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ABSTRACT

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a powerful analytical
technique with great application potential in biomolecular matter research. SIMS
measurements performed on biological samples, due to their complex structure and
the content of many small and large atomic molecular compounds, suffer very rich and
complex mass spectra of particles, which characterise the content and physio-chemical
properties of examined samples. The proper description and understanding of features
appearing in the spectra and, consequently, the final data confirming or rejecting the
hypothesis put forward in the experiment, largely depend on the experimenter’s correct
understanding of the technique itself and its limitations, knowledge of the tested
material and its appropriate preparation. These issues mean that obtaining the right
answer to the questions posed in the research hypothesis requires not only the correct
conduct of experiments but also the appropriate processing of post-experimental data.
This study aims to demonstrate the impact of various analytical and experimental
procedures applied to reach proper conclusions from TOF-SIM measurements. These
are different types of data normalization, the selection of a so-called region of interest
(RQI), the selection of representative secondary ions and specific quantification methods,
including a combination of experimental parameters. All these aspects were checked
and discussed based on the results of the analysis of pancreatic  cells placed in a PBS
solution on silicon wafers.
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INTRODUCTION

Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
operating in the static SIMS mode enables the emission of a variety
of secondary ions, including molecular-bound ions and fragment
ions, which characterize the chemical structure of sample surfaces.
The processes underlying the physical basis of the SIMS technique
include, generally speaking, the interactions of heavy ions with
energies ranging from several to several dozen keV with the
condensed phase. An ion of a heavy atom or an ionized atomic
cluster bombards the tested target. As a result of this process,
atoms, molecules that are the parent components of the sample,
and molecular fragments are emitted from several surface layers.
In addition to neutral ones, positively and negatively charged ions
are also emitted from the surface. This phenomenon is called ion
sputtering or ion erosion. The SIMS spectrometer records the
charged components of the sputter. The obtained results allow
for a comprehensive characterization of the surface of the tested
sample, concerning its composition as well as its structure. The
effectiveness of SIMS devices depends on the precision of the
technical solutions used and the efficiency of processes in which
secondary ions are produced from the tested material [1, 2].

The recorded signal coming from the analyzed surface can
be presented in various ways, depending on the goals of the
experiment. The data treatment is also influenced by the question of
whether a given experiment examines the composition of unknown
biological samples, whether samples are compared with each other
or whether information about the presence of a compound of interest
is important. All this will determine how the data is prepared, as
well as their evaluation and visualization. It should be emphasized
that thanks to spectrometric techniques such as ToF-SIMS, the
result is a very large amount of data. It is up to the experimenter
to select and appropriately process them to capture the essence of
the results and not overwhelm the reader with excess data.

In this work, the impact of proper calibration of mass spectra,
their different normalization, peak identification and ToF-SIMS
data presentation and display are examined and discussed. Of
course, itis not possible to discuss in detail all aspects of ToF-SIMS
data processing in one text. However, in this study, we focus on
what we consider to be the key aspects affecting the quality and
reliability of the analysis of biological structures conducted using
ToF-SIMS spectrometry.

MATERIALS AND METHODS

Cell cultures

The insulin-releasing pancreatic 5-cell line (1.1B4, Merck KGaA,
Sigma Aldrich, Darmstadt, Germany) was cultured in a RPMI
1640 medium (Cat. No. R0O883, Merck KGaA, Darmstadt,
Germany), supplemented with 10% fetal bovine serum (FBS; Cat.
No. 16000036, Thermo Fisher Scientific, Waltham, MA, USA),
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2 mM L-glutamine (Cat. No. G7513, Sigma-Aldrich, Darmstadt,
Germany) and antibiotics — 100 pg/ml streptomycin with
100 units/ml penicillin (Cat. No. 15140122, Sigma-Aldrich,
Darmstadt, Germany). The cells were grown as monolayers in
an incubator under conditions of a humidified 5% CO, atmosphere
and 37°C until they reached approximately 80% confluence. The
culture was maintained by changing the medium and passaged
with trypsin (Trypsin-EDTA solution, Cat. No. 25200056, Thermo
Fisher Scientific, Waltham, MA, USA). After harvesting the cells
from the medium they were resuspended in 1.5 ml of PBS (Cat.
No. 10010023, Thermo Fisher Scientific, Waltham, MA, USA) in
quadruplicates and stored at —-80°C for further ToF-SIMS analysis.

Sample preparation

For ToF-SIMS measurements, silicon wafers (Cat. No. 647780,
Sigma Aldrich, St. Louis, MO, USA) with dimensions of 1 x 1 cm?
were prepared. The selection of the silicon substrate was
dictated by previous studies examining the best parameters for
ToF-SIMS research on biomaterials [3]. Before cell deposition,
each substrate was sonicated in toluene (Cat. No. 244511,
Sigma Aldrich) and ethanol (absolute, 99%, Cat. No. 396480111,
POCH) for 10 minutes using an ultrasonic bath, rinsed with
deionized water and then dried with N,. The experimental
material included 4 samples placed on the silicon surface with
a volume of 30 pl. The concentration of deposited cells was
approximately 5.3 x 10° cells/ml.

ToF-SIMS experiments

In the case of biological samples, ionized clusters of bismuth or
fullerene (Bi,*, C,,*) are most often used, which allow the detection
of larger particles by minimizing damage to the structure being
examined [4]. The experiments were performed in the so-called
static mode, which is defined by the given dose density threshold
of primary ions deposited on the tested surface. Measurements
in this mode ensure that the surface will not be damaged and the
components will not be significantly delocalized and fragmented
in the sample volume. At the same time, the second operating
mode of the Tof-SIMS spectrometer enables imaging of 2-D maps
of secondary ions emission from the surface with a submicron
spatial resolution (dynamic mode) [5].

An undoubted advantage of the ToF-SIMS technique in biological
studies is the possibility of so-called comparative analysis of
experimental samples with the participation of control samples.
In this type of analysis there is no need to extract compounds of
interest from the sample structure or label them. The essence of the
analysis is a comparison of the average intensities of characteristic
mass—peaks collected from several spectra of examined samples.

To obtain all spectra, the ToF-SIMS 5 instrument (ION-ToF GmbH,
Mdnster, Germany) was used with a Bi," liquid metal ion gun
(30 keV) as the primary ion source. Three well-separated surface
areas of 200 x 200 uym? for positive ions (125 x 125 pixels) were
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Fig. 1. Comparison of percentages calculated from the mean ion intensities of ceramides characteristic peaks from (A) the entire experimental area (200

x 200 pm?) and (B) regions of interest (50 x 50 ym?).

chosen from one sample, from which the secondary ions signal
were recorded. The mass range of detected ions was up to 900 Da,
with a mass resolution of 8,300 at m/z 600 (FWHM).

The comparative analysis of lipid composition was performed in the
static spectrometer mode with a current equal to 1.10 pA. A low-
energy electron gun was used in the interval between two pulses
from the primary ion source to neutralize the charge formed on
the sample surface during the bombardment. All measurements
reported here were carried out at the same time and under the
same conditions, enabling the comparison of biological samples.

RESULTS

Selection of the analyzed area

In this study two approaches to ToF-SIMS data analysis were tested
and compared. The percentage ratio of lipids from the ceramide (CER)
group was compared in two different scenarios: analyzing spectra
from whole surfaces (Fig. 1A.) and analyzing selected regions of in-
terest (Fig. 1B.). The analysis was conducted on cell samples sus-
pended in PBS. The image of the emission of all ions (total) in Fig. 1B.
showed that the analyzed surface was relatively homogeneous.

The results in the pie chart (Fig. 1A.) concern the average value
from four measurements of whole surfaces with dimensions of
200 x 200 ym?. Results in Fig. 1B. present average values from
9 regions of interest (from each 3 ROIs of analyzed surface,
3 were made surface analysis 200 x 200 pm?).
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Selection of the normalization method

There are four possible normalization methods for this technique:
normalization to the total number of counts, to the total dose
deposited on the surface, to the reference peak, and the sum
of selected peaks. Here, the sum of selected peaks refers to the
summed intensity of all peaks selected from the spectrum, which
were used for further analysis.

Fig. 2. shows the data normalized three different ways along with
the raw data without normalization.

The results presented in Fig. 2. compare three types of normalization
along with raw data of the percentage of selected 13 lipids from
the CER group. These were obtained from a sample of pancreatic
[3-cells that were cultured under normal conditions.

DISCUSSION

Mass spectrum calibration

After performing the measurements, in the first step, the obtained
spectra should be calibrated. Proper calibration is crucial to correctly
identify peaks of interest. The spectra included in the comparative
analysis must be calibrated to the same set of peaks that are
characterized by appropriate intensity and a high probability of
being assigned to a specific mass. This ensures that errors in peak
assignment for larger masses are minimized. Moreover, the peaks
included in the calibration set should be symmetrical to avoid the
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Fig. 2. Comparison of percentages calculated from the average ion intensities of ceramides characteristic peaks for different normalization methods.

influence of factors typical for this method, such as topography
or sample surface loading.

For biological samples, it is worth performing a two-step
calibration. Initial calibration is performed on at least three peaks
occurring in the spectra of virtually all samples, these are: CH_*,
C,H," and C,H.* for positive polarization and CH", OH" and
C,H~ for negative polarization. Then, recalibration is applied taking
into account peaks with the highest possible masses for which
the identity is certain. This procedure will increase the quality of
the match in the higher mass part of the spectrum (>200 amu).

Selection of the analyzed area

In the literature it has been reported that it is possible to conduct
a relatively quantitative assessment of changes, such as intensi-
ties for specific peaks, when measuring the surface of samples
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with similar characteristics or, more precisely, with analogous
ionization properties [6]. A similar procedure was presented in
the work by Touboul et al. [7]. According to this scheme, areas
(ROI, region of interest) that are planned to be compared should
be extracted from the surface sample, e.g. those that differ histo-
logically. Then mass spectra for these areas should be obtained,
and after that normalization to the same total number of counts
can be taken. This approach can be used for samples that differ in
various respects, for example when distinguishing samples from
healthy and diseased patients [8-11]. The accuracy and correct-
ness of the procedure increase as the number of biological and
technical samples increases. In other words, when average values
of normalized intensities from compared samples or areas on the
surface are available for comparative analysis.

After comparing the obtained results (Fig. 1.), it is apparent that for
this type of sample, i.e. cells suspended in a specific solvent (the
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size of a 3-pancreatic cell is approximately a diameter of 10 pm),
the differences resulting from the size of the area from which the
analyzed spectrum was obtained are less than 1% [12].

Selection of the normalization method

Itis important to normalize all ToF-SIMS spectra from the same
experiment in a consistent manner before comparing and analyzing
the differences in the obtained data. The comparative analysis is
based on the comparison of intensities for selected peaks, and
it is important to keep in mind that the ToF-SIMS technique is
a qualitative method, and the results can be influenced not only
by the concentration of the tested sample but also by factors such
as topography, matrix effects and instrumentation parameters. To
eliminate or minimize the impact of these undesirable factors it is
necessary to apply the same type of normalization to the spectra,
which is adapted to the nature of the experiment.

The comparison (Fig. 2.) shows that there were no significant
differences between normalization to the total number of counts of
the total dose deposited and the raw data itself. The only differences
that were observed were related to normalization of the sum of
peak intensities for a given lipid group, but even these differences
are insignificant. This indicates that there was no influence of
experimental factors in this measurement series for this particular
type of sample. It is important to note, however, that this statement
is only valid for the biological material under consideration.

OF AN AIRIDIUM-193 TARGET

CONCLUSIONS

The ToF-SIMS technique is a highly useful method for characterizing
biological samples and conducting comparative analyses. However,
itis crucial to ensure that all measurements and post-experimental
work are carried out properly. This requires thoughtful and repeatable
preparation of biological material, as well as conducting compared
measurements under identical conditions. The influence of factors
such as time since preparation, temperature, pressure in the chamber,
sample concentration and topography should be minimized as much
as possible. Additionally, how data is treated is also significant. This
involves proper calibration of the acquired spectrum, selection of
appropriate polarization to acquire relatively high intensities for
the examined matter, selection of the analysis area and proper
normalization. All these aspects are important for obtaining reliable
data to conduct a comparative analysis and reach conclusions that
support or negate an experiment’s hypothesis. Information obtained
using the ToF-SIMS method can often complement and diversify
the results obtained using other techniques in biological sciences.
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