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ABSTRACT

The advantages of combining qualitative and quantitative analysis on a single analytical technique have further ex-
tended the applications of matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS) to the quantitation of various biomolecules. To achieve absolute quantitation, it is necessary to perform a calibra-
tion with standard dilutions. For the purpose of measuring DNA samples, a pure DNA oligonucleotide at different con-
centrations was chosen as a standard to perform the calibration of Quantitative MALDI-TOF MS. In order to overcome
the variation of signal intensity from repeated measurements of each DNA standard dilution, fixed amount of an inter-
nal standard was added into each DNA standard dilution. Instead of maintaining at a constant level, the signals of fixed
amount of internal standard were decreased 73% from its initial level while the signals of DNA standard continued to
increase within a linear dynamic range for quantitation from 0.20 uM to 12.5 uM of DNA. Attempts to identify the
cause of signal reduction were systematically carried out. This is the first report on the extent of signal reduction in
quantitative MALDI-TOF MS. These results represent a limitation on using MALDI-TOF MS to monitor the changes in

concentration of two different compounds within a chemical or biological system.
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1. Introduction

With the launch of commercialized MALDI-TOF MS
instruments, the number of applications for MALDI-TOF
MS technique has exponentially increased in the recent
years [1-7]. MALDI-TOF has been widely used for the
characterization of different biomolecules such as nucleic
acids and proteins. The advantages of using MALDI-
TOF MS include 1) <0.3 uL of sample is required, 2) a
wide variety of MALDI matrices or matrix-free sample
supports are available to support the ionization of differ-
ent biomolecules, 3) MALDI produces singly charged
molecular ions, 4) TOF has the largest mass range in
comparison to all other mass analyzers, 5) high mass
resolution of 60,000 can be achieved with Spiral TOF [§]
6) measurement time for each sample can be as little as 1
second, 7) both data acquisition and spectral interpreta-
tion have been automated, 8) the same MALDI samples
can be remeasured and/or archived, 9) imaging mass
spectrometry (IMS), i.e. spatial distribution of different
analytes, can be achieved by MALDI-TOF MS without
switching to a different ion source [9], 10) tandem
MALDI-TOF/TOF MS can provide relatively high colli-
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sion-induced dissociation (CID) energy [10], and 11)
accurate quantitation of biomolecule of interest can be
achieved with suitable internal standard [11].

In general, quantitative MALDI-TOF MS can be di-
vided into two different categories, namely relative and
absolute quantitation. In the latter case, it is necessary to
construct a calibration graph from measuring a series of
standard dilutions in a sample matrix that is comparable
to the samples. Equally important, in order to achieve a
high level of accuracy on the quantitation, it is also nec-
essary to determine the linearity (R-squared value) and
the linear dynamic range in a calibration graph as well as
the reproducibility of the measurements. Due to the het-
erogeneous morphology in MALDI sample-matrix co-
crystals, one of the challenges in quantitative MALDI-
TOF MS is the variation of signal intensity from repeated
measurements of the same sample [12]. To overcome the
variation of signal intensity, the most commonly used
method is to add a fixed amount of an internal standard
to each standard dilution [13-17]. Theoretically, with the
same concentration of internal standard in each standard
dilution, the internal standard signals should be constant.
In this study, similar to the ion suppression that has been
reported earlier, the signals of fixed amount of internal
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standard were significantly lowered over the linear dyna-
mic range for quantitation. An attempt to experimentally
identify the cause of reducing the internal standard sig-
nals was systematically carried out. Although the reduc-
tion of internal standard signals does not interfere with
the quantitation of target analyte in the sample of interest,
it represents a limitation on using MALDI-TOF MS to
monitor the changes in concentration of two different
compounds within a chemical or biological system.

2. Experimental

HPLC purified oligonucleotides (oligo) were ordered
from Integrated DNA Technologies (Coralville, TA). A
17 mer oligo (5’-CCA TCC ACT ACA ACT AC-3’) was
used as a DNA standard and a 19 mer oligo (5’-CCA
TCC ACT ACA ACT ACA T-3’) was used as an internal
standard, unless otherwise stated. 3-hydroxypicolinic
acid (3-HPA) MALDI matrix was purchased from Sigma-
Aldrich (St Louis, MO). Ammonium citrate dibasic >
99.0% was purchased from Fluka (Buchs, Switzerland).
HPLC grade acetonitrile and methanol were obtained
from Fisher Scientific (Pittsburgh, PA). Non-sterile 0.22
um low protein binding Durapore (PVDF) syringe driven
filter units (25 mm) were purchased from Millipore Corp.
(Bedford, MA).

3. Sample Preparation

The 3-HPA matrix solution was prepared by dissolving
35.0 mg of 3-HPA and 7.1 mg of ammonium citrate di-
basic in 1.0 mL of 10% acetonitrile [18]. After vortexing
the matrix solutions for ~1 min, any undissolved particles
were removed by a 0.22 um filter. The matrix solution
was made monthly and stored at —20°C. Both oligos were
reconstituted to 250 uM with autoclaved deionized water,
and stored at —20°C. Prior to the MALDI-TOF MS
measurements, both oligos were freshly diluted with
autoclaved deionized water and mixed accordingly. The
stainless steel MALDI sample plate was cleaned by rins-
ing the plate with deionized water and followed by
methanol washing. 0.3 pL of 3-HPA matrix solution was
spotted on the MALDI sample plate, then allowed to air
dry. 0.3 pL of oligo mixture was then spotted over the
dried matrix, and the mixture was allowed to air dry.

4. MALDI-TOF MS Measurements

All MALDI-TOF MS measurements were carried out by
using a 4700 Proteomics Analyzer from Applied Biosys-
tems (Framingham, MA). Each sample was measured by
using the linear positive ion mode (linear middle mass
positive acquisition method in the 4000 Series Explorer
Version 3.0 software). The Nd:YAG laser intensity was
set at 6000 arb. units (maximum intensity = 7900 arb.
units). The focus mass was the molecular mass of [DNA
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standard + H]" ion (5044.3 Da). To achieve the highest
mass resolution for the [DNA standard + H]" ion, 450 ns
delay time was used. The accelerating voltage was +20.0
kV and grid voltage was +18.2 kV. The instrument was
equipped with a 200 Hz digitizer. The sampling bin size
was 4 ns with an input bandwidth of 500 MHz, and a
vertical full scale of 200 mV. The linear detector voltage
was +1.92 kV. The pressure inside the instrument was
maintained at the level of 10 Torr. Each spectrum was
automatically acquired with random edge-biased posi-
tioning of laser shots. The default width for local noise
window in the linear middle mass positive processing
method was 250 m/z, which defined the background noise
from thebaseline within the specified mass window where a
peak was detected in the mass spectrum. By using the Data
Explorer Version 4.6 software, mass spectra were internally
calibrated with the [DNA standard + H]" ion peak.

5. Results and Discussion

To achieve absolute quantitation of a specific analyte by
using MALDI-TOF MS, it is necessary to perform a
calibration with a series of pure standard dilutions. For
the purpose of minimizing any possible errors in sample
preparation and MALDI-TOF MS measurements, each
standard dilution is usually measured at least three or
four times, and the average signals are used to perform
the calibration. It is known that one of the drawbacks on
quantitative MALDI-TOF MS is the variation of signal
intensity when the same sample is repeatedly measured.
There are different experimental approaches that can be
used to improve the reproducibility of MALDI-TOF MS
measurements [19-21]. For performing calibration ex-
periments, a common approach to overcome the variation
of signal intensity is to add fixed amount of an internal
standard to each standard dilution. By plotting the con-
centration of pure standard against the ratio of signals
between pure standard and internal standard, linear cali-
bration graphs can be constructed [13-17]. In this study,
for the purpose of measuring DNA samples, a pure DNA
oligonucleotide (17 mer) was used as a pure standard for
calibration. To ensure the internal standard has similar
physical and chemical properties as the pure DNA stan-
dard for performing the calibration, the internal standard
used in this study was also a DNA oligonucleotide which
had the same DNA sequence as the pure DNA standard,
except two extra 2’-deoxynucleotides were added to its
3’ end. In the calibration experiment, the final concentra-
tion of internal standard in each dilution of pure DNA
standard was 1.00 uM. To minimize the effects of signal
variation, each DNA mixture was measured twelve times.
By using the average peak areas, a calibration graph was
constructed as shown in Figure 1(a). The calibration
graph has a linear dynamic range from 0.20 uM to 12.5
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uM of DNA standard with an R-squared value of 0.997.
At the limit of quantitation, the average signal-to-noise
ratio of 0.20 uM DNA standard was equal to 3.73. Ac-
cording to the results in Figure 1(a), when the concen-
tration of DNA standard and internal standard are equal
to each other at 1.00 puM, the ratio of their corresponding
peak areas is very much close to one. This indicates the
incorporation of both DNA oligos in the MALDI ma-
trix-sample co-crystals, and their efficiencies to be de-
sorbed/ionized by the MALDI process are very similar to
each other. In theory, the signals of fixed amount of in-
ternal standard should remain at the same level within the
linear dynamic range of quantitation. However, when the
signals of DNA standard and internal standard are sepa-
rately plotted against the concentration of DNA standard
as shown in Figure 1(b), the signals of internal standard
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Figure 1. (a) Calibration graph for pure DNA standard.
The pure DNA standard concentration (0.10 - 25.0 pM) is
plotted against the average peak area ratio of pure DNA
standard to internal standard; (b) Unexpected decrease on
the internal standard signals. The signals of DNA standard
(solid line) and internal standard (dotted line) are plotted
separately against the concentration of pure DNA standard.
The experimental data in (a) and (b) are the same. All error
bars represent one standard deviation (n = 12).
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are unexpectedly decreased from its initial level while
the signals of DNA standard continue to increase propor-
tionally with the increasing concentration of DNA stan-
dard. Specifically, the peak area of internal standard has
decreased 73% from the initial level when the concentra-
tion of DNA standard was increased to 6.25 pM. At 6.25
uM of DNA standard, the peak area of DNA standard
starts to level off. Similar reduction of various internal
standard signals were found in the literature when the
signal intensities are carefully examined [22-24]. These
included the quantitative MALDI-TOF MS measure-
ments of different nucleic acids, proteins, and synthetic
polymers, in which different MALDI matrices and in-
strumentation were used. Thus, the unexpected decrease
on the internal standard signal is not limited to MALDI-
TOF mass spectrometry of DNA.

In an attempt to identify the cause of signal reduction
in this study, the roles of the two DNA oligos were ex-
changed. Thus, the shorter 17mer DNA oligo was used as
internal standard instead of the longer 19 mer DNA oligo.
Based on the principle of the time-of-flight mass ana-
lyzer, the molecular ions of the shorter internal standard
should reach the ion detector earlier than the longer 19
mer DNA oligo. This would ensure the ion detector was
not saturated when the internal standard was detected.
From measuring a series of DNA oligo mixtures that
contained same amount of shorter internal standard (1.00
pM) and different amounts of longer 19 mer DNA oligo,
the results showed that the signals of shorter internal
standard were also decreased while the signals of longer
19 mer DNA oligo continued to increase with its in-
creasing concentrations (data not shown). Similar to the
results in Figure 1(b), the peak area of the shorter inter-
nal standard has decreased 67% from the initial level.
Thus, the same reduction of internal standard signals was
observed when the roles of the two DNA oligos used in
this study were interchanged. The unexpected decrease
on the internal standard signals within the linear dynamic
range was reproducible even when a different DNA oligo
was used as an internal standard (data not shown). To-
gether with the results in Figure 1(b), the unexpected
decrease on the internal standard signals was neither due
to any defect on measuring ions at a specific m/z ratio
nor due to the saturation of the ion detector.

Another possible explanation for the reduction of in-
ternal standard signals would be the initial MALDI pro-
cess. Previously, based on the interpretation of MALDI-
TOF MS spectra alone, Hercules and his co-workers
have identified a similar reduction of signals when pro-
tein mixtures were measured [22]. Each protein mixture
contained two different components, and one of them
was a protein internal standard at a fixed concentration.
To explain the phenomenon, they speculated the MALDI
matrix was saturated by relative high concentration of
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protein analyte in the mixture. They had proposed a
threshold value for the molar ratio between analyte and
MALDI matrix to be at least 1:3000. In this study, the
lowest molar ratio of (DNA standard + internal standard)
to 3-HPA matrix within the linear dynamic range was
~1:19,000. Hence, according to the Hercules’s sugges-
tion, there should be sufficient 3-HPA matrix to support
the MALDI process, i.e. desorption and ionization of
DNA oligos without any detectable laser induced frag-
mentation of DNA oligos. As shown in Figure 2(a), no
fragment ion originated from the internal standard was
observed. Thus, the signals of internal standard could not
be reduced as a result of laser-induced fragmentation.

At neutral pH, the phosphate groups along the phos-
phate backbone of a DNA molecule are deprotonated.
When DNA oligo is mixed with acidic 3-HPA matrix
(pH = 3), the negatively charged phosphate groups are
re-protonated. This occurs before the DNA sample is
measured by MALDI-TOF MS. According to Knochen-
musss’s proposed ionization mechanism for the MALDI
process, multiple matrix molecules are excited by the UV
laser irradiation [25]. When two excited matrix mole-
cules are close to each other, energy is redistributed and
concentrated on one matrix molecule. This results in the
formation of a matrix ion. To generate a positively
charged DNA molecular ion in this study, DNA is ion-
ized by gaseous-phase proton transfer from matrix ions.
Based on this ionization mechanism, the minimum molar
ratio between a DNA oligo and 3-HPA is 1:2. As men-
tioned earlier, the lowest molar ratio of DNA oligo to
3-HPA in this study was ~1:19,000. The excess of
3-HPA matrix ions was experimentally detected as
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Figure 2. Excess 3-HPA MALDI matrix ions. Mass spectra
of 0.20 pM (a) and 12.5 pM (b) of pure DNA standard
(5044.3 Da) with the same concentration (1.00 pM) of in-
ternal standard (5661.8 Da). In both cases, the excess of
[3HPA + H]" ion (140.1 Da) and its cluster ions (unlabeled)
were detected in the low mass window. The signal intensity
in the high mass window has been increased 3 times. Both
spectra were acquired with the low mass gate being disabl-
ed, and the mass range was set between 100 Da and 6000 Da.
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shown in Figure 2. When comparing the signal that cor-
respond to [3-HPA + H]" ion (140.1 m/z) obtained from
the lowest and the highest amount of DNA standard used
in the calibration experiment, the signal intensities of
[3-HPA + H]" ion are comparable (Figure 2). Thus, even
at the highest DNA standard concentration, there were
still excess MALDI matrix ions to support the ionization
of DNA oligo molecules. In other words, the decrease on
the internal standard signals could not be explained by
the lack of MALDI matrix ion. With excess MALDI ma-
trix ions and the same signal reduction was observed
when the roles of the two DNA oligos were exchanged,
the decrease on the internal standard signals could not be
completely explained by the analyte suppression effects
that have been reported in the literature [26].

In general, the yield of molecular ions from a MALDI
sample could be increased by using higher laser intensity
[27]. To balance between the yield of molecular ions and
its possible laser-induced fragmentation, the optimal la-
ser intensity for measuring the DNA standard was deter-
mined to be at 6000 arb. units in a separate study. With a
fixed laser intensity, there should be a limitation on gen-
erating DNA molecular ions. In Figure 3, the concentra-
tion of pure DNA standard is plotted against the sum of
signals obtained from both pure DNA standard and in-
ternal standard. The sum of signals continues to increase
with the concentration of pure DNA standard, whereas
the internal standard signal begins to decrease at 0.39 uM
of pure DNA standard (Figure 1(b)). The continuous
increase in the sum of signals does comply with the ear-
lier discussion that there were excess MALDI matrix
ions to support the desorption/ionization of both internal
standard and DNA standard within the linear dynamic
range. Also, the continuous increase in the sum of signals
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Figure 3. Capacity of MALDI ion source for producing
molecular ions. The sum of signals obtained from both pure
DNA standard and internal standard is plotted against the
concentration of DNA standard. All error bars represent
one standard deviation (n = 12).
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indicated the capacity of the ion source to produce mo-
lecular ions had not been exceeded when the internal
standard signals began to decrease.

6. Conclusion

Despite several studies had used fixed amount of internal
standard to achieve accurate quantitation of different
analytes by using MALDI-TOF MS, this is the first time
the extent of signal reduction from fixed amount of in-
ternal standard is reported. Based on the results of this
study, the cause for the unexpected decrease on the in-
ternal standard signals could not be explained by the
choice of internal standard, any defect associated with
the desorption/ionization of the internal standard, and the
detection of the internal standard ion. A possible expla-
nation for the reduction of internal standard signals could
be some of its molecular ions are discharged as a result
of encountering ions with the opposite charge, and/or
colliding with a conductive surface within the MALDI
ion source [28]. Nevertheless, it is important to realize
the unexpected signal reduction represents a limitation on
using quantitative MALDI-TOF MS to monitor the
changes on the concentrations of two different com-
pounds in a chemical or biological system, especially

when their corresponding signals were directly compared.

This limitation, however, is not applicable when one of
the two compounds of interests is at a constant level and
the ratio of the two corresponding signals is used to
monitor the changes on the other compound.
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