
MALDI continues to grow in popularity and quantitat-
ive MALDI methods become more reÐned.

Several investigators have participated in the devel-
opment of on-probe preparative procedures for
MALDI/MS. Preparative methods involving affinity
capture have been developed utilizing protein-
derivatized beads affixed to the probe surface,3,4 or by
using derivatized self-assembled monolayers (SAMs).5h7
In addition to affinity capture methods, methods
employing matrix crystal inclusion,8 hydrophobic mem-
branes,9 thick matrix underlayers10 and binary matrices
have also been explored.11 However, these methods
contribute in some instances to Ðeld distortion in the
source.

SAMs are especially attractive as a separation
medium. SAMs are a covalently attached medium that
generate minimal surface distortion. They are also rela-
tively easy to construct,12 are well characterized13,14
and are relatively resistant to solvents and bu†ers once
formed. The Ðrst on-probe separations methods using
SAMs were directed towards affinity separations.3h7
Recently, the commercial availability of reagents to
compose a variety of SAMs which are well suited to
general separation approaches has encouraged work
using on-probe reversed-phase separations.15 These
separations not only permit interference elimination
directly on the probe tip, but also appear to allow the
isolation of peptides within a suitable analyte-to-matrix
concentration range in a single step. However, since the
surface density of a peptide-saturated SAM-derivatized
probe surface has never been ascertained, it is difficult
to predict with certainty what the optimal conditions
for a SAM method might be.

A recent contribution produced data on the nature of
non-speciÐc protein adsorption on methyl-terminated
SAMs.16 This work was carried out using an acoustic
plate mode device to measure the degree of interaction
of Ðbrinogen samples ranging in concentration from 3
to 280 lg ml~1. Solutions lower in concentration than 3
lg ml~1 were not studied owing to a lack of measurable
adsorption. It was found that the rate of increase in
binding over time was very low for solutions of 3 lg
ml~1. It was proposed that this di†erence in the adsorp-
tion capacity at the surface could be attributed to the
unfolding of the protein to a larger radiance of occu-
pancy on the surface. However, a lack of sensitivity on
the part of the acoustic plate mode device could also
have contributed to the lack of measurable adsorption
at low concentrations. It is likely that the sensitivity of
quantitative MALDI, which has already been estab-
lished by other workers,17h21 would be useful for char-
acterizing the peptide adsorption process at lower
concentrations.

Bioanalytically interesting concentrations of peptide
are relatively low (low lg ml~1 to pg ml~1). The corre-
spondingly small amounts of peptide adsorbed on C18surfaces must therefore be established using a very sen-
sitive surface analytical technique. For this reason, we
explored the use of the already established method of
quantitative MALDI to determine the nature of non-

speciÐc adsorption of peptide on C18 surfaces.
Although quantitative MALDI methods are not yet
robust enough to be applied on a routine basis owing to
shot-to-shot variability and variability in the matrix-to-
analyte ratio from spot to spot, it is one of the few
methods by which the amount of peptide adsorbed can
be readily determined with adequate sensitivity. This is
an important parameter to consider in optimization
issues surrounding the SPE/MS interface, and should
provide a useful benchmark for future investigations.

There are two optimization issues of primary concern
in the use of C18 SPE/MS. The Ðrst of these is the con-
centration of the peptide analyte. In our earlier work it
appeared that an upper threshold exists on the binding
capacity such that the analyte-to-matrix ratio never
became too high.15 However, this was not conÐrmed in
the previous work, so a study of peptide concentration
was performed here to demonstrate that the amount of
immobilized peptide does not increase signiÐcantly
when the probes are immersed in a range of immersion
solutions containing various concentrations of peptide.

Another major issue is binding time. In our original
work, the probes were immersed in the peptide solution
for an excess period of time (overnight) in order to
allow maximal binding to occur. This was based on our
observation that a momentary deposition of a micro-
liter volume of peptide solution on the surface followed
by washing and analysis yielded sporadic signals in
comparison with a very robust signal obtained after
extended incubations. The use of the extended binding
time to maximize binding also contributed to our
hypothesis that the derived surfaces had an upper limit
on the amount of peptide adsorbed, since no amount of
time seemed to yield an inhibitory amount of bound
peptide. We studied this phenomenon in more detail
here by correlating the MALDI response with immer-
sion time.

A Ðnal consideration examined here is the determi-
nation of a benchmark describing the capacity of deri-
vatized probes. The elucidation of such a benchmark
should provide an important reference by which the
capacity of subsequent derivatization chemistries can be
compared. In this fashion, derivatization chemistries
complementary to the current C18 chemistry can be
designed for various situations as necessary. Surface
density was calculated for this benchmark because the
parameter is independent of probe surface area and has
proven to be a useful consideration for similar surfaces
used in di†erent scenarios.22

EXPERIMENTAL

Our goals in this work were to optimize methods
further for the use of C18 SAMs in the MALDI analysis
of peptides using quantitative MALDI. To demonstrate
the e†ectiveness of the method, the determination of
rennin substrate in phosphate-bu†ered saline (PBS) was
performed for 1 lg ml~1 and 1 ng ml~1 solutions using
the SPE/MS method. Additionally, the utility of the
method in the analysis of mixtures was demonstrated by
the acquisition of spectra from a sample containing
trypsin-digested horse heart cytochrome c (Sigma, St
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Louis, MO, USA) peptides in 20 mM phosphate bu†er
(pH 2.0) which had been prepared in a conventional
fashion.23

A reference curve for conventionally deposited rennin
substrate tetradecapeptide (Sigma) was constructed
using 1 mM sinapinic acid (Aldrich, Milwaukee, WI,
USA) with 1.5 lg ml~1 human angiotensin (Sigma)
added as an internal standard. This reference curve was
used to demonstrate the linear response of the rennin
substrate/angiotensin integrated intensity ratio to the
amount of rennin on the probe, so that an estimate of
the surface density of SPE/MS-isolated peptide on the
probes could be made. Finally, a range of analyte con-
centrations and binding times were explored to
compare the behavior of our probes with respect to the
surfaces studied in the APM measurements.16

MALDI data were collected using an HP LDI1700
XP linear time-of-Ñight mass spectrometer (Hewlett-
Packard, Palo Alto, CA, USA). The repeller was oper-
ated at 30 kV and the intermediate extraction lens was
operated at 9 kV. A mass gate was employed to deÑect
ions below m/z 800. The matrix was a 2 mM solution of
sinapinic acid in volatile bu†er B, i.e. 80% aqueous ace-
tonitrile (ACN) (J. T. Baker, Phillipsburg, NJ, USA)
with 0.05% triÑuoroacetic acid (TFA) (Aldrich).

“ConventionalÏ MALDI refers to typical MALDI
preparations in which the analyst mixes a volume of
matrix and a volume of sample and then dries the
resulting mixture on the probe surface. To prepare the
reference curve on the C18-derivatized tips, each serial
dilution of rennin substrate was mixed 1 : 1 with a
matrixÈinternal standard mixture, and 1 ll of the
mixture was deposited on the surface in this conven-
tional fashion. A new C18 SPE/MS tip was used in each
experiment to avoid losses in binding capacity between
experiments. The strategy, as with most external stan-
dard calibrations, is to compare the analyte/internal
standard peak area ratio generated using conventional
MALDI with the ratio generated using SPE/MS. The
analyte-to-internal standard ratio was determined as an
average of several shots.

C18 surfaces were prepared as described elsewhere.15
The C18 monolayer is hydrophobic and serves to
adsorb peptides selectively from solution while allowing
interferences to be washed away. The probe surfaces
used consisted of a ring of eight raised surfaces referred
to as “mesas.Ï It is from the derivatized tops of these
mesas that spectra were obtained.

Solutions of 1 lg ml~1 and 1 ng ml~1 to rennin sub-
strate (Sigma) were made in PBS (10 mM phosphate, 150
mM NaCl, pH 7) in order to demonstrate the utility of
the tips. The tips were incubated overnight in a 1 ml
aliquot of each solution and then analyzed after
washing with 0.06% TFA.

A reference curve was constructed for the MALDI
response as typically described in the literature.16
Human angiotensin with an m/z of 1297 [M] H]` was
chosen as an internal standard as it has a similar pI and
does not have any peaks overlapping with those of
rennin substrate (m/z 1760 [M] H]`. The standard
matrix was prepared as described above, with a concen-
tration of 2 mM sinapinic acid and 3 lg ml~1 human
angiotensin such that a 1 : 1 mixture with the analyte
made a Ðnal solution of 1 mM sinapinic acid and 1.2

pmol ll~1 angiotensin. The matrix and internal stan-
dard were delivered by droplet deposition as opposed to
electrospray deposition with the intention of allowing
bound peptide to be evenly distributed with matrix and
better included in matrix crystals as they were formed
from solution. A serial dilution of rennin substrate was
then performed from 200 lM to 200 pM so that depos-
ited amounts after mixing with matrix would range
from 100 pmol to 100 amol in intervals of 10 amol.
Such a large dynamic range is not thought to be practi-
cal for high-precision quantitative MALDI,18 but our
purpose was to obtain a rough idea of the amount of
peptide adsorbed over as large a range as possible. A
sufficiently linear reference curve for the conventionally
deposited rennin substrate can be correlated with SPE/
MS-isolated rennin substrate. A linear regression was
used to perform this correlation using the equation
y \ mx] b, where m is the slope, x is the area ratio
(response) and b is the y intercept. Two-tailed t-tests
were employed to demonstrate the statistical signiÐ-
cance of the slope.

Time curves were established by immersing the tips
for various time intervals in an excess volume of a 1 lg
ml~1 solution of rennin substrate. The tips were
removed after each time interval and rinsed and matrix
with internal standard diluted 1 : 1 with bu†er B was
then applied. The peak-area ratio was obtained in tripli-
cate for each time interval and Ðtted by linear regres-
sion to determine if the response could be correlated
signiÐcantly as a function of the incubation time of the
tips.

A serial dilution was performed with rennin substrate
to study the e†ects of high peptide concentration on the
binding. The dilution covered the range 300È3 lg ml~1,
similar to previous work.16 The tips were then incu-
bated in each solution overnight, the tips were removed
for each immersion solution concentration, rinsed and
matrix with internal standard diluted 1 : 1 with bu†er B
was then applied. The peak-area ratio was obtained in
triplicate for each concentration interval and Ðtted by
linear regression to determine if the response could be
correlated signiÐcantly as a function of concentration.
The tips previously appeared to prevent the accumula-
tion of surface densities so high as to create a poor
analyte-to-matrix ratio, but this was not conÐrmed.
Therefore, the peak-area ratio response was correlated
with peptide concentration to see if the surface density
increased signiÐcantly with concentration of analyte in
solution during binding.

RESULTS AND DISCUSSION

The results of a typical C18 SPE/MS analysis of a salty
solution of 1 ng ml~1 and 1 pg ml~1 of rennin substrate
are shown in Fig. 1. The signal-to-noise ratios do not
change dramatically when using SPE/MS even though
the concentration of the immersion solution is changed
by as much as three orders of magnitude. In addition,
clean spectra were acquired despite the presence of salts.
We never encountered non-binding or competitively
binding peptides.

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 1141È1147 (1998)
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Figure 1. SPE/MS analysis of (A) 1 lg mlÉ1 and (B) 1 ng mlÉ1 renin substrate in PBS.

A mixture of tryptic cytochrome c peptides was
analyzed by conventional MALDI and by SPE/MS to
demonstrate the utility of concentration-dependent
binding (Fig. 2). Components of peptide mixtures
appear when using SPE/MS [Fig. 2(b)] which do not

appear when using conventional MALDI [Fig. 2(a)].
These results are typical, and represent the reasoning
behind our hypothesis that there is an upper limit to the
capacity of these probes and non-competitive binding
kinetics at low concentrations. Since this capacity is

Figure 2. (A) Conventional MALDI analysis of a peptide mixture resulting from a tryptic digest of cytochrome c ; (B) SPE/MS analysis of
the same peptide mixture.

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 1141È1147 (1998)
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Table 1. Degrees of freedom (n Ô 1), slope (m), y-intercept (b), t-value
and values tabulated for comparison of the signiÐcanceta@2/(ta@2)of response for three di†erent relationshipsa

Parameter mb b t ta@2 n É1

Amount deposited 2.2 Ã10É7 2.01 5.18 2.78 26

Time 7.31 Ã10É4 0.365 4.28 2.81 23

Concentration É1.37 Ã10É3 0.737 É1.14 É2.82 22

a The correlations were performed for integrated analyte-to-internal standard
ratio (response) vs . amount deposited, time and concentration.
b Slope comparisons are not indicative of rate differences as the ranges of
immersion times, immersion solution concentrations and amounts are in dif-
ferent units for each correlation. Slopes were in the following units : amount,
amol/response; time, min/response; and concentration, mg mlÉ1/response.

independent of the concentration of the analyte in the
immersion solution, it e†ectively dictates an acceptable
analyte-to-matrix ratio for all analytes in solution. In
order to conÐrm these results, however, correlations
between MALDI response and the variables of interest
(amount of peptide on the surface, immersion time and
immersion solution concentration) are necessary.

Angiotensin is not an optimal internal standard for
the quantitation of rennin substrate when compared
with some of the standardÈanalyte pairs presented in
the literature.19 However, since our purpose was to
evaluate response as a function of variables of interest
as opposed to quantitation, careful matching of rennin
substrate with an internal standard was not explored
exhaustively. The results can be explained, however,
since rennin substrate has a very di†erent hydropathy
to angiotensin. Rennin substrate has a free energy of
surface transfer (*F) of [ 7.70 kcal mol~1 (1
kcal\ 4.184 kJ) and an HPLC index of 81.5 whereas
angiotensin has a *F value of [ 4.29 kcal mol~1 and

an HPLC index of 56.2.24,25 If the physio-chemical
properties of the analyte and internal standard are
matched carefully enough, di†ering rates of matrix
crystal inclusion and charge affinity are matched, and
the precision of the method increased.18 Overall, the use
of angiotensin and renin substrate was sufficient for our
purposes as no di†erence was observed between con-
ventional MALDI and SPE/MS using this system.

The relationship between the MALDI response
(rennin substrate/angiotensin integrated intensity ratio)
and the variables of interest (amount deposited, time of
immersion and concentration of immersion solution)
are outlined in the regression summary shown in Table
1. A two-tailed t-test was performed to demonstrate
whether or not the slope was signiÐcantly greater than
zero so that the statistical signiÐcance of the correlation
could be established at the 99% conÐdence level. The
linear regression results illustrate a signiÐcant relation-
ship between response and each variable if t is greater
than or [ t is less thanta@2 , [ ta@2 .

Figure 3. Response of integrated peak-area ratio (analyte-to-internal standard), correlated with the concentration of the immersion solu-
tion.

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 1141È1147 (1998)
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Figure 4. Response of integrated peak-area ratio (analyte-to-internal standard), correlated with the concentration of the immersion solu-
tion. The slope is not statistically greater than zero.

The relationship between immersion time and
MALDI response was signiÐcant although the slope
was very shallow (Fig. 3). Since Whitesides and co-
workers have shown the kinetics of peptide adsorption
on methyl terminated SAMs to be Ðrst order and slow
for concentrations below 3 lg ml~1 using an acoustic
plate mode device,16 this result is to be expected. The
result indicates that an overnight binding time is exces-
sive for solutions in the 1 lg/ml~1 range, and conÐrms
Whitesides and co-workersÏ conclusions with regard to
the slow kinetics of low-to-sub-microgram solutions.
The result also indicates that the amounts of each

peptide adsorbed from a mixture should be similar
(non-competitive) provided that the amount of the pep-
tides does not exceed 3 lg ml~1. Therefore, the appear-
ance of additional peaks in the SPE mass spectrum
shown in Fig. 2(B) can be explained by the fact that
analytes of very low concentration are equally rep-
resented on the surface with analytes of fairly high con-
centration within the low-sub-lg ml~1 range of interest.

In Fig. 4 the relationship between immersion solution
concentration and MALDI response is shown. Concen-
trations were allowed to proceed overnight so that an
excess immersion time would be allowed for surface

Figure 5. The geometry of our probe tips. Sample is applied to the eight raised mesas. Hewlett-Packard has manufactured a disposable ring
of mesas that can be screwed on to the probe tip. We determined the surface volume to be 9.12 Ã1020 the peptide volume to be 319A� 3, A� 3,
the total theoretical molecular volume to be 4.75 Ã10É6 mol and the experimental surface density to be (2.18 À1.6) Ã103 molecules MmÉ3.

( 1998 John Wiley & Sons, Ltd. J. Mass Spectrom. 33, 1141È1147 (1998)
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densities to reach the surface density maximum. The
slope of the regression line is not statistically greater
than zero, as shown in Table 1. This result conÐrms our
suggestion that there is an upper limit of capacity for
the surfaces.

The schematic diagram in Fig. 5 shows the basic
geometry of our MALDI probe for which we calculate
the surface density of adsorbed peptide. These calcu-
lations were based on values taken from the literature,22
and rest on the underlying assumption that a gold-
sputtered, etched stainless-steel surface is similar to an
etched silver surface. The average predicted value from
seven measurements of a 1 lg ml~1 SPE/MS isolation
that was allowed to proceed overnight was 3.30^ 2.47
pmol per mesa. Since the surface volume of each mesa
was calculated to be 9.12] 1020 the surface densityÓ3,
would be (2.18 ^ 1.63)] 103 molecules lm~3. Because
the amount of peptide captured has been shown to be
independent of concentration, the surface density value
is also independent of analyte concentration. This sug-
gests that surface chemistry could be optimized by altering
the surface density such that an optimized matrix-to-
analyte ratio is always obtained. The surface density
provides a useful benchmark for the estimation of the
capacity of the tips that is independent of probe surface
and geometry.

CONCLUSION

The results shown here indicate that the upper thresh-
old of adsorbed peptide is not a function of immersion
solution concentration. In addition, the adsorption of a
peptide on the surface is conÐrmed to be a slow reac-

tion which is described by Ðrst-order kinetics in the lit-
erature.16 The results demonstrate that an overnight
binding time is excessive for immersion solution concen-
trations in the region of 1 lg ml~1 and that each com-
ponent from sub-lg ml~1 mixtures of peptides will be
represented by similar amounts of adsorbed peptide on
the probe.

The surface density of adsorbed peptide appears to
have a relatively low limit on the SPE/MS probe sur-
faces. This o†ers the advantage of restricting the
analyte-to-matrix ratio to within acceptable limits in an
automated fashion. Since the total capacity of the
surface is divided by the number of components in a
mixture of analytes to describe the surface density of
each component, a surface capacity that is too low
could act as a limitation in the analysis of mixtures.
However, since MALDI detection limits lie in the sub-
femtomole range, the limit on the number of com-
ponents imposed by the surface is moreC18-derivatized
than a 1000 di†erent peptides. This result suggests that
other chemistries should be explored which o†er di†er-
ent capacities for di†erent situations. Such studies
require a probe-type independent benchmark such as
that o†ered by the surface density which is
(2.18^ 1.63)] 103 molecules lm~3 for the C18-
derivatized surface.
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