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Abstract
Mass spectrometry (MS) is an important tool in analytical chemistry today, particularly in
the field of proteomics where identification of proteins is the central activity. The focus in
this thesis has been to improve the mass accuracy of MS-analyses in order to improve the
possibility for unambiguous identification of proteins.
In paper I a new peak picking algorithm has been developed for Matrix Assisted Laser
Desorption/Ionization - Time of Flight - Mass Spectrometry (MALDI-TOF-MS). The new
algorithm is based on the assumption that two sets of ions are formed during the
ionisation, and that these two sets have different Gaussian-distributed velocity profiles. The
algorithm then deconvolutes the spectral peak into two Gaussian distributions, were the
narrower of the two distributions is utilized for peak picking. The two-Gaussian peak
picking algorithm proved to be especially useful when dealing with weak, distorted peaks.
In paper II a novel chip-based target for MALDI analysis is described. The target features
pairs of 50x50 μm anchors in close proximity. Each anchor within a pair could be
individually addressed with different sample solutions. Each pair could then be irradiated
with the MALDI laser, which allowed ionization to take place on separated anchors
simultaneously. This made it possible for us to calibrate analytes with calibration standards
that where physically separated from the analyte, but ionized simultaneously. The use of
new chip-based MALDI target resulted in a 2-fold reduction of relative mass errors. We
could also report a significant reduction of ion suppression. The small size of the anchors
provided a good platform for efficient utilization of sample. This resulted in a detection
limit of ca. 1.5 attomole of angiotensin I at a S/N of 22:1.
Key words: MALDI, mass spectrometry, mass accuracy, peak picking, ion
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2. Introduction
Proteins represent a very complex group of molecules and they are vital for
the existence of all living matter. All proteins are made up by a combination
of amino acid building blocks. These small compounds are put together
according to a specific code, defined by DNA. The development of a protein
goes via a step, where DNA is translated into mRNA, to a transcription step
where the mRNA is read and the actual sequence of amino acids is put
together to form the native protein. The native protein is then folded and is
often also post-translationally modified before it reaches its bioactive state.
The specific folding and the modifications that take place after the DNA
translation step render a vast set of proteins. Even the code itself, the DNA,
can be read in different ways through splicing, thereby further increasing the
number of unique proteins.
If the genetic code is known it is straightforward to produce the primary
structure of the proteins in silico. Since the human genome was fully
characterised in 20011, databases with protein sequences have grown
dramatically. These databases have revolutionized protein science, and today
unknown samples can be identified through proteomics. Usually, the proteins
are first separated from each other using 2D-gel electrophoresis2. Spots from
the 2D-gel are then extracted and subjected to an in-gel digestion3. The in-gel
digestion results in a set of peptides that are unique for each protein. These
peptides are then analysed with mass spectrometry (MS) and the MS spectrum
is used for identification of the protein. Consequently, the MS spectrum so
produced is often called a Peptide Mass Fingerprint (PMF).
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However, as databases expand it becomes more difficult to unambiguously
identify a protein. At present (January 2005), the largest databases contain
approximately 1.5 million protein sequences. Hence, great demands are put
on all techniques that are involved in proteomics, including high resolution
separations, complete and accurate digestion, and last but not least, high mass
accuracy and sensitivity in the mass spectrometric analysis.
Matrix Assisted Laser Desorption/Ionisation – Time Of Flight – Mass
Spectrometry (MALDI-TOF-MS) has become one of the most widely
employed techniques in proteomics, predominantly for its good mass
accuracy, good resolution, excellent sensitivity and high throughput
capability. Nevertheless, when searching for low abundant proteins the
demands on high mass accuracy and low detection limits are extensive. A
sensitive and accurate mass analysis is crucial for obtaining a well-defined
peptide mass fingerprint containing as many peptide fragments, stemming
from the original protein, as possible. Thus, the issues of mass accuracy and
sensitivity in MALDI–TOF-MS are the central theme of this thesis.
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3. MALDI-TOF-MS
Mass spectrometry is a technique that has been known since the early
twentieth century. Through the growing understanding of electromagnetic
forces, J.J. Thomson was able to separate the two neon isotopes of mass 20
and 22 with his parabola mass spectrograph4 in 1913. The fundamental
phenomenon a mass spectrometer takes advantage of is the force balance that
is established when a charged species, in a gas phase, travels through an
electric or magnetic field5. The trajectory of this species will depend on its
mass-to-charge ratio (m/z). This is still today the working principle of all mass
filters. To achieve this separation, and to record and store results one needs
four major components:
1. The ion source: In this stage, the sample to be analyzed is brought into
the gas phase and ionized.
2. The mass filter: In this stage, the formed ions are separated on basis of
their mass-to-charge ratios.
3. The detector: Groups of different m/z ions hit the detector and their
impacts are turned into electrical signals.
4. The data acquisition system: In this stage all the electrical signals that
are generated from the detector are stored.
Since the early experiments of Thomson, who analyzed small gaseous atoms
and compounds, strategies to vaporize and/or ionize large non-volatile
molecules have been developed. In the early nineties two ionization
techniques were developed that revolutionized protein science, electrospray
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ionisation6 and matrix assisted laser desorption/ionization7. These techniques
enabled scientists to ionize and desorb large biomolecules without
degradation. In 2002 the Nobel Prize in chemistry was awarded to John B.
Fenn for inventing the electrospray ionization and to Koichi Tanaka for
inventing the MALDI technique.
MALDI is an ionization technique that, as the name implies, makes use of a
photon-absorbing matrix for the desorption and ionization of the analyte8. In
preparation for a MALDI analysis the analyte is mixed with matrix and cocrystallized on an electrically conducting target, e.g. a stainless steel plate. The
steel plate is then placed in a vacuum and energy in the form of a short laser
pulse is applied to the sample and matrix crystal. The matrix will absorb the
photon energy and rapid heating will occur which creates a jet-like plume, i.e.
a microexplosion. In this rapid process the analyte is brought into gas phase
and ionized. The mechanisms of the MALDI-ionization are not yet fully
understood. Many different approaches have been proposed and it is most
likely a combination of several mechanisms that give rise to the ions observed
in the spectrometer8. A few of the routes proposed are photoionization,
thermal ionization and excited-state proton transfer.

It has even been

suggested that the ions are preformed and hence are already present in ionic
form before the laser impact and the in-plume processes are initiated8.
During the desorption process of a sample containing a mixture of several
substances, there may be a discrimination against analytes that are less prone
to be ionized. This phenomenon is referred to as ion suppression9, and is
often seen in the MALDI analysis of a mixture of peptides. If different
peptides are mixed in equimolar amounts and analyzed, the intensities of the
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corresponding peaks will vary. Easily ionized peptides are known to suppress
the ionization of peptides that are less prone to be ionized. This is often the
phenomenon that limits the use of internal calibration procedures in
MALDI-TOF-MS (see paper 2).

4. Mass Accuracy
The ability to unambiguously identify a protein depends highly on the mass
measurement accuracy in the MS analysis. Beynon, showed in 1954 that if
accurate mass measurements were performed on organic substances, their
elemental composition could be derived10. This was simply done by matching
the measured mass with the known non-integer atomic mass values of
common elements. In the early days of MALDI coupled with linear TOF, the
accuracy of the mass measurements were very poor, in the range of ± 2 Da for
peptides when using external calibration11. The explanation for this poor mass
accuracy and resolution, typically < 500 (m/Δm, at Full Width Half
Maximum, FWHM), can be found in the way the ions are formed. The ions
are formed with both broad initial kinetic energy distributions12 and massindependent initial velocities13. With the introduction of an electrostatic
mirror, i.e. a reflector14 the resolution was

boosted and values of >2000

(m/Δm, at FWHM) were achieved. However this is only good enough to
determine the correct nominal value of peptides m/z values. The next major
step in accurate mass measurement came with the introduction of time-lag
focusing15 also known as delayed extraction (DE) which reduced the ion
energy spread problem16. Today DE in combination with modern high
voltage electronic switches and digitized electronics, DE-MALDI-TOF
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instruments can routinely achieve resolution of >10000 (m/Δm, FWHM) and
a mass accuracy of ~10ppm. The demand for higher mass accuracy is driven
by the need to identify proteins by searching large sequence databases with
peptide mass tags obtained from enzymatic digests.

4.1 Calibration and Linear Transformation
After the introduction of the ion mirror and delayed extraction, the focus of
mass accuracy improvement has turned towards calibration. The theory of
MALDI-TOF calibration is based on a fundamental energy balance: i.e.
kinetic energy of the molecules is equal to the potential energy applied to the
charged molecule17.

mv 2
= zeEs
2

(1)

m 2eEs
= 2
z
v

(2)

Rearranging equation (1) gives:

Where m = the ion mass, v = the velocity of the ion, z = the number of
charges, e = the elementary charge, E = the acceleration voltage and s = the
distance between the sample plate and the acceleration voltage plate.
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In order to utilize this equation we need to measure v, the ion’s speed. By
triggering a clock when the laser is fired to ionize the sample and then
stopping it when the ion hits the detector, a flight time can be recorded that
is related to the m/z of a specific ion. Equation (2) can be rearranged using
equation (3), to give equation (4).

v=

D
t

(3)

Where D = the distance traveled by the ions in the flight tube, and t =
measured flight time.
Substituting equation (3) into equation (2) and rearranging gives:

m
⎛ t ⎞
= 2eEs⎜ ⎟
z
⎝D⎠

2

(4)

Equation (4) can then be further simplified to form equation (5):
m / z = at 2 + b

(5)

Were a = 2eEs/D2 and b is an instrumentally dependent constant.
It has been observed that the linearity of equation (5) has been distorted by
the introduction of delayed extraction in MALDI-TOF-MS18. To achieve mass
accuracy better than 10 ppm the calibrant and the analyte must have similar
m/z values. The reason for this is that a non linear curve can be approximated
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as linear, when viewing small segments of it. Hence many researchers propose
to expand the linear calibration equation (5) with more terms, or with a
higher order polynomial18,19.
Gobom and co-workers propose a higher order polynomial calibration
equation followed by an internal linear transformation to compensate for the
adverse effects of delayed extraction, and to achieve relative mass accuracies
better then 10 ppm18.
Gobom et al. expanded equation (5) according to:
m / z = a 0 + a1 (t 2 ) + a 2 (t 2 ) 2 .... + a n (t 2 ) n

(6)

As equation (6) implies, n is limited to the number of calibration points, i.e.
one needs n+1 flight times (t) with known m/z values in order to solve the
equation. Gobom et al. used a poly (propylene glycol) standard that, when
analyzed in MALDI-TOF-MS, generates a mass spectrum with a series of
peaks. This sequence of peaks with known m/z values was then utilized to vary
the order of the polynomial function (equation 6). The conclusion was that
the relative mass accuracy increased with the higher order polynomial
approach, but after n=15 no further improvement in mass accuracy was
achieved18. In Paper I we have used the m/z values of 6 peptides as calibration
points. After investigating different orders of the polynomial we concluded
that a 4th order polynomial gave the most accurate and reproducible results.
When the five constants (a0-a4) where determined the equation was used to
solve m/z values for measured flight times.
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In the external calibration procedure the analyte and calibration standard are
ionized at different times as well as at different locations on the target plate.
Even if the analyte and the calibration standard are prepared in the same
manner, it will be difficult to avoid variations in sample thickness due to
surface irregularities20. The target plate itself may be slightly tilted in respect
to the position of the detector, which will deteriorate the mass accuracy due
to differences in flight distance. However the relative errors that remain after
external calibration are linearly related to the observed m/z values18, therefore
these errors can be adjusted. This linear relationship can be expressed by
equation (7):
⎛m⎞
observed relative error = a⎜ ⎟ + b
⎝ z ⎠ obs

(7)

By relating a linearly transformed m/z value (m/z)lin to (m/z)obs , a relationship
between (m/z)lin and (m/z)obs can be established where the (m/z)lin values have
been calculated to adjust for the errors that remain after external calibration.

(m / z )lin − (m / z )obs
(m / z )obs

= a (m / z )obs + b

(8)

Equation (6) can be rearranged to give:

(m / z )lin

= (m / z ) obs (1 + a(m / z ) obs + b)

To illustrate the above transformation see figure 2a and b below:
14

(9)
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Figure 1a: The relative errors that remain after external calibration
as a function of m/z values. The errors are based on the MS-analysis
of seven peptides.

Figure 1b: Relative errors after linear transformation according to
equation (9).
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4.2 Peak Picking
A crucial step before calibration is to assign a numerical value to each
calibration peak. A MS-peak is made up of a set of data points recorded from
the detector. The observed number of data points is dependent on the
recording frequency of the MS instrument. The Bruker Reflex III MALDITOF-MS used in this study has the capability to record 2 billon data points
per second (2 GHz), a set of these data points represent a peak in the final
mass spectra. The issue is how to convert a set of data points corresponding
to a peak into a numerical m/z value with best fidelity. In this thesis, this
process will be referred to as peak picking.

The most straightforward

approach is to pick the maximum value of the peak. This puts very high
demands on the peak-shape. In order for this method to be correct the data
points must be symmetrically distributed around the maximum value. It is
fairly easy to realize that if the peak made up of points rather then a
continuous line, as in the case of MALDI-TOF, picking the maximum value
of a peak could give rise to an error.
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Figure 2: Relative intensity of typical data points as a function of
flight time. Data points A and B are the points with the highest
and second highest intensities. These points are often used in apex
peak picking algorithms.
As a result of this, most apex peak picking algorithms utilize more then just
the value of the peak maximum. For example there are apex algorithms that
use a number of data points that surround the maximum of the peak. The
data points are interpolated to create a mean. If a similar strategy would be
used in the case of figure 2, for example taking the average of the two highest
intensities (data points A and B in figure 2) the algorithm would yield a value
even more shifted to the left, i.e. a lower m/z value. For the apex to represent
the true numerical m/z value of a peak, the peak must be completely
symmetrical, and this is not the case in MALDI-TOF.
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In MALDI-TOF the peaks are skewed and this puts more demands on peak
picking algorithms. Another common way to calculate the m/z value of a
peak is to weigh each data point with respect to its intensity, i.e. data points
with a high intensity are given more significance then data points with lower
intensity. This approach is often referred to as the centroid peak picking
algorithm and it locates the centre of gravity of the peak. Mathematically the
algorithm can be expressed by equation 10:

X centroid =

∑x y
∑y
i

i

i

Where x and y represent the flight time and the relative intensity, respectively.
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Figure 3: The relative intensity as a function of flight time for a set
of data points collected from a MALDI-TOF experiment. The filledin data points are the ones often used in centroid peak picking
algorithms, this algorithm is sensitive to broad peaks and therefore
only data points in the top 50% (or less) of the peak are utilized for
evaluation.
Since the broader, lower part of the peak is ignored, the phenomena that give
rise to peak skewness are not taken into consideration.
There are also peak picking algorithms which make use of the isotopic
pattern, when analyzing peptides. When analyzing peptides with MALDITOF-MS, one peptide will give rise to a family of peaks that make up the
isotopic pattern. The peak with the lowest m/z value in a given family of
peaks is the mono-isotopic peak and in this peak, peptides with only atoms in
their lightest isotopic state exist. In the next peak (second lowest m/z value
within the family) one of the atoms has been exchanged to a heavier isotope,
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in the third peak two have been replaced, etc. In the first part of the
algorithm the m/z value of these three peaks are determined by means of a
centroid or apex peak picking algorithm. Then the mass difference between
the first and the second peak is known (one proton), and the value of the
mono isotopic peak can be back calculated from two of the isotopic peaks,
hence giving three estimates of the mono-isotopic peak. The mono-isotopic
peak is then calculated as the average of these three values. There exists a
commercially available peak picking algorithm that is called SNAP™ which
uses the isotopic pattern.

Figure 4: Relative intensity as a function of flight time for a set of
data points collected from a MALDI-TOF experiment. The filled-in
dots represent data points used to estimate the m/z values of each
peak.
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The performance of these different peak picking algorithms are greatly
dependent on the shape of the examined peak. Therefore they all have
different strengths. The peak picking algorithm that makes use of the isotopic
pattern usually gives the most accurate results, but this algorithm is sensitive
to mixtures of peptides of similar m/z since it is dependent on the isotopic
pattern. Overlap of isotopic patterns between two peptides will deteriorate the
mass accuracy of such an algorithm. In such cases the centroid algorithm will
deliver more accurate m/z values. When considering small jagged peaks there
may not exist an isotopic pattern and jagged peaks also give poor results when
determined by centroid algorithms.

4.2.1 Two-Gaussian Peak Picking Algorithm
If MS peaks were perfectly Gaussian, peak picking would not be a problem,
and one could simply fit a Gaussian curve to the data points. The mean of
the peak would then be the Gaussian apex. However the peaks are commonly
not symmetrical which puts more demands on the peak picking algorithm.
The reason for this asymmetry can be complex, and is often explained by
systematic factors such as statistical fluctuations of the instrument electronics,
temperature-related expansion/contraction of the flight tube of a TOF
analyzer, etc. The peak skewness phenomenon can be clearly observed when
examining random high resolution MALDI peaks, the data points are not
entirely Gaussian distributed. The underlying phenomena that give rise to this
behavior are further elaborated in Paper I. In summary there exist two initial
velocity distributions in the ion source of the MALDI after desorption and
ionization. Once the laser hits the matrix/analyte crystal a micro explosion
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takes place. This explosion causes the bulk of the ions to travel in an axial
direction with a velocity of as much as 1000 m/s21. However there exists a
large difference in axial and radial initial velocities as reported by Zhang and
Chait 22. These authors found that for the HCCA dimer, the radial velocity
was only ~240 m/s compared to an axial velocity of ~850 m/s22. Since the
ion’s initial velocity can be assumed to have a Gaussian distribution, the two
sets of ions should give rise to two Gaussian distributions. It can be expected
that the fast-flying ions in the front of the expanding plume give rise to one
sharp distribution followed by a second set of slower, radial flying, ions that
yield a broader distribution.

Figure 5: The monoisotopic peak of bombesin (m/z 1619) obtained
from a MALDI-TOF analysis, as well as the two deconvoluted
Gaussian distributions (dashed and dotted lines). The continuous
line represents the sum of the two distributions, and is a leastsquare fit of the two Gaussian distributions to the MALDI-TOF
data points.
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Therefore the data points that make up a peak can be viewed as dots on a
curve that represent the sum of two Gaussian distributions (see figure 5). We
have chosen to call this concept the two-Gaussian peak picking algorithm.
This algorithm provides a possibility to improve peak picking of the flight
times. The narrow Gaussian distribution represents a more focused set of
ions, consequently this set of ions could provide more accurate flight times.
For this reason the apex of the sharper distribution was utilized as to
represent the value of the peak.
The two-Gaussian peak picking algorithm was tested on mass spectra
generated from 48 individual sample spots of trypsin-digested BSA. All
spectra were calibrated externally using a 4th order calibration equation and
linear transformation described in section 4.1. The results obtained with the
new peak picking algorithm were compared against results obtained with
commercially available algorithms, SNAP and Centroid (Bruker Daltonics,
Bremen, Germany). All recorded flight times, regardless of which peak
picking algorithm was employed, were subjected to the same calibration and
linear transformation procedure. The three different algorithms were used to
determine the flight times of seven peptides from 48 BSA-digests, prepared by
the thin-layer technology23. These seven peptides were selected on the criteria
that resolution should be over 5000 (at FWHM) and intensities over a 100 A.I
(Arbitrary Intensity). The results from these runs show that the two-Gaussian
peak picking algorithm yields an average relative error of 3.65 ± 0.32 ppm.
This value was similar to the results obtained with the Centroid algorithm
which gave the relative error 3.86 ± 0.38 when set to utilize the top 20% of
the peak. The Gaussian method was slightly better then the SNAP™
algorithm which provided an average relative error of 4.35 ± 0.29. We
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expected the SNAP™ algorithm to produce more accurate results than the
Centroid method, since the SNAP™ method utilizes more than one peak in
the isotopic pattern. However the SNAP™ function becomes insensitive when
dealing with mixtures of peptides of similar m/z values because they are likely
to have isotopic patterns that overlap. The two-Gaussian method takes data
from the whole peak into account. This should make the two-Gaussian
algorithm less sensitive to differences in peak shapes. If the upper part of the
peak is jagged this will clearly deteriorate the precision of the Centroid value,
simply because this value is based only on the top part of the peak. The
strength of the two-Gaussian peak picking algorithm is illustrated in figure 6
where a very jagged irregular peak has been chosen.

Figure 6: Data points obtained from a MALDI-TOF analysis of a
small, distorted BSA-digest peptide peak (m/z 1068), as well as the
two deconvoluted Gaussian distributions (dashed and dotted lines).
The continuous line represents the sum of the two distributions,
and is a least-square fit to the MALDI-TOF data points.
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If a Centroid (top 20%) algorithm is used for determination of the mass value
of this peak, the relative error was found to be 25 ppm. This should be
compared with the two-Gaussian algorithm that was able to lock the mass
value within 5ppm, i.e. a five-fold increase in mass accuracy. The SNAP™
algorithm was unable to establish a value for the peak due to a lack of an
isotopic pattern.
It can be concluded that the new peak-picking algorithm is more flexible,
robust and less sensitive to different peak shapes than the commercially
available algorithms that we investigated here. With some software
development, a user-friendly version of the two-Gaussian peak picking
algorithm could be constructed. Such a tool should be of great significance
for any application of MALDI-MS that deals with diluted samples, since low
concentrations of analyte often results in distorted peaks and/or lack of signal
strength. This may be the case in proteomics where often the most interesting
proteins are weakly expressed in the cell and may exist only in low
concentrations.

5. Miniaturized Technique for MALDI-MS
MALDI-MS is a technique that is very dependent on sample preparation. In
order to improve mass accuracy and sensitivity numerous protocols for
sample preparation have been reported23. There are some key elements one
must consider in MALDI-TOF-MS sample preparation, for example the
surface planarity of the preparation is essential for high mass accuracy20. The
TOF analyzer measures the flight times of different analytes and it is
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consequently vital that all analytes have traveled the same distance. It is
therefore obvious that a physical height difference between the sample to be
analyzed and the calibration standard, will lead to a systematic error in the
mass determination. One approach to improve the planarity of the sample is
known as the thin-layer preparation23. By mixing the matrix with a volatile
solvent, e.g. acetone, and applying it to the MALDI target, the rapid
evaporation of the solvent generates a thin film of matrix crystals.

The

sample is then applied on top of the matrix where it mixes and co-crystallizes
with the matrix molecules on the surface. This preparation technique results
in excellent analyte response, reproducibility and improves the accuracy of
mass measurement. When handling very small amounts of analyte with a
standard target plate, the thin-layer preparation has in an important
disadvantage. The analyte is spread over a comparatively large spot area which
dilutes the analyte concentration per area unit. In order to counteract the
spreading of the analyte, different techniques have been proposed to confine
the sample to a predefined area. Schuerenberg and co-workers used anchor
spots that were defined by gold (hydrophilic) deposited on Teflon™
(hydrophobic) coated stainless steel targets24. The spot size used for peptides
and oligonucleotides was 200μm, and with this approach these authors could
report an increase in sensitivity of 5-10-fold. In addition, the size and
geometrical position of the spot is defined, which facilitates automation and
high-throughput analysis and simplifies the search for so called “sweet spots”.
In later work, micro contact printing has been used to create hydrophilic
anchors25.
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5.1 Elevated Twin-Anchor Approach
It has been shown by many researchers that downsizing and geometrically
defining sample spots leads to better sensitivity and improved conditions for
high-throughput analysis. However, there is also a need to further improve
mass accuracy. The internal calibration strategy is a first choice to obtain high
mass accuracy, here the standard is mixed with the analyte and allowed to cocrystallize with the matrix. This is an optimal procedure when considering
mass accuracy, since both the standard and sample are ionized in the same
spatial and time domains. The major limitation for the use of internal
standards in MALDI-MS is the effect of ion suppression, which leads to
selective loss of signals. When creating a peptide mass fingerprint, trypsin is
often employed as protease. Trypsin can digest itself, which gives rise to
autolysis fragments. These fragments can be used for internal calibration. In
order to get a sufficient amount of these autolysis fragments the protease
must be present in excess. However in excess these fragments can interfere
with the ionization of the analytes.
To avoid ion suppression an external calibration strategy can be utilized. In
this procedure, the sample and the standard are physically separated on the
MALDI target and analyzed in consecutive runs. Thus the ionization of the
sample and standard is separated in both space and time. Hence, the problem
with ion suppression is avoided, but the downside with this calibration
method is the reduced accuracy. The inferior mass accuracy can be related to
inhomogeneities in the electrical field that can change ion extraction
conditions over the target surface.26 Drifts in the high voltage supplies will
also affect the mass accuracy when using external calibration.20
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The twin anchor concept reported in Paper II presents a way to combine the
two calibration approaches. The main objective was to achieve simultaneous
ionization of an analyte and standard which are physically separated. To
realize this concept a micro chip with miniaturized anchors positioned in
close proximity was manufactured where the anchors could be individually
prepared with sample solution. In this way we were able to apply a calibration
standard to one anchor and analyte to the other. Both targets could be
irradiated simultaneously. The anchors were fabricated from low resistance
silicon wafers, and the anchors had a 50x50 μm spot area and were spaced
10μm from each other (see figure 7). To assist deposition of sample solution
onto the individual anchors they were given a pillar-like structure. This
turned out to be a very effective way to confine the sample solution onto the
anchor. The confinement of sample solution onto the top of the anchors was
further enhanced by covering the top surface of the anchor with a thin very
hydrophobic layer, while the walls of the pillar were coated with a
hydrophobic fluorocarbon. The hydrophobic and hydrophilic surfaces were
manufactured in the following manner. A hydrophilic layer was produced by
dipping the native silicon wafer into boiling HNO3 for 10 min. This HNO3
treatment results in a very thin hydrophilic silicon dioxide layer covering the
entire surface of the unstructured silicon wafer. After this process a
photoresist mask was placed on top of the wafer and the anchors were formed
by anisotropic dry etching in inductively coupled plasma (ICP). Then, while
the photoresist still covered the top surface of the pillars, a flow of C4F8 was
introduced in the ICP process. This last step covered all exposed surfaces with
a layer of Teflon™-like, highly hydrophobic fluorocarbon. The 3-dimensional
structure of the pillars in combination with the different surface properties
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surrounding the top of the pillar, the anchors could, with high precision, be
individually loaded with sample solution without any overflow of liquid to
the adjacent anchor.

Figure 7: Cross sectional view of the twin anchor chip.
The sample deposition was carried out with a robotic system constructed inhouse. This system comprised a high resolution XY-table used to move the
chip with 1μm precision, a Z-axis with similar resolution to position the
sample transfer capillary perpendicular to the XY-table, and a pressurized
sample container that was connected to the sample transfer capillary, see
figure 8. To enable accurate positioning of the capillary end with respect to
the anchor, two microscopes equipped with CCD cameras were placed
orthogonal to each other close to the capillary, thus the position of the
capillary with respect to the anchor could be viewed from both the X and Y
direction. Using an electrically controlled pressure valve, the sample was
applied to the anchor through a transfer capillary using short pressure pulses.
This setup allows volumes on the order of 10 picoliter to be deposited onto
the anchors.
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Figure 8: Schematic of the robotic system for sample
deposition. (1) side-view, (2) top-view, (A) X-Y table, (B)
Microscopes equipped with CCD cameras, (C) Z – Axis, (D)
Pressurized sample vial, (E) sample transfer capillary, (F)
Microchip with twin anchors.

30

31

5.1.1 Mass Accuracy Evaluation of the Twin-Anchor
Concept
In order to test the performance and reproducibility of the twin-anchor
method, 35 anchor pairs were prepared with a model sample on one anchor
and calibration standard on the adjacent one. As model sample a tryptic
digest of 1 pmole/μL of bovine serum albumin (BSA) was used and the
calibration standard was a mixture of six peptides commonly used for
MALDI mass calibration. The analyte was mixed with matrix prior to
deposition onto the anchor. For comparison, an equal number of thin-layer
preparations with the same sample and calibration standard were prepared on
a conventional stainless steel target. The mass and relative mass errors were
determined on 10 BSA fragments which were observed in all mass spectra of
both test series. The twin-anchor concept yielded, on average, half the relative
error of that obtained with the conventional external calibration method
(Table 1).
Table 1: Relative error in mass determination of BSA-digest fragments
obtained from the twin anchor and standard target test series.
BSA - digest peptides
A.A. Res.
m/z
35-44
360-371
421-433
347-359
469-482
508-523
529-544
168-183
264-280
118-138

1249,6211
1439,8117
1479,7954
1567,7427
1724,8346
1880,9211
1907,9207
2045,0279
2113,8848
2541,1674

Twin Anchor
Rel. error Conf.int.
ppm
95%
21
8,1
13
5,3
12
4,8
17
6,2
28
7,7
40
5,7
39
8,3
47
6,0
48
8,1
49
7,2
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Standard target
Rel. error Conf.int.
ppm
95%
95
15
85
9,7
76
10
68
9,5
62
7,9
57
7,2
62
7,5
51
7,1
57
7,4
63
6,2
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5.1.2 Reduction of Ion Suppression
As mentioned earlier in chapter 5.1, when several peptides are co-crystallized
in a MALDI sample preparation, a competitive ionization process will take
place during desorption. To minimize this adverse effect we mimicked the
external calibration procedure and placed the BSA-digest and calibration
standard on a twin anchor pair. To evaluate the reduction of ion suppression
twin-anchors were prepared with the model BSA-digest on one anchor and
adrenocorticotropic hormone 18-39 (ACTH 18-39) as calibration standard on
the adjacent anchor. For comparison a mixed solution of BSA-digest and
ACTH 18-39 was prepared on a regular 400μm spot size anchor plate. As can
be seen from the results shown in figure 9, the use of the twin anchor method
leads to reduced ion suppression. In the spectrum generated from the twin
anchor, 22 tryptic BSA were identified. When using the standard anchor
target, only 14 fragments could be observed.
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Figure 9a: Mass spectrum of the BSA digest (1pmole/μL) and 0.16
pmole/μL ACTH 18-39 prepared on separate anchors of a twinanchor pair.
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Figure 9b: Mass spectrum of the BSA digest (1pmole/μL) and 0.16
pmole/μL ACTH 18-39 prepared as a mixture on a 400 μm anchor
of a regular anchor target. (The BSA-digest and ACTH 18-39
solution (1:1) was mixed (1:5) with the matrix solution consisting
of 0.2 mg/mL CHCA in acetonitrile.)
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To further investigate the effects of ion suppression, different concentrations
of ACTH 18-39 were employed using the same concentration (1pmol/μL) of
BSA digest. The number of identified BSA fragments was compared between
the results obtained with twin anchor and those obtained with the standard
anchor plate. These results are reported in Table 2, which shows that the best
results were obtained by using the twin anchors.
Table 2: Data collected from separate preparations on twin anchors, mixed
preparations on twin anchors, and mixed preparations on standard anchor
targets, of BSA digest and ACTH 18-39.
Twin Anchor,
Twin Anchor,
Bruker 400µm anchor,
Concentration of separated BSA-digest mixed BSA-digest and mixed BSA-digest and
ACTH 18-39
and ACTH 18-39
ACTH 18-39
ACTH 18-39
(Number of observed (Number of observed (Number of observed
(pmole/µL)
BSA-digest peaks)
BSA-digest peaks)
BSA-digest peaks)
0
35
35
24
0,16
22
15
14
1,6
10
8
6
8
11
7
7
16
10
6
4
32
7
7
0
160
6
0
0

However ion suppression was still observed when using the twin anchors.
This is likely to be an indication that there exists a gas phase interaction
between the sample and standard ions. The ions formed in the MALDI ion
source have a radial velocity of approximately 250 m/s22. If these ions are
formed 10μm from each other on a twin anchor pair, this means that during
the 400ns of the delayed extraction the ions can travel up to 100μm in the
radial direction. This is more than sufficient for creating the possibility of gas
phase reactions. It might be possible to further reduce the ion suppression by
increasing the distance between the anchors. But the size of the anchors must
then be reduced in order to fit within the circumference of the laser spot.
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It is crucial to collect as much molecular information on protein digest as
possible for correct identification. In our example the twin anchor method
allowed the identification of 22 BSA fragments, compared to the case where
the conventional anchor plate was used and only 14 fragments were positively
identified. Hence, when using a conventional internal calibration procedure a
lot of information is lost, which is likely to be due to the effects of ion
suppression.

5.1.3 Increased Sensitivity
During the experimental process it was observed that the signal sensitivity of
the MS analysis was very good when using the twin-anchors. Since the entire
sample is confined on a very small area well within the circumference of the
laser spot, this was expected, but a more systematic work was carried out to
determine the limit of detection. A major problem when determining the
limit of detection was the bias that originates from evaporation. When
handling volumes in the picoliter-range, evaporation of the sample solution
can become very significant. If this evaporation effect is not taken into
account large errors in the determination of sample concentration can arise.
Using Fick’s law we estimated the rate of evaporation of the sample solution
to be ca. 200pL/s. The typical size of a deposited drop is ca. 30pL. Therefore
if the deposition of such a drop is carried out in air and the drop hangs on
the edge of the sample transfer capillary for 3 seconds before attaching to the
anchor, the sample concentration in the droplet will be increased by a factor
of 20. To circumvent the problem arising from evaporation the outlet of the
sample transfer capillary and the surface of the twin-anchor were kept under a
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volatile liquid fluorocarbon during the whole sample preparation procedure27.
After the sample solution was deposited on all desired anchors, the bulk of
the fluorocarbon was removed. The remainder of the fluorocarbon evaporated
along with the sample solution and the sample and matrix co-crystallized. To
investigate the limit of detection, a sample/matrix solution containing 50
fmole/μL angiotensin I was used. The deposited sample volume was estimated
by measuring the height of the deposited drop with a microscope, equipped a
CCD camera and a scale bar. The volume was found to be ca 30 pL. The
absolute amount of angeotensin I was therefore ca. 1.5 attomole. The
deposited material had the morphology of a single crystal in size of ca. 5μm.
In order to evaluate the reproducibility of this sample preparation technique,
several MALDI analyses were preformed on comparable sample preparations.
Each sample was ablated with ca. 200 laser pulses, after which no more signal
was obtained. A representative example of the results obtained is shown in
figure 10, which demonstrates the excellent sensitivity obtained with the
downsized, chip-based anchors. The average signal-to-noise ratio (for a 95%
confidence level) was 22 (±12):1 (n=8), which corresponds to a limit of
detection of about 200 zeptomole (S/N 3:1). Experiments with lower
concentrations of angiotensin I were performed but then the signal was lost.
The lack of signal is most likely due to the adsorption of the analyte onto
system components; similar problems have been reported by others24.
Considering that the twin anchor concept was not developed primary for
increased sensitivity, a detection limit of 1.5 attomole must be considered as
an excellent result. Recently Keller and co-workers obtained a detection limit
of 42 zeptomole for substance P28, but their system had been carefully
optimized with a two-layer matrix preparation and an optimal distribution of
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analyte in the crystal. Thus, if the adsorption effects can be reduced, and a
more optimized layer of matrix crystals can be prepared on the targets, the
miniaturized chip-based anchor concept should offer a considerable potential
for further sensitivity improvements in MALDI-MS.
In conclusion, a chip has been developed that consists of pairs of closely
spaced hydrophilic, elevated anchor spots. The hydrophilic property of the
anchor top surface in combination with a highly defined geometry made it
possible to apply sample solution to separate anchors without any cross
contamination. This allowed simultaneous irradiation of physically separated
analyte and calibration standard. The concept was tested on a BSA-trypticdigest as a model sample and a 6-peptide calibration standard. A two-fold
increase in relative mass accuracy of identified BSA-fragments was observed,
when compared to a conventional procedure for external calibration. It was
also observed that the number of BSA fragments detected increased by 40%
when using the twin-anchor method.
The small and well defined area of the downsized chip-based anchor allows
the entire deposited sample amount to be used for analysis, and even though
sensitivity was not the focus when optimizing the sample preparation
procedure, a detection limit in the low attomole range was achieved. Hence,
it is anticipated that with an improved sample preparation method the
detection limit could well be pushed into the low zeptomole range.
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Figure 10: A MALDI-TOF mass spectra of 1.5 attomole angiotesin
I, prepared on a twin-anchor chip under a layer of liquid
fluorocarbon, S/N 20:1.
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6. Conclusions and Future Perspectives
High accuracy in mass determination is of central importance for peptide
mass fingerprinting in order to allow a reliable identification of the original
proteins. The more accurate the mass determination of a peptide fragment is,
the better are the prerequisites for unambiguous protein identification, using
database searching algorithms. Mass accuracy is influenced by many issues
such as the stability of the high voltage supplies, matrix-to-analyte ratio, the
planarity of the matrix/analyte crystal layer, vacuum stability, detection speed
and sensitivity, and speed and reliability of data acquisition.
In this thesis two approaches have been taken to improve mass accuracy. First,
a new peak picking algorithm based on the fitting of two Gaussian
distributions to one isotopically resolved MALDI peak was developed. It can
be concluded from our results that the new peak picking algorithm is more
flexible, robust and less sensitive to different peak shapes than the
commercially available algorithms. However there was not a great
improvement in mass accuracy for highly resolved peaks. Results show that
the two-Gaussian method provides equal or only slightly better performance
then commercially available algorithms. For small and jagged peaks a
significant improvement of mass accuracy was observed. Hence the method
should be useful in proteomics which often deals with very diluted samples of
weakly expressed proteins, which often show distorted peaks of low intensity.
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By gaining more insight into the ion formation process in MALDI, peak
picking algorithms can be more streamlined to reflect what is taking place in
reality. The desorption and ionization mechanisms in MALDI are complex
and not yet fully understood. But as we gain more and more knowledge, I
believe there will emerge more peak picking algorithms that are based on
actual physical processes.
The twin anchor microchip provides the possibility to simultaneously ionize
both sample and standard without mixing them prior to desorption. This
resulted in a two fold increase in mass accuracy compared to externally
calibrated samples and significantly reduced ion suppression. Nevertheless the
adverse effects of ion suppression were not fully eliminated. At high internal
standard concentrations a suppression of analyte signal was observed. This is
believed to be the effect of radial mixing of the analyte and the standard in
the gas phase. Since we use the delayed extraction technique to reduce the
initial energy distribution, we allowed the radially traveling ions to mix before
the high voltage was switched on. Whether this is the cause of the observed
ion suppression is yet to be investigated. It was also observed that the small
size of the anchors allowed efficient utilization of the deposited sample, and a
detection limit of 1.5 attomole was obtained.
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8. List of Abbreviations
2D

Two-dimensional

A.I

Arbitrary Intensity

BSA

Bovine serum albumin

CCD

Charged coupled device

DNA

Deoxyribonucleic acid

DE

Delayed extraction

ESI

Electrospray ionization

FAB

Fast atom bombardment

FT-ICR

Fourier transform-ion cyclotron resonance

FWHM

full with at half maximum

HCCA

4-Hydroxy-α-cyanocinnamic acid

ICP

Inductive coupled plasma

MALDI

Matrix-assisted laser desorption/ionization

MS

Mass spectrometry

m-RNA

messenger- ribonucleic acid

m/z

mass-to-charge ratio

RNA

Ribonucleic acid

S/N

Signal-to-noise ratio

TOF

Time of flight

UV

Ultraviolet
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