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    Abstract     Mass spectrometry has been employed to analyze the composition and 
structure of biologically relevant molecules in solution. Advances in methodology 
and instrumentation developments now allow the application of mass spectrometry 
for local biomolecular analysis directly on biological tissue surfaces; this technique 
is called imaging mass spectrometry (IMS). IMS is an innovative discovery tool for 
the biomedical sciences. This chapter describes the two main approaches relevant 
for molecular tissue imaging studies in the life sciences: secondary ion mass spec-
trometry (SIMS) imaging and matrix-assisted laser desorption and ionization 
(MALDI)–based imaging techniques. The benefi ts of imaging mass spectrometry 
for the fi elds of drug metabolism, lipidomics, and proteomics are discussed. 
Integrated MS imaging and proteomics protocols as well as tandem-MS imaging 
strategies, which are key to the identifi cation of larger-molecular-weight  compounds, 
are also reviewed.  

5.1         Introduction 

 Imaging mass spectrometry (IMS) [ 1 ] is a very sensitive molecular imaging tech-
nique that provides combined molecular resolution and spatial resolution. It allows 
the identifi cation and localization of the molecular content directly from tissue sec-
tions, single cells, and many other surfaces. The key features for biological studies 
are the sensitivity provided by modern mass spectrometers, the label-free nature of 
the technique, the ability to image posttranslational modifi cations, and the spatial 
resolution, which ranges from the organisms level (hundreds of micrometers) to the 
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cellular level (tens of nanometers). IMS allows the simultaneous detection and 
imaging of thousands of species images in a single experiment. As such, it consti-
tutes an effi cient, multicomponent molecular imaging technique. The large number 
of new studies that include imaging mass spectrometry is evidence of the rapid 
growth of the fi eld (Fig.  5.1 ).

   IMS can be used to study different compositions and structures of surfaces in the 
context of biological studies. The IMS protocols and instruments have been devel-
oped to study the biodistribution of endogenous compounds, such as lipids or pro-
teins, and exogenous compounds, such as polymers or drugs designed for tissue 
treatment. IMS helps to understand biological processes from subcellular to multi-
cellular levels of spatial resolution. Moreover, it detects many different types of 
compounds in order to cover the large number of molecules present in the animal 
and vegetable kingdoms. 

 Compared to other molecular imaging approaches, such as magnetic resonance 
imaging (MRI), positron emission tomography (PET), or fl uorescent immunochem-
istry, IMS provides unique information: IMS identifi es molecules without the label-
ing of compounds, which allows the discovery of new localized compounds; no 
other technique can do this. Even though IMS is an Ex vivo technique and not an in 
vivo diagnosis technique such as MRI or PET, it can be coupled with them to vali-
date molecular repartition, examine degradation of biomarkers, and/or study drug 
delivery, as demonstrated in recent publications [ 2 ]. 

 Biological surface analysis with mass spectrometry has evolved around two 
main desorption and ionization methods: secondary ion mass spectrometry (SIMS) 
and matrix-assisted laser desorption ionization (MALDI). Both techniques are used 
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  Fig. 5.1    The number of publications resulting from a “web-of-science” search using the keywords 
“MALDI imaging” ( open circles ) and “imaging mass spectrometry” ( solid circles ). The results 
were obtained from the December 31, 2009, database       
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in imaging mass spectrometry and combined with different mass analyzers and 
detectors in order to increase the sensitivity and spatial resolution. SIMS has been 
in development since the early 1970s and applied to many different biological sur-
faces [ 2 ]. Although SIMS was initially limited to elements and small molecules, 
the detection and imaging of higher-molecular-weight species were realized 
through different surface modifi cations, such as metal-assisted SIMS (MetA-SIMS) 
and matrix-enhanced SIMS (ME-SIMS) [ 3 – 5 ], as well as by the use of cluster ion 
beam as the projectile species, as outlined in Chap.   4     of this book. MALDI imaging 
was developed in the late 1990s to image larger, intact molecules such as peptides 
and proteins. The SIMS and MALDI techniques both possess complementary char-
acteristics in mass range, sensitivity, and spatial resolution, as will be demonstrated 
in this chapter. 

 IMS is crucially dependent on suitable and adequate sample-preparation tech-
niques, as is any molecular analytical technique. Sample preparations, including 
solvent treatment, sample storage, and matrix deposition, are important for classical 
proteomics and lipidomics experiments directly on tissue. Reproducible sample 
preparations allow sensitive and high-resolution image analysis with ME-SIMS, 
MetA-SIMS, and MALDI imaging. Due to the different sensitivities and mass 
ranges accessible by SIMS and MALDI, different classes of molecules can be 
detected by combining these techniques [ 6 ]. Peptides and proteins, as well as lipids, 
metals, drugs, and metabolites, can be monitored and localized in different biologi-
cal samples. Combinations of specifi c (bio-)markers that characterize a disease state 
can be identifi ed, as IMS provides simultaneous images of different compounds 
found on pathological tissue sections. 

 In this chapter, we present the three biomolecular IMS techniques (ME-SIMS, 
MetA-SIMS, and MALDI), discuss different tissue-preparation methods, and sum-
marize representative applications in different fi elds of research, such as lipidomics, 
plant studies, pharmaceuticals, proteomics, and clinical proteomics. The chapter 
ends with an outlook on future developments and the related applications of surface- 
enhanced SIMS and MALDI imaging. These high-end mass-spectrometric–based 
imaging methodologies are continuously under development to improve the sensi-
tivity, resolution (both spatial and mass-resolving power), and data workup proto-
col, in order to increase the usage of IMS in clinical medicine.  

5.2     Imaging Mass Spectrometry Modes 

5.2.1     Imaging Modes 

 Many different ionization methods and mass analyzers have been used in imaging 
mass spectrometry (IMS) experiments. SIMS and MALDI have emerged as the two 
dominant methodologies in the generation of mass-resolved molecular images of 
surfaces. Both display different but complementary molecular imaging capabilities 
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and are employed in a wide variety of (biological) applications. Traditionally, SIMS 
targeted elements and small to medium-sized biomolecules (under 600 Da), whereas 
MALDI extended molecular imaging capabilities to a larger-molecular-weight 
domain (100 Da–80 kDa). 

 The two techniques combine an ion source, a mass analyzer, an ion detector, and 
data acquisition and processing software. They display complementary spatial reso-
lution, sensitivity, and molecular weight ranges. Two different types of imaging 
modes, irrespective of the ionization method, are used: microprobe mode imaging 
and microscope mode imaging. The next section briefl y explains the two different 
imaging approaches  

5.2.2     Microprobe Mode 

 Microprobe (Fig.  5.2 ) is the most common imaging mode in mass spectrometry. It 
is a relatively straightforward technique to image a small, localized region by focus-
ing a desorption/ionization beam on the sample. The ionization beam rasters, or 
scans, a selected region of the sample, and a mass spectrum is recorded for each 
beam shot. The mass spectra are stored along with the coordinates of the analyzed 
spot, as defi ned by the focus and position of the ionization beam. Molecular images 
of different ions are retrospectively reconstructed by dedicated software. This 
microprobe scanning mode is usually used with SIMS and MALDI imaging mass 
spectrometry. The spatial resolution of the ionization beam can be as high as 50 nm 
in SIMS and is conventionally limited by the laser spot’s size (typically 50 μm) in 
MALDI. For that reason, the microscope imaging mode was developed and applied 
for MALDI studies in order to increase the spatial resolution [ 7 ].

5.2.3        Microscope Mode 

 The microscope imaging (Fig.  5.2 ) mode does not require position rastering with 
focused desorption beams. Instead, ion-optical elements in the time-of-fl ight mass 
spectrometer are used to retain the spatial organization of the ions after desorption 
and ionization between the ion source and the detector [ 7 ]. This results in a mass- 
resolved projection of the spatial origin of the ions generated at the sample surface 
by the defocused ionization beam and allows direct mass-resolved molecular image 
observation when combined with a position-sensitive detector. The magnifi cation of 
the microscope elements, the quality of the ion optics, and the resolution of the 
position-sensitive detector determine the spatial resolution. The best spatial resolu-
tion demonstrated to date is a pixel size of 600 nm [ 7 ,  8 ]. The microscope mode 
directly analyzes a larger fi eld-of-view (FOV) than the microprobe mode: It allows 
for the analysis of up to a 400-μm-diameter area. The microscope mode is approxi-
mately 10,000 times faster than the microprobe mode.   
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5.3     MALDI and SIMS: Two Sources of Ionization 

5.3.1     MALDI Source 

 Developed by Karas and Hillenkamp in 1987 [ 9 ,  10 ], MALDI allows the simultane-
ous ionization/desorption of sample molecules, provides high sensitivity, and allows 
the analysis of large (up to 200 kDa) molecules. MALDI imaging was introduced in 
1997 with advanced software capabilities [ 11 ,  12 ]. A large number of applications 
were presented in the last decade, with many biological applications. Most studies 

  Fig. 5.2    Schematics illustrating the two approaches in molecular imaging mass spectrometry: ( 1 ) 
Microprobe-mode imaging records the mass spectra in spot-by-spot ( x ,  y ) position on the sample 
surface; ( 2 ) microscope-mode imaging records magnifi ed images of mass-resolved ion distribu-
tions using a 2D detector       
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use the MALDI imaging technique in a microprobe mode, by combining laser irra-
diation of the sample and advanced software capabilities to reconstruct images. More 
recently, commercial instruments with well-optimized system control and a laser 
spot size down to approximately a 50-μm diameter have been developed. Important 
MALDI considerations include the size of the laser beam, the wavelength, the pulse 
width, and the matrices used. MALDI imaging traditionally uses either N2 (337-nm) 
or Nd:YAG (335-nm) UV lasers, with the latter becoming more routinely used over 
the last two years, resulting in increased laser performance and stability. The laser 
pulse length (width) was found to have very little to no infl uence on MALDI mass 
spectra, at least up to pulse lengths of tens of nanoseconds [ 13 ]. This suggests that 
the desorption/ionization process is determined by the energy density supplied to the 
sample by the laser pulse (fl uence or energy density, 100 J/m 2 ) rather than by the rate 
of energy fl ow (irradiance, W/cm 2 ). The fl uence or energy fl ow required on the target 
is dependent on the spot size and pulse length (typically 3–5 ns).

    (a)     Desorption/ionization process     

  Since 1976, laser irradiation has been employed to ionize peptides from solid 
samples deposited on a surface [ 14 ]. Studies over the fi rst decade of its use showed 
it was not effi cient for large peptides. Therefore, the use of a matrix as an energy- 
transfer medium presented advantages in the desorption/ionization laser process. 

 The technique of MALDI imaging uses a pulsed beam of laser in the UV (or 
infrared laser source) to desorb and ionize a mixture of co-crystallized matrix and 
tissue. The matrix minimizes the sample degradation caused by energy absorption 
of the laser beam. The laser-transmitted energy is absorbed by the matrix, which 
acts as a resonant absorber for the photons and causes a phase explosion due to 
overheating of the surface. The sample molecules expand, are ejected into the gas 
phase, ionized, and then detected. 

 Partially ejected molecules are ionized by proton transfer, in the solid phase 
either before desorption or after desorption by collision with the excited matrix and 
other molecules. These processes generate different singly or multiply charged ions 
[M +  n H]  n + , but the majority are singly charged ions. 

 No single mechanism can explain all the ions observed in a MALDI experiment. 
The large range of samples, matrices, and experimental parameters hinders the elu-
cidation of ion-formation mechanisms. However, ion-formation mechanisms are 
described by two categories: primary and secondary ion formation [ 15 ]. The times-
cale for ion formation is of utmost interest, where the laser pulse typically lasts 
3–5 ns, but the time required for expansion is much longer, many microseconds 
[ 16 ]. Primary ionization is caused by the laser pulse directly or by ion-molecule 
reactions within the excited matrix plume. Basic thermodynamics of ion formation, 
multiphoton ionization [ 17 ], energy pooling [ 18 ], and excited-state proton transfer 
[ 9 ] describe primary ionization. Although many primary ionization pathways have 
been identifi ed, it has been hypothesized that secondary processes that occur within 
the expanding plume of sputtered species are the most important factor for the pro-
duction of ions [ 19 ,  20 ]. In the expanding plume, reactions between ions and neu-
trals continue as long as there are collisions. Electron and proton transfer from the 
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matrix to the analyte is probably the most important secondary reaction and causes 
the predominantly detected protonated form of peptides and proteins. The gas-phase 
reaction of these two products is exoergic (protonation of peptide and deprotonation 
of matrix) since the proton affi nity of the matrix is lower than the gas-phase basicity 
(GB) of the peptides or proteins, while the deprotonation of  peptides and proteins is 
endoergic [ 20 ].

    (b)     The matrix: The key role in a MALDI imaging experiment     

  As explained above, the thermodynamics of the reaction depends on the type of 
matrix employed. Each matrix–analyte system exhibits different proton-transfer 
energetics. Therefore, different matrices are used for different types of analytes. 

 Figure  5.3  shows MALDI matrices and their structures. Three matrices are 
commonly used: 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid, SA), 
 α-cyano- 4-hydroxycinnamic acid (HCCA), and 2,5-dihydroxybenzoic acid (DHB). 
SA is specially used as a more energetic matrix for the detection of proteins between 
2 and 75 kDa. However, SA generates many derived ions at a low mass range, which 
results in a large amount of chemical noise [ 20 ]. Thus, for peptide ion detection, 
HCCA or DHB is often used. These cold matrices do not generate as much derived ion 
signal at low mass and allow easy mass spectral analysis and image reconstructions..

   Recently, ionic matrices have been applied [ 21 ], to improve the signal intensities 
and crystal size homogeneity. These ionic matrices are obtained by a reaction 
between an acid matrix and a base (aniline). The comparison of images between 
classical matrix and ionic matrix HCCA/ANI positions them as an alternative to 
classical matrices (Fig.  5.4 ).

5.3.2        SIMS Source 

 Secondary ion mass spectrometry has been used as a high-spatial-resolution analyti-
cal microscopy technique since its inception as an imaging technique. Developed by 
Castaing and Slozdian in 1962 [ 2 ], a broad beam (0.5-mm diameter of Ar +  primary 
ion beam) was used to desorb and ionize sample in a secondary ion and create an 
image resulting in a 1-μm spatial resolution. In the microscope mode, the ultimate 
spatial resolution of mass-resolved images is comparable to that of the best optical 
microscopes (0.5 μm). This limitation is imposed by the energy spread of the sec-
ondary ions, causing imaging chromatic aberrations. The microprobe scanning 
mode, which was developed to be an alternative SIMS imaging mode [ 22 ], and the 
introduction of high-brightness liquid ion sources (LMIS) revolutionized SIMS 
imaging mass spectrometry in the 1980s. These ion sources, with suitable apertures 
and focusing ion optics, can be focused to small spot sizes (in the best case 20 nm) 
while retaining suffi cient ion current for high-spatial-resolution microprobe experi-
ments [ 23 ]. SIMS coupled with a time-of-Flight (ToF) analyzer provides a tech-
nique with high spatial resolution and high mass-resolving power and allows for the 
simultaneous detection of all species.
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    (a)     Enhancing molecular ion yield in SIMS     

  SIMS is one dominant technique for surface analysis and imaging by mass spec-
trometry of small molecules [ 24 ]. Here, we discuss strategies that can enhance the 
applicability of SIMS to biological tissue surfaces. These innovative strategies, 
which include matrix-enhanced SIMS and metal-assisted SIMS, complement the 
MALDI-based imaging approaches. 

  Fig. 5.3    Structures, chemical names, trivial names, and abbreviations of frequently used MALDI 
matrices (From Ref. [ 15 ])       
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 The sputtering process in SIMS, generated by high-energy primary ions, results 
in fragmentation of almost all labile components on the surface. Increased detection 
sensitivity for these labile intact molecular ions has been a major research topic in 
organic SIMS for more than 10 years. Several strategies have been developed to 
minimize the internal energy deposition during desorption and ionization in SIMS. 

 The use of polyatomic primary ion sources, such as C 60  + , SF 6  - , Au  n  , and Bi  n    m + , 
results in an increased secondary ion yield [ 25 ,  26 ]. Here, a beam of energetic clus-
ter ions (up to several thousand electron volts) is directed at the surface. The cluster 
ions are believed to dissociate at the moment of surface impact, which results in the 
redistribution of the initial kinetic energy over the atoms present in the cluster [ 26 , 
 27 ]. ME-SIMS (matrix-enhanced SIMS [ 28 ]) and MetA-SIMS (metal-assisted 
SIMS [ 3 ,  29 ]) have also been developed to increase the dynamic mass range, as 
outlined below.

    (b)     Matrix-enhanced SIMS     

  Odom and Wu reported the fi rst ME-SIMS results in 1996. In their study, the 
sample was prepared in a solid organic matrix similar to sample preparations used 
for MALDI [ 28 ]. Over the past decade, ME-SIMS has been applied to a variety of 
biological studies [ 3 ,  5 ,  30 ]. This technique requires specifi c sample-preparation 
steps in order to optimize the signal intensity and minimize the redistribution or 
modifi cation of the sample analytes. 

 The idea of diluting analyte molecules in a solid matrix preceded the invention 
of MALDI. Michl and coworkers analyzed small organic molecules by SIMS with 
frozen rare gas (Ar) as a matrix [ 31 ]. Other groups investigated the use of carbon as 
a matrix, which is particularly helpful in the analysis of polycyclic aromatic com-
pounds [ 32 ,  33 ]. Barber and coworkers also popularized the use of glycerol matrices 
for ME-SIMS. In comparison with solid matrices, the liquid matrix refreshes the 
sample by evaporation and/or macroscopic fl ow under ion beam bombardment con-
ditions [ 34 ]. Gillen et al. reported enhanced secondary ion signals for small mole-
cules embedded in frozen glycerol matrix [ 35 ] and also studied gelatin matrices as 
a model of biological samples for secondary ion emission [ 36 ]. In addition, Cooks 
and coworkers embedded samples in ammonium chloride [ 37 ]. Similarly, Wu and 

  Fig. 5.4    Comparison of HCCA classical matrix ( bottom ) and HCCA/ANI ionic matrix ( top ). The 
HCCA/ANI matrix shows higher signal intensities than the classical HCCA matrix [ 21 ]       
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Odom applied a solid organic matrix similar to sample preparations used in MALDI 
for high-mass detection [ 28 ]. The co-crystallization of the matrix on the sample 
surface permits the observation of molecular ions using static secondary ion mass 
spectrometry (SSIMS). Matrix-enhanced SIMS yields substantial increases in the 
ionization effi ciency of peptides, proteins, and oligonucleotides, enabling the detec-
tion of species with masses up to ~10,000 Da.  

5.3.3     Characteristic of Ionization, Differences Between SIMS 
and Matrix-Enhanced SIMS 

 Cooks and coworkers report that the use of a matrix such as NH 4 Cl results in the 
ejection of ions with a lower internal energy since fewer fragmentation products are 
observed in the mass spectra [ 37 ,  38 ]. The authors proposed that analyte and matrix 
molecules are sputtered from the surface in the form of clusters. After emission, 
these clusters cool via evaporation, releasing analyte molecules with a low internal 
energy. 

 Other authors [ 28 ,  39 ] have compared a series of MALDI matrices and biological 
analytes with various masses (MW: 1,759–14,000 Da) in order to assess positive/
negative matrix and the ion analyte yields. It is not clear what proportion of the effi -
ciency enhancement provided by the matrix is attributable to the dynamics of desorp-
tion and to the chemistry of the molecular ion-emission ionization steps. It is proposed 
that the matrix plays an essential role as a strong proton donor, such as those used as 
MALDI matrices [ 37 ]. In the ME-SIMS process, the matrix should effi ciently pro-
mote the cationization of neutral molecules sputtered from a solid mixture by an 
energetic ion beam, without photochemical reactions initiated by UV laser photons. 
In addition, a large number of molecules are sputtered per ion impact, and the analyte 
appears to be naturally entrained by the sputtered matrix fl ux. Moreover, the use of a 
matrix/analyte mixture yields less fragmentation, which is attributed to the excess 
matrix in the environment, which provides a much softer yet effi cient desorption and 
ionization of the compound [ 28 ]. Finally, the matrix/analyte mixture has a suffi ciently 
high concentration of analytes in the top monolayers of the surface.  

5.3.4     Characteristic of Metal-Assisted SIMS 

 Surface metallization (MetA-SIMS) was also developed to enhance the desorption/
ionization of higher-molecular-mass species [ 40 ]. For MetA-SIMS, a submonolayer 
coverage of a noble metal such as Au or Ag is applied to the surface of a material. 
Silver and gold metallization demonstrated an enhancement of nearly two orders of 
magnitude compared with traditional SIMS methods for the detection of polysty-
rene, a common organic polymer [ 29 ]. Metallization is especially useful for increas-
ing the sensitivity for SIMS imaging of thick organic samples. Nevertheless, 

J. Stauber and R.M.A. Heeren



109

ME-SIMS is still superior for the analysis of lipids and peptides. Several  explanations 
for the  sputtering mechanism of MetA-SIMS have been proposed. Metal cluster and 
nanoparticle formation may enhance the molecular ion yield and signal detection, 
by a number of proposed processes. First, the metallization of sample may eliminate 
sample charging due to the conducting paths created at the surface by the gold pat-
tern. The elimination of charging effects induces a better-quality image [ 41 ]. 
Second, the metal clusters sitting on the surface of the sample can constitute a 
matrix that enhances desorption/ionization yield. Gold embedded in the sample acts 
as a cationing agent and may improve ion formation. Third, the metal evaporation 
by the primary ion beam may induce migration of mobile analytes onto metal 
 nano- islands [ 29 ].   

5.4     Analyzers to Improve IMS Capabilities 

 The mass spectrometry analytical technique combines sources and analyzers, which 
are interlocked and developed to increase the sensitivity and the number of parallel 
ion-detection events. Table  5.1  describes the different mass analyzer characteristics 
used for SIMS and MALDI imaging mass spectrometry. Different geometries of 
time-of-fl ight analyzers (linear, orthogonal, delayed extraction) and innovative 
mass analyzer instruments, such as quadrupole-TOF, ion mobility-quadrupole-TOF, 
and Fourier transform ion cyclotron resonance (FT-ICR), supply new perspectives 
and applications in imaging mass spectrometry [ 42 – 45 ].

   In the early development of SIMS, the dynamic mode, which utilizes high-
primary- ion current densities on the sample, was used due to limited sensitivity. The 
characteristic effect of the dynamic SIMS mode is typically increased erosion rates 
equivalent to the removal of up to several hundred monolayers of sample per sec-
ond. Therefore, the instruments offered high detection effi ciencies. Nevertheless, 
the dynamic mode is not suitable for the surface analysis of small areas and for long 
experiments. Thus, the static mode was developed by reducing the primary ion cur-
rent density. At the fi rst stage of static SIMS development, quadrupole and sector 
analyzers were combined to the SIMS source [ 46 ,  47 ]. These analyzers have a low 
transmission ratio (ratio of ions leaving a region of a mass spectrometer to the num-
ber of ions entering that region) and operate in a scanning mode. These properties 
resulted in limited sensitivity and unique  m / z  ion detection (low mass-resolving 

    Table 5.1    Characteristic performances of different mass analyzers   

 Analyzer 
 Mass- resolving 
power   m / z  Range  Transmission  Detection  Sensitivity  Rep. rate 

 Quadrupole  10 2 –10 3   10 3   0.01–0.1  Sequential  1  <1 Hz 
 Sector  10 4   >10 4   0.1–0.5  Sequential  10  <1 Hz 
 Time-of-fl ight  10 3 –10 4   10 5   0.5–1.0  Parallel  10 4   >10 kHz 
 FT-ICR  10 4 –10 6   10 6   0.2–0.9  Sequential  Zmol  <1 Hz 
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power), which results in the loss of important information for imaging MS 
 experiments. The increased use of static SIMS in the 1980s [ 48 ] resulted in the 
replacement of quadrupole and sector mass analyzers with time-of-fl ight analyzers 
(ToF). TOF analyzers offer two main advantages: a theoretically unlimited mass 
range and a parallel mass registration, which allows for the collection of a mass 
spectrum at every image pixel (rapid data collection) [ 49 – 51 ]. 

5.4.1     Time-of-Flight 

 Introduced by Stephens in 1946 [ 52 ], the time-of-fl ight analyzer has been combined 
with a SIMS ion source since the 1980s and with MALDI sources since its develop-
ment in the early 1990s. ToF offers a good transmission ratio (50–100%), sensitiv-
ity, dynamic mass range, and repetition rate. The fi rst high-mass-resolving power 
imaging with a ToF-SIMS instrument in a scanning microprobe mode was pub-
lished by Schwieters’ group in 1991 [ 53 ]. They reported secondary-ion images of a 
polymer with an average molecular weight of 1,400  m / z . 

 Rapidly, the effi ciency and the utility of ToF-SIMS imaging were demonstrated 
by many experts who consider mass spectrometry the most powerful technique for 
chemical analysis. Since the 1990s, the SIMS and MALDI sources have been com-
bined with different confi gurations of time-of-fl ight detectors. 

 Time-of-fl ight analyzers allow the separation of ionized accelerated molecules 
according to their molecular masses. Generated by the ionization beam in the 
source, ions characteristic of the surface species are accelerated by an electric fi eld 
between the conductive support (and sample) and the extraction grid (10–25 kV) to 
the same kinetic energy. Therefore, the ions arrive at the detector with different 
speeds, which are inversely proportional to their mass over charge values. Three 
main ToF analyzer geometries are defi ned in order to increase the sensitivity, mass 
accuracy, and mass-resolving power. These entry geometries are linear, refl ectron, 
and orthogonal. 

 The linear geometry is commonly used in ToF imaging mass spectrometry and 
provides the highest sensitivity. As shown in Fig.  5.5 , refl ector mode and a delayed 
extraction time can be performed to provide an increase in sensitivity, mass- 
resolving power, and mass accuracy. The refl ectron is an electrostatic ion mirror 
placed at the end of the drift tube. The ion mirror refl ects the ions and corrects the 
different velocities by focusing the ions with the same  m / z  value and improves the 
mass-resolving power. The delayed extraction time or pulsed ion extraction corre-
sponds to a short period of time delay between fi ring the laser and extracting the 
ions, which improves the sensitivity and mass-resolving power of a MALDI experi-
ment [ 54 ,  55 ]. The linear geometry with refl ector mode and delayed extraction is 
widely used in imaging mass spectrometry [ 55 ]. Nevertheless, delayed extraction 
must be tuned for each mass and is less effective at high mass. Therefore, a second 
time-of-fl ight geometry, orthogonal acceleration, was presented by Guilhaus and 
coworkers [ 56 ]. This geometry, shown in Fig.  5.5 , places the ion source orthogonal 
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to the time-of-fl ight analyzer. This decoupling of the source from the mass analyzer 
results in an independent mass determination. The orthogonal mass analyzer allows 
a better mass accuracy in MALDI imaging as subtle height differences on the sam-
ple no longer infl uence the time-of-fl ight measured.

   Previously used alone with a linear or orthogonal geometry, TOF mass analyzers 
are now combined with other mass analyzers in order to improve functionalities and 
capabilities. The quadrupole mass fi lter, developed in the mid-1950s by Wolfgang 
Paul, corresponds to four parallel hyperbolic rods that apply static or oscillating 
electrical fi elds to select ions. The quadrupole is well suited as an ion guide and 
collision cell to fragment parent ions and therefore allow molecule identifi cation. 
The MALDI-Q-ToF mass spectrometer improves the capabilities of the MALDI 
imaging experiment by the localization, identifi cation, and validation of molecules 
in tissue [ 44 ,  57 ].  

5.4.2     New Instruments for Imaging Mass Spectrometry 

 The goal of developing imaging mass spectrometry is not to replace existing molec-
ular imaging technologies but to offer an alternative detection method and the pos-
sibility of molecule identifi cation directly on the tissue. Mass spectrometry is the 
instrument of choice for simultaneous localization and identifi cation. To this end, 
new instruments with different mass analyzers have been developed to improve the 
selectivity, sensitivity, and identifi cation of detected molecules. Fourier transform 

  Fig. 5.5    Mass spectrometer combined with an ion-mobility cell allows the separation of com-
pounds according to their structure and conformation. In this example, an orthogonal time-of-fl ight 
(O) and electrostatic mirrors (R) as a refl ector are used [ 43 ]       

 

5 Biological Tissue Imaging at Different Levels: MALDI and SIMS…



112

ion cyclotron resonance (FT-ICR), microscope MALDI, and ion-mobility mass 
spectrometers are presented and discussed as new instruments for MALDI imaging 
mass spectrometry. FT-ICR and ion-mobility IMS increase the number of identifi ed 
molecules in tissue samples [ 43 ,  58 ], whereas the microscope MALDI increases 
MALDI image resolution, down to 4 μm [ 7 ]. 

 The MALDI–ion-mobility (IM)–orthogonal-time-of-fl ight mass spectrometer 
(oTOFMS) provides a gas-phase separation before the MS experiment. IM, also 
called plasma chromatography, was developed in the 1970s as a technique for ion 
separation [ 59 ]. IM applications range from protein interaction studies to conformer 
differentiation. Ion-mobility mass spectrometry (IMMS) consists of an applied 
electric fi eld in a buffer gas to separate individual components according to their 
mobility differences (collisional cross section) followed by mass-to-charge ratio 
discrimination in a time-of-fl ight instrument. Flight times in the mass spectrometer 
are much shorter than residence times in the drift tube; thus, it is possible to record 
mass-resolved ion mobilities for all ions simultaneously [ 60 ]. The combination of 
IM and imaging mass spectrometry is especially well suited to discriminate lipids 
and peptides with the same mass-to-charge ratio [ 45 ]. Therefore, this separation 
allows simultaneous localization and identifi cation [ 61 ]. 

 The ultrahigh-mass-resolving power of MALDI FT-ICR reveals novel 
 molecular distributions that remain hidden with low-resolution mass-spectrometric 
 techniques [ 58 ]. 

 The FT-ICR geometry was used in the early 1930s [ 62 ] for nuclear physics 
experiments and 40 years later for applications [ 63 ,  64 ]. The FT-ICR mass spec-
trometer is composed of an ion cyclotron resonance cell placed in a homogeneous 
high magnetic fi eld. A Lorenz force perpendicular to the magnetic fi eld causes the 
ions to rotate with a frequency that is inversely proportional to their  m / z  ratio. This 
frequency of rotation is measured as the induced charge on detection electrodes 
located on the ICR cell. The time-domain signal is measured, amplifi ed, and Fourier- 
transformed to yield frequency-domain data and then converted to  m / z  [ 65 ,  66 ]. 
A longer time-domain signal yields a higher mass-resolving power and a more pre-
cise frequency determination, and thus a higher mass accuracy (Table  5.1 ). This 
increased mass-resolving power for MALDI imaging allows the identifi cation and 
localization of more peptides and lipids in tissue. The main difference between 
FT-ICR and ToF is the delay time of mass analysis. In FT-MS, this period is much 
longer (ms to seconds) than in the ToF-MS (μs). Tissue digestion combined with ion 
mobility or FT-ICR mass spectrometry identifi es a large number of peptides from 
different  tissue types (formalin-fi xed paraffi n-embedded). 

 The microscope mode uses ion-optical microscope elements to project the spa-
tial origin of the ions generated at the sample surface onto a two-dimensional 
position- sensitive detector [ 7 ,  67 ]. This approach of MALDI microscope mode 
imaging allows a 200-μm-diameter area analysis with a high spatial resolution 
(4 μm). In this case, the spatial resolution is independent of the spot diameter of the 
ionizing beam but depends on the quality of the ion optics and the detector. A single 
analysis over a large area now results in a higher effi ciency of ion production as well 
as an increase in the temporal resolution. This mass spectrometer design allows for 
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the detection of compounds up to 4 kDa, such as lipids, peptides, and small proteins, 
which are of interest in lipidomics and proteomics. These applications are detailed 
later in  Sect. 5.6  on the applications of surface-enhanced IMS. 

 Another technique describes a way to decrease the spatial resolution without 
modifying the ion optics. Microstructures of silicon wafer masks with small aper-
tures were designed to decrease the laser diameter and the irradiated area. By appli-
cation of these design masks close to the sample, 30-μm irradiated surfaces are 
easily obtained and can reach 10 μm without the loss of signal intensities [ 67 ,  68 ].   

5.5      Sample Preparation and Protocols 

 The new fi elds of lipidomics and proteomics were born in the early 1980s when 
mass spectrometry (analytical chemistry) was applied to biological samples. The 
MS approach revolutionized molecular biology and biochemistry with its high sen-
sitivity and high-throughput analysis. However, MS approaches involve stringent 
and precise sample preparation to avoid contaminants and false-positive detection 
of biomarkers. Due to the high sensitivity and the need for reproducibility, many 
congresses and initiatives are focused on standardizing the techniques [ 69 ,  70 ]. 

 Sample preparation is one of the most important steps for sensitive, rational, and 
coherent analysis. The conditioning of the tissue and the timescale of the analysis 
are critical and were neglected in the past. Tissue samples are very sensitive to 
enzyme activity and surface contamination. After dissection, enzymes are still 
active and play a role in the degradation of the proteome and the transcriptome. New 
methods such as fast microwave irradiation and homogeneous heating have been 
used to prevent the degradation of proteins and peptides [ 71 ,  72 ]. 

 Therefore, high reproducibility and standardization are essential prerequisites 
for any analytical approach. Moreover, maintaining the biochemical, molecular, and 
structural sample integrity is a crucial supplementary aspect for the fi eld of IMS. 
These points are discussed here, from the tissue collection to the fi nal analysis. 

5.5.1     Tissue Collection 

 The fi rst step of the IMS experiment is tissue collection, which is basically the 
application of the knowledge of anatomopathologists. The analysis of fresh tissue 
sections is not as diffi cult as that of preserved tissues. Frozen tissue and formalin- 
fi xed and paraffi n-embedded (FFPE) tissue are the two most common preparations 
used for the preservation of tissue integrity while avoiding molecular degradation. 
The analysis of archived specimens is widely restricted due to methylene cross- 
linkage between peptides and proteins [ 73 ]. However, recent FFPE tissue prepara-
tions have been presented and applied to proteomics studies [ 74 ,  75 ]. These new 
possibilities open the proteomics and imaging experiments to a large number of 
sample bibliotheca. 
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5.5.1.1     Fast Frozen Tissues 

 Generally, after an organ has been removed from a sacrifi ced animal or a biopsy has 
been taken, the sample is snap-frozen in isopentane (at −50 °C), depending on the 
volume of the tissue. Isopentane is preferred over liquid nitrogen (LN 2 ) due to its 
larger heat capacity, which prevents the formation of ice crystals in the tissue. 
Cooling down larger tissue volumes (such as entire organs) is more cumbersome 
due to the introduction of large temperature gradients. In those cases, LN 2  is often 
used. The formation of ice crystals can destroy the cellular morphology by disrupt-
ing the cell membranes. Different reports show the necessity to heat or to use micro-
wave to inhibit the enzymatic activities and avoid protein degradation just after the 
animal sacrifi ce. In the past 10 years, an additional step of heating or microwave 
irradiation has been used to inactivate peptide and protein degradation [ 71 ,  72 ].  

5.5.1.2     FFPE Tissue 

 Formalin-fi xed and paraffi n-embedded tissues are diffi cult to analyze by classical 
proteomics studies due to the cross-linkage between the amino and thiol groups of 
amino acids. A protocol with enzyme cleavage has been used to extract, detect, and 
localize protein fragments [ 76 ]. A dewaxing step with xylene and rehydration with 
graded water/ethanol baths are followed by applying enzyme on the sample surface 
using a microspotting technique. Enzyme spots with a 50–80-μm diameter allow a 
reproducible and controlled amount of deposited enzyme [ 74 ,  75 ].  

5.5.1.3     Tissue Section 

 The biological tissue sample is cut at a temperature of −18/20 °C in a cryo- 
microtome following one of the previous sample-preparation steps. Samples embed-
ding in embedding materials containing synthetic polymers such as polyethylene 
glycol (PEG) and polydimethylsiloxanes (PDMS) should preferably be avoided. 
These materials have a tendency to smear a thin layer of polymer over the sample 
surface during the sectioning procedure. This surface pollution often leads to pref-
erential ionization and ion-suppression effects, which will reduce the resulting 
image quality. Clean tissue sections with a thickness of 10–15 μm are immediately 
deposited onto a stainless steel plate and directly analyzed or kept at −80 °C. The 
best extraction conditions and consequently the highest sensitivity and mass- 
resolving power are obtained when using stainless steel plates. However, other 
sample holders, such as a glass plate coated by a thin conductive layer, which allows 
staining optical image records, can be used. Just before analysis, the plates are 
warmed to room temperature and dried under vacuum. There is no delocalization of 
observed compounds (on the scale of a few hundred nanometers), regardless of their 
mass. Compounds such as phospholipids are unlikely to delocalize, but it is gener-
ally feared that light elements, such as Na +  or K + , can be rapidly delocalized on a 
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nanometer scale [ 1 ]. Nevertheless, no such movement of alkaline or organic ions 
has been observed at the micrometer scale under the conditions described above. In 
addition, this sample-preparation method is robust, reproducible, and easy and does 
not limit the lateral resolution.   

5.5.2     Surface Modifi cations 

5.5.2.1     Organic Solvent Treatment 

 Organic treatment consists of a step of fast solution application (chloroform, cold 
ethanol, water) on the tissue surface to remove a particular class of compounds 
(lipids or peptides) according to their solubilities in the solution used. The aim of 
this approach is to decrease the complexity of the sample and to avoid ion- 
suppression effects during the MS analysis. Many different sample preparations 
have been developed to increase sensitivity, such as washes with chloroform, meth-
anol, water, or ethanol [ 77 ,  78 ]. These washes must be performed with caution to 
avoid any delocalization of hydrophilic peptides. Apolar solvents, such as chloro-
form or xylene, are used particularly to remove lipids and deconstruct the lipids 
layers of the cell membrane to increase the detection of high-mass proteins [ 74 ,  79 ]. 
Each sample is a unique model, and parameters must be optimized sample to sam-
ple. As shown in Fig.  5.6 , analyses must be validated with immunochemistry to 
demonstrate that there is no delocalization of compounds after tissue preparation 
and treatment [ 79 ].

5.5.2.2        Matrix Deposition 

 Matrix-enhanced SIMS and MALDI techniques need a matrix deposited on the sur-
face after sample sectioning and surface treatment. A large number of matrices and 
deposition techniques have been tested [ 28 ]. One of the key issues associated with 
ME-SIMS and MALDI is the selection of appropriate matrix material for different 
analytes according to the type of biological sample. Table  5.2  shows different matri-
ces and their associated applications.

   Generally, matrices are freshly prepared by dissolution in 50 % H 2 O and 50 % 
acetonitrile to a concentration of 0.5 M. The goal of matrix application is to produce 
a very thin coating (several monolayers thick) on the tissue surface. Many tech-
niques have been developed for matrix deposition without molecular delocalization, 
including spin coating, spraying, acoustic deposition, microspotting, and pipette 
depositing [ 74 ,  75 ,  85 ]. Pipette deposition and manual spraying were used for rapid 
analysis but are not suited for reproducible and accurate imaging experiments. 
However, the other techniques cited above (which have now been commercialized; 
the ImagePrep vibrational sprayer by Bruker Daltonics, the Portrait 630 acoustic 
spotter by Labcyte and the ChIP piezo spotting system by Shimadzu are a few 
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examples of available matrix-deposition systems) deposit matrix reproducibly with 
a well-known quantity and spot size (between 30–80-μm spot diameter). Ultimately, 
when a matrix deposition system is being used to enhance the molecular signal qual-
ity, the size of the matrix crystals will determine the obtainable spatial resolution 
and the sensitivity. Figure  5.7  provides an example where electrospray deposition 
was utilized to produce extremely small matrix crystals that are compatible with the 
spatial resolution of SIMS. Crystal sizes were smaller than 1 μm, as shown in 
Fig.  5.7c , allowing for the visualization of subcellular detail in these neuronal cells.

   In this case of ME-SIMS, the dried droplet deposition should not be used, in order 
to avoid any peptide and/or biomolecule delocalization. Matrix droplets deposited 
on cryo-microtome cut tissue sections spread over the surface and crystallize. This 
leads to very large matrix crystal sizes (10 μm) and lateral analyte diffusion after 
wetting the tissue. Matrix solutions can be sprayed or deposited with a very small 
droplet diameter (90 μm) to avoid diffusion of molecules over the sample.  

  Fig. 5.6    Images obtained after immunochemistry of oxytocin peptides before ( a ) and after chlo-
roform treatment ( b ) showing no delocalization of the peptide [ 79 ]       
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5.5.2.3     Metal Deposition 

 Metal deposition consists of a unique surface modifi cation (MetA-SIMS) or 
 sometimes an additional step for MALDI ionization or ME-SIMS ionization 
enhancement and will be discussed in detail in the next section. 

  Fig. 5.7    Scanning electron 
microscopy images of 
 Lymnaea stagnalis  nervous 
tissue ( a ) prior to matrix 
application (scale bar 10 μm) 
and ( b ) after electrospray 
deposition of 2,5-DHB 
(scale bar 10 μm); 
( c ) higher- magnifi cation 
image showing submicron 
crystal dimensions 
(scale bar 1 μm) [ 86 ]       
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 Metal deposition is realized using metal-coating techniques similar to those used 
in electron microscopy. This provides a reproducible and accurate deposition of 
metal to the sample surface. Usually, a thickness of 2–5 nm is deposited and 
increases the ionization effi ciency up to 3 kDa [ 40 ,  41 ]. The metal thickness is 
determined during the deposition process using a quartz crystal microbalance 
 integrated in the metal-deposition system. Studies using atomic force microscopy 
indicated that during 1–2-nm gold deposition small islands are formed on the tissue 
surface. The surface becomes conductive although it is diffi cult to exactly assess the 
conductivity of the ITO–tissue–Au sandwich structure. If the thickness exceeds 
5 nm, many gold clusters are formed and the molecular signal is suppressed 
 completely. This is believed to indicate the formation of a solid, closed fi lm that 
minimizes energy deposition directly in the tissue.   

5.5.3     Comparison of Metallization 
and Matrix-Deposition Procedures 

 Metallization and matrix deposition enhance ionization and desorption, but these 
processes do possess drawbacks. Here, we will recapitulate a series of criteria, 
which are initiated from the personal interpretation of Delcorte [ 87 ] and applied to 
MALDI and SIMS imaging experiments. The interpretation and coherence of the 
imaging results are correlated to different criteria of effi ciency, reproducibility, 
 versatility, and ease of interpretation, as summarized in Table  5.3 .

   Effi ciency is characterized by an enhanced ionization yield, which is com-
paratively the same in MetA-SIMS and ME-SIMS. However, the dynamic mass 
range of the MetA-SIMS procedure is more limited (up to ~ 3 kDa) than that of 
ME-SIMS [ 40 ]. 

 Reproducibility is the major factor for imaging techniques to obtain coherent 
observations. The reproducibility of imaging MS experiments is characterized by 
two main aspects: the detection and localization of identical intensity signals. The 
reproducibility of matrix deposition is less effective than metal deposition due to the 
diffi culty to reproduce the same deposition conditions and matrix crystal size/struc-
ture [ 86 ,  88 ,  89 ]. Nevertheless, many different matrix-deposition methods have 
been developed to reproduce the same quality of coverage and allow more 

  Table 5.3    A comparison 
between surface metallization 
and matrix deposition for 
SIMS-based tissue imaging 
mass spectrometry  

 Criterion  Matrix deposition  Metal deposition 

 Effi ciency  ++  ++ 
 Reproducibility  −  + 
 Versatility  +/−  ++ 
 Ease of interpretation  −  + 
 Equipment/cost  +  − 

   ++  very good,  +  good,  +/−  satisfactory, − limiting  
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reproducible images. Moreover, the crystal size (around 1–5 μm) does not have the 
same effect in SIMS and MALDI imaging, with regard to the beam diameter. In the 
case of MALDI, the laser beam could reach 20 μm, and the image does not have 
enough spatial resolution to be affected by the crystal size. However, in SIMS a 
smaller beam (500 nm) is used and quality of the images is restrained to the crystal 
size. In addition, matrix deposition induces an increase in low-mass-range matrix 
signals, which interfere with sample signals, unlike metal deposition. 

 Versatility defi nes the number of possible applications of SIMS and MALDI 
imaging with metal or matrix deposition. Metal deposition allows a large number of 
applications because of its accurate deposition for any type of sample surface with-
out any delocalization [ 30 ]. Moreover, the interpretation of their spectra is easier 
because only peaks from the metal are detected [ 90 ]. In the case of a matrix- 
enhanced SIMS experiment, the matrix produces interference in the spectra [ 91 ].   

5.6     Applications of MALDI and Enhanced SIMS Imaging 

 Chemical imaging mass spectrometry provides both chemical information and the 
spatial organization of each component on a surface. The development of imaging 
mass spectrometry is revolutionizing the fi eld of biological analysis [ 92 ]. SIMS and 
MALDI are the two most common techniques for the characterization and localiza-
tion of compounds and provide a broad spectrum of applications. 

 The fi rst analyses of biological tissue used a SIMS mass spectrometer for metal, 
lipids, and peptides localizations [ 93 ] with a high spatial resolution of 0.5 μm. 
A high spatial resolution combined with a high sensitivity for high-mass molecules 
remains the goal of chemical imaging mass spectrometry. Both MALDI- and SIMS- 
based approaches have been developed to achieve these goals, as discussed above. 

 Three large families of molecules are implicated in the organization (structure 
and activity) of cells: proteins, lipids, and carbohydrates. These biomolecules are 
observed at different concentrations (10 6  of magnitude) in the tissue, have different 
biochemical properties (molecular weight, pH iso-electric, proton affi nity), and 
result in a different degree of desorption and ionization effi ciency. The key to suc-
cess is to apply appropriate imaging techniques (IMS and traditional imaging tech-
niques) to answer a precise question. 

 In this section, we present different applications of molecular imaging mass 
spectrometry in the detection of molecules [such as pharmaceuticals, metabolites, 
atoms (metals), lipids, peptides, and proteins], that play a role in disease or specifi c 
conditions from plants to animal tissue. The choice of the complementary IMS tech-
nique depends on two parameters: the nature of the detected compounds (and the 
correlated mass) and the spatial resolution. The surface enhanced IMS helps to 
understand the role of each molecule in many different fi elds of research (lipido-
mics, proteomics, clinical proteomics, and pharmacology), showing a large spectra 
of applications. 
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5.6.1     Single-Cell Imaging of Peptides and Lipids 
for Fundamental Biological Studies 

 Surface-enhanced SIMS is the suitable instrument for the detection of low-mass 
molecules such as lipids and small peptides. Moreover, the detection of molecules 
in ganglia samples of small animals requires a high spatial resolution; thus, SIMS 
could play an important role for high spatial localization of biomolecules without 
chemical labeling (as is required in immunochemistry or targeted approaches). 

 Recent studies have combined surface-enhanced SIMS and MALDI to detect 
and localize compounds in biological samples. Heeren’s group developed and 
applied surface analysis using ME-SIMS and MetA-SIMS for the detection of neu-
ropeptides and lipids in  Lymnaea stagnalis  [ 86 ] and neuroblastoma [ 3 ]. 

 Matrix (2,5-dihydrobenzoic acid in these examples) was deposited by an 
electrospray- deposition (ESD) system in order to ensure small matrix crystals com-
patible with the high spatial resolution of SIMS (Fig.  5.7 ). After tissue sectioning 
and pickup, the  Lymnaea stagnalis  tissue was sectioned with a cryo-microtome, 
placed on an indium-tin-oxide (ITO) coated glass slide, and coated with DHB 
matrix by ESD. The tissues were analyzed on a TRIFT-II time-of-fl ight SIMS (ToF- 
SIMS) equipped with an  115 In +  liquid metal ion gun (LMIG), and on a MALDI 
equipped with 337 nm nitrogen laser VSL-337i in refl ectron mode. 

 Different peptide and lipid profi le images produced from SIMS and MALDI 
mass spectrometry were compared to scanning electron microscopy (SEM) images 
[ 86 ]. SEM was used to determine the size of the matrix crystals, thus validating 
ESD for ME-SIMS matrix deposition. The crystal size was ~1 μm, which allows 
imaging at subcellular resolution. ME-SIMS and MALDI spectra show peaks under 
3,000 m/ z  (Fig.  5.8 ), which reveal the presence of the neuropeptide APGWamide in 
the anterior lobe of the right cerebral ganglia (Fig.  5.8 ) in the associated images 
(Fig.  5.9 ). This peptide regulates the male copulation behavior of  Lymnaea stagna-
lis  [ 94 ]. This study corroborates previous studies of matrix-enhanced SIMS and 
shows the power of ME-SIMS to detect and image both lipids and localized neuro-
peptides with a high spatial resolution (1.5 μm).

    Surface metallization was used as an alternative to matrix deposition with SIMS 
and added (in addition to the matrix) for MALDI analysis. High-resolution images 
of lipids and peptides were obtained for neuroblastoma cells and rat brain tissues 
with MetA-SIMS, ME-SIMS, and a homemade MALDI-BioTRIFT instrument 
with a higher spatial resolution than commercially available MALDI instruments 
[ 7 ,  30 ]. 

 ME-SIMS increases the signal intensities for phospholipids, phosphatidyl cho-
line (PC), sphingomyelin (SM), cholesterol, ceramide, and di-acyl glycerol (DAG) 
(Fig.  5.8 ) compared to regular SIMS analysis. MetA-SIMS further increases the 
same signals (~50×) and also increases the yield of other molecular signals, as 
shown in Fig.  5.10 .

   Lateral resolution analyte diffusion is minimized in MetA-SIMS, where only 
migration on gold islands at the nanometer scale may occur, which produces 
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better- quality images than ME-SIMS. Moreover, higher mass signals are observed 
(peptides) up to 1,400 Da. The combination of the spatial resolution and the high 
sensitivity for cholesterol and other ions allows the description of subcellular 
organization and the differentiation of cell clusters of the neuroblastoma. The 
membrane, nucleus, and intracellular compounds are observed to delineate the 
neuroblastoma. 

 Moreover, except for the lipids’ signals, the spectrum shows no other molecular 
signals in ME-SIMS, while signals up to 4,000 and 1,500 Da are observed from the 

  Fig. 5.8    ME-SIMS vs. MALDI: ( a ) ME-SIMS and ( b ) MALDI spectra of a commissure extract 
of the pond snail  Lymnaea stagnalis . Both spectra were obtained using standard dried droplet 
sample preparation with 2,5-DHB as matrix. The peptides identifi ed are R-caudorsal cell peptide 
(R, protonated and cationized), ä peptide (ä), HFFYGPYDVFQRDVamide ( m / z  1,790), Calfl uxin 
(CaFl), carboxyl terminal peptide (CTP), and caudodorsal cell hormone (CDCH). The ME-SIMS 
measurements used indium primary ions (total ion dose 8.9 × 10 11  ions/cm 2 ) and the MALDI exper-
iments 250 shots of the 4-ns 337-nm nitrogen laser [ 80 ]       
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  Fig. 5.9    Direct molecular imaging of  Lymnaea stagnalis  nervous tissue by ME-SIMS:: ( a ) optical 
image of the  Lymnaea  cerebral ganglia; inset shows high-magnifi cation image of neurons in the 
anterior lobe ( solid box );  arrows  indicate nuclei. Different regions in the section are right and left 
cerebral ganglia (Cgr and Cgl), anterior lobe (Al), commissure (Cm), and dorsal bodies (Db); ( b ) 
ME-SIMS image of APGWamide (429.0–433.2  m / z ;  green ) distribution; ( c ) ME-SIMS image of 
cholesterol (368.2–371.3  m / z ;  blue ) distribution. Scale bar: 200 μm; scale bar inset: 10 μm. 
Molecular images ( b  and  c ) are presented as colored overlays on top of the gray-scale TIC (total 
ion count) image (mass range: 1.0–5,000  m / z ) [ 3 ]       
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same section by stigmatic MALDI and MetA-SIMS. These results are explained by 
the major difference between the two approaches, which relates to the amount of 
sample consumed. In MALDI, each laser shot consumes approximately 100 nm–1 μm 
of sample, while the penetration depth of the SIMS is typically 10 nm. This is 
explained by the crystallization and segregation of lipids on the crystal surface of the 
matrix, while the peptides are mainly incorporated into the matrix [ 95 ]. 

 Sample preparations of tissue with chemical modifi cations used with the 
MALDI-BioTRIFT technique show high-mass signals up to 4,000 Da, with a higher 
spatial resolution (approximately 2 μm). Gold deposition results in an enhanced 
image quality and signal intensity, not only for SIMS but also for MALDI. 

  Fig. 5.10    Cellular localization of MetA-SIMS selected ion count signals from neuroblastoma 
cells. Cells were imaged after deposition of 1-nm gold: ( a )  m / z  369 (cholesterol [M–OH]+, 0–14 
counts) and 607 (DAG, 0–6 counts); ( b )  m / z  970 (cholesterol [2 M + Au]+, 0–4 counts) and 1,080 
(0–1 counts); ( c )  m / z  369 (cholesterol [M–OH]+, 0–12 counts) and 895 (0–2 counts) [ 3 ]       
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Figure  5.11  shows images of a localized vasopressin (1,085-Da) protein obtained 
from matrix-enhanced MALDI.

   ME- and MetA-SIMS describe localized low-mass signals from lipids and pep-
tides by the assistance of chemical modifi cations. The matrix deposition for 
ME-SIMS is the prerequisite for MALDI analysis as well. MALDI allows the mul-
timolecular imaging of peptides and proteins up to 75 kDa. The large dynamic mass 
range allows for the analysis of complex mixtures of compounds in tissues and has 
many biological applications. Applications include imaging of organs or whole ani-
mal body slices as well as vegetable models [ 11 ,  96 ], with the detection and local-
ization of drugs, metabolites, peptides, proteins, and carbohydrates.  

  Fig. 5.11    MALDI stigmatic imaging of a rat brain tissue section: ( a ) a line scan summed mass 
spectrum showing gold cluster peaks and several peptide peaks, with the vasopressin mass at  m / z  
1,085 (*); ( b ) TIC image (gray scale) of an HCCA-coated rat brain tissue section overlaid with the 
selected ion image for vasopressin ( green ). Scale bar: 1 mm [ 3 ]       
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5.6.2     Peptide and Protein Detection: MALDI Imaging 
Applications 

 The fi rst direct image construction by MALDI was initiated by Caprioli’s group 
[ 11 ]. At this juncture, in 1997, MALDI was described as a technique to analyze a 
biological solution with proteins and peptides. Different groups have applied this 
technique to a direct analysis of tissue by matrix droplet deposition followed by 
MALDI-ToF MS analysis [ 97 – 99 ]. Different average spectra for regions of interest 
(ROI) are compared and allow differentiation of the proteome and lipidome in cer-
tain regions. 

 In the past decade, many developments for sample preparation, instrumentation 
optimization, and software have enabled MALDI imaging at a subcellular resolu-
tion with good sensitivity [ 80 ].  

5.6.3     Proteomics and Clinical Proteomics 

 No specifi c sample-preparation methods were used for the fi rst MALDI imaging 
experiments. The matrix was applied directly with a pipette or spayed onto the tis-
sue in order to make a reproducible procedure to detect some standard peptides and 
proteins [ 11 ,  100 ,  101 ]. The choice of a spraying system or microspot deposition of 
matrix is crucial for the spatial resolution and the reproducibility of experiments. 
The mass range detectable with MALDI imaging is approximately 0–80 kDa. The 
fi rst application of MALDI on a biological surface was to detect large molecules for 
proteomics studies (Fig.  5.12 ) [ 102 ]. In this case, human glioblastoma cells were 
implanted into a hind limb of a nude mouse model and specifi c markers (Tβ.4 pro-
tein,  m / z  = 43,965) were observed in the tumor proliferation area (Fig.  5.12 ). These 
fi rst publications illustrate the interest in MALDI imaging for proteomics and clini-
cal proteomics research: detecting proteins implicated in disease pathologies, that 
discriminate different cell or organ states.

   The work of the Sweedler group illustrates the usefulness of MALDI imaging in 
the neuroscience fi eld [ 103 – 105 ]. The Sweedler group has developed methodolo-
gies and sample preparations for invertebrate ganglia cell imaging. The application 
of matrix onto the  Aplysia californica  exocrine gland and neuronal tissue shows the 
ability to spatially image neuropeptides and proteins. Two different approaches 
have been used. First, a microspotted matrix deposition on different ganglia slides 
(every 30 μm) demonstrated the ability to profi le neurons without removing cells 
from the ganglion matrix from the ventral to the dorsal side. Another approach uses 
total laser ablation of the matrix and moves the plate a distance (25 μm) smaller than 
the laser spot size, a so-called oversampling approach. In this manner, even with a 
large laser spot, a small analytical area can be studied, improving the spatial resolu-
tion of the resulting image. The use of an adequate bioinformatics tool to recon-
struct the image allows the imaging of molecules with a resolution of 50 μm. 
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 At the same time, other groups have applied MALDI imaging to different 
 diseases by integrating sample comparisons [ 78 ,  81 ,  106 ,  107 ]. As illustrated in 
these papers, MALDI mass-spectrometric imaging on tissues is used in endogen 
biomarker discovery by determining under- and overexpressed peptides/proteins of 
a disease state versus a healthy control (AD). MALDI mass-spectrometric imaging 
has also been applied to the study of amyloid beta peptide distribution in brain 
 sections from mice and shows features reminiscent of Alzheimer’s disease.  

5.6.4     Drug Distribution and Quantifi cation 

 IMS has also been used to observe the elimination and repartition of drug distribu-
tions on tissue sections [ 44 ,  78 ,  96 ,  108 – 111 ]. The drug profi le and ADME (adsorp-
tion, distribution metabolism, and excretion) studies appear to be particularly well 

  Fig. 5.12    Selected protein images from a glioblastoma section: ( a ) human glioblastoma slice 
mounted on a metal plate, coated with matrix (the lines are from ablation of matrix with the laser); 
( b – d ) mass-spectrometric images of proteins showing a high concentration in the proliferating 
area of the tumor ( d ) and other proteins present specifi cally in the ischemic and necrotic areas 
( b  and  c ) [ 102 ]       
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suited with IMS [ 57 ,  109 ,  112 ]. In these articles, different drugs are injected into the 
animals, and monitored by single-MS or tandem-MS imaging to visualize the drug 
incorporation. Signor et al. compared the quantifi cation of erlotinib by autoradiogra-
phy, LC-MS, and MALDI imaging experiments. As shown in Fig.  5.13 , at a concen-
tration of 3.76 ng/mg, erlotinib and its metabolites are observed in the rat liver and 
spleen sections. The comparison of quantifi cation techniques (autoradiography and 
LC-MS/MS) was also similar with MALDI analysis as a quantitative approach [ 78 ].

   However, signal intensities may vary even in the same sample; thus, MALDI 
MS is not the method of choice for absolute quantifi cation. In this study [ 112 ], the 
drug distributions and the intensity ratios could be reproduced within a range of 
20 % (if the sample-preparation procedure as well as instrument settings and laser 
intensity are kept constant). An internal calibration and reproducible deposition of 
matrix enable relative quantifi cation with the comparison of peak areas instead of 
height peaks. 

  Fig. 5.13    Drug distribution of erlotinib in rat liver ( a ,  b ) and spleen ( c ,  d ) tissue section. ( a)  and 
( c)  represent the optical image, while ( b)  and ( d)  represent the MALDI image of erlotinib at 
 m / z  = 278.1. ( e)  represents the dilution series of erlotinib on target plate as a calibration (the HCCA 
matrix was deposited by hand) [ 78 ]       
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 Several groups have shown that this method allows a quantifi cation error 
variation of about 2–3 % [ 96 ,  113 ,  114 ]. New methods such as multiple reaction 
monitoring (MRM)–based imaging on triple quad systems provide a rapid, more 
sensitive targeted analysis of drug distributions in whole body tissue sections [ 115 ]. 
Although these methods are relevant to quantify sample-to-sample variations, vali-
dation processes are still used with established methods such as Western blot and 
immunochemistry for determining accurate concentrations. It is necessary to com-
bine IMS with HE staining and immunohistochemistry to validate IMS as an 
approach for the identifi cation of molecules from tissue [ 116 ]. Thus, a validation 
method was developed with a tag-mass, called specifi c mass spectrometry imaging. 
This approach allows the simultaneous detection and validation of molecules of 
interest using IMS [ 81 ,  83 ,  107 ].  

5.6.5     Specifi c Mass Spectrometry Imaging 

 Specifi c mass spectrometry imaging is used to image different types of molecules, 
such as proteins and nucleotides, with a combination of mass spectrometry imaging 
and immunohistochemistry. A tag-mass is used, which is a tagged antibody or 
aptamer that can be observed in the IMS experiment. This concept was developed 
to detect compounds such as nucleotides and large proteins, which are diffi cult to 
ionize by classical IMS experiments. A specifi c mass spectrometry imaging experi-
ment is shown in Fig.  5.14  along with the different steps of tag-mass multiplexing.

5.6.6        Application with Carbohydrates and Metabolites 
in Plants 

 IMS applications in the vegetable kingdom, including MALDI imaging of oligosac-
charides and primary metabolites in a plant system, have recently been presented 
[ 117 ]. MALDI imaging was used to identify metabolites, namely, glucose-6- 
phosphate, in potato tubers [ 118 ] and to determine agrochemical compounds in 
soybeans [ 119 ]. In these examples, the sensitivity of MALDI imaging and the semi-
quantitative evaluation allow the detection of hundreds of metabolites with a con-
centration of around 1 μg/g. Other approaches, including electrospray mass 
spectrometry and enzyme-linked assay, could be combined with IMS, but the sensi-
tivity of IMS offers the potential of simultaneous metabolite assays. Nevertheless, 
there are over 100,000 plant metabolites, and MS/MS is necessary for accurate 
identifi cation. Combined IMS and MS/MS approaches have been developed for fro-
zen, fi xed, and embedded tissues [ 120 ]. These methods will be discussed in the 
section entitled “Perspectives” ahead. 

 Recently, Thomas-Oates published a study on the localization of carbohydrate 
metabolites as an indicator of grain yield. Cross and longitudinal sections from the 
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wheat stems of  Triticum aestivum  were used to localize water-soluble carbohydrates 
[ 121 ]. They demonstrated the sensitivity of IMS and verifi ed the results using com-
plementary techniques, including LC-MS. An advantage of IMS over the other 
techniques included the ability to determine  in situ  localization.  

5.6.7     MALDI Imaging of Lipids 

 Lipid distributions are usually detected and mapped by SIMS mass spectrometry, 
especially because of the sensitivity to SIMS in the low-mass range. Lipids can also 
be detected and localized by MALDI with special matrices to minimize interfer-
ence from matrix peaks. In this context, the MALDI ion-mobility mass spectrom-
etry imaging technique was developed. MALDI-Q-ToF, coupled with an 
ion-mobility cell, developed by the groups of Woods and Schultz, allows for the 
separation of lipids, matrix, and peptide species [ 43 ,  45 ,  122 ]. This separation 
allows a differentiation between species, with a higher signal-to-noise ratio, as 
shown in Fig.  5.15 .

  Fig. 5.14    Specifi c mass spectrometry imaging approach uses a tagged reporter, which allows the 
multiplex detection of a large number of molecules, including nucleotides and proteins. In this 
example, the tag-mass is a complementary oligonucleotidic sequence, which has a high affi nity to 
the complementary sequence of interest in the tissue. This affi nity and the IMS experiment allow 
the localization of the interest sequence of DNA, RNA, or proteins in a more general aspect [ 83 ]       
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5.6.8        Element/Metal Detection 

 One other dedicated application of IMS is the localization of contrast agents used 
for MRI imaging [ 123 – 125 ]. Contrast agents, used to increase the contrast of images 
during in vivo imaging by MRI or PET instruments, were studied by IMS to accu-
rately localize their distributions in organs and cells with a better sensitivity and 
spatial resolution than classical MRI. In these examples, IMS allowed the detection 
of contrast agents in their native or degraded form [ 126 ].   

5.7     Perspectives 

 As presented here, surfaced-enhanced SIMS and MALDI imaging are two recent 
approaches to detect and image macromolecular compounds directly in biological 
samples. Important recent developments include sample-preparation protocols and, 
in particular, instrument combinations of SIMS and/or MALDI ionization sources 
with different mass analyzers. These developments are correlated to the same devel-
opments observed in classical proteomics studies many years ago. In that sense, it is 
easy to foresee the inclusion of IMS into biological studies. 

  Fig. 5.15    Ion-mobility diagram obtained by MALDI-IM imaging of a rat brain section. The  y -axis 
is the time separation in the drift cell, and the  x -axis is mass-to-charge ratio. Different species 
(here, DHB matrix, peptides, and lipids) fall on unique trend lines [ 45 ]       
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 In a general view, IMS is able to visualize different compounds with a spatial 
resolution of 50 nm–100 μm with good sensitivity. Nevertheless, the accurate iden-
tifi cation and validation of these compounds is still diffi cult. In this way, many dif-
ferent approaches, such as immunochemistry and autoradiography, validate the 
presence of biomolecules. In the past decade, different tandem mass spectrometry 
(MS/MS) approaches were developed with instruments with new geometries to 
directly identify molecules in tissue [ 127 ]. These new geometries allow a better 
separation and possible  in situ  identifi cation of compounds such as lipids and 
digested proteins. Thus, two groups have developed  in situ  enzymatic digestion to 
map large proteins in frozen and formalin-fi xed and paraffi n-embedded (FFPE) tis-
sues [ 74 ,  75 ,  128 ]. 

 Trypsin digestion (from classical proteomics experiments) on FFPE tissues 
allows proteomics studies on archived tissues from hospital libraries [ 76 ]. This 
method of digestion requires a micro-deposition instrument to avoid any delocal-
ization of digested peptides, where trypsin deposition comes before matrix deposi-
tion. Digestion on tissue allows the identifi cation and localization of thousands of 
digested peptides. Nevertheless, it is diffi cult to identify all of the fragments because 
of the high concentration of peptides and lipids in the mass range of 350–950  m / z . 
In this perspective, digested FFPE and frozen tissues were analyzed with an ion- 
mobility mass spectrometer [ 128 ]. This approach separates molecules (e.g., pep-
tides, drugs, and proteins) according to their conformation (cross section) and 
offers better identifi cation. Moreover, MALDI ion-mobility imaging allows the 
separation of drugs from lipids, saccharides, nucleotides, and peptides. The use of 
standard protocols, coupled with sensitive instruments that can separate ions in the 
gas phase prior to mass analysis, could be the way to improve the fi eld of imaging 
mass spectrometry.  

5.8     Conclusion 

 As shown in this chapter, surface-enhanced imaging mass spectrometry and IMS 
are technologies based on fundamental innovations in physics and chemistry. 
Their applicability to biological and biomedical studies has been shown. SIMS 
and MALDI combined offer complementary surface-analysis approaches to study 
a range of species, from elements to proteins (Fig.  5.16 ). Applications include 
biomarker discovery or drug assessment (ADMET: absorption, distribution, 
metabolism, elimination, toxicology) on biopsy surfaces. As a result, this method 
can be involved in each step of drug discovery: for target identifi cation, lead opti-
mization, assessment of drug-delivery systems, and profi les of the biodistribution 
and metabolism.

   These young techniques are under development to increase their sensitivity, 
speed of analysis, reproducibility, and spatial resolution. The numbers of papers 
published recently demonstrate the power and potential of these approaches to over-
come “classical” imaging problems. Initially developed to localize lipids, peptides, 
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and proteins, MALDI imaging and surface-enhanced SIMS allow the detection of 
biomarkers related to specifi c tissue conditions. 

 Imaging mass spectrometry is a label-free imaging technique for molecular 
pathology that complements existing, less specifi c imaging modalities in biomedi-
cal research. This innovative MS-based technique, together with such techniques as 
MRI, CT, PET, or ICC imaging, will visualize the fundamentals of diseases in future 
biomedical imaging research.     
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